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Abstract

Luciferases, which have seen expansive employment as reporter genes in biological research,
could also be used in applications where the protein itself is fused or conjugated to ligands in
order to create bioluminescently-labeled imaging probes. In the context of small animal imag-
ing, bioluminescent labeling can be expected to yield greater sensitivity than more traditional
fluorescent or radioisotopic labeling approaches. This dissertation focuses on developing the
underlying technologies to enable bioluminescent labeling as a routine methodology.

For a variety of practical reasons, the luciferase from Renilla reniformis is generally the
most appropriate for use as a bioluminescent label. However, the native enzyme is overly la-
bile in serum, and a consensus sequence driven mutagenesis screen was employed to improve
its properties. The result of this mutagenesis was an 8 mutation variant of Renilla luciferase
(RLuc8) that, compared to the parental enzyme, was 200-fold more resistant to inactivation
in murine serum and exhibited a 4-fold improvement in light output. Also generated were
variants optimized for use as reporter genes that showed 5-fold greater light output while ex-
hibiting greater responsiveness to transient gene expression. An additional impediment with
Renilla luciferase is that its bioluminescence emission spectrum is not ideal for in vivo imaging.
Through a combination of random mutagenesis and site-directed mutations in the substrate-
binding pocket, variants of Renilla luciferase with up to 60 nm red-shifts were created that are
more optimal for imaging applications.

To further facilitate the analysis of Renilla luciferase, its crystallographic structure was
determined to a resolution of 1.5 angstroms. This represents the first structure of a coelenter-
azine-dependent luciferase, and should aid future studies involving this enzyme. Additional
work presented that extends beyond bioluminescent labeling includes: AMIDE, an open source
software tool for displaying and analyzing multimodality volumetric image data sets; the crys-
tallographic structure of Renilla reniformis green fluorescent protein; and bacterial expression

and analysis of Gaussia princeps luciferase.

iv



Finally, as an example implementation of a bioluminescently-labeled imaging probe, an epi-
dermal growth factor/luciferase fusion protein was created and its utility analyzed both in vitro
and in vivo. In conclusion, the work presented in this dissertation advances bioluminescent

labeling as a practical addition to the molecular imaging toolbox.
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Chapter 1

Introduction

Molecular imaging is an emerging field at the intersection of engineering, biology, and chem-
istry, that seeks to non-invasively interrogate the biological processes underlying complex dis-
eases and physiological conditions. Its targets range from gene expression to metabolic path-
ways, and it utilizes a variety of tools within a plethora of modalities (e. g. Positron Emission
Tomography, Magnetic Resonance, Bioluminescence Imaging).

One of the best known examples of molecular imaging in the research setting, is the use
of reporter genes to indirectly monitor levels of gene expression in living subjects [43] [135].
In reporter gene imaging, a genetic construct is designed such that the reporter’s expression
and resultant activity levels will track the expression of a gene of interest. This construct is
then transferred into the target cells through a variety of techniques, and monitored using the
appropriate imaging modality (e. g. bioluminescence imaging for a luciferase reporter gene). In
practice, researchers are usually interested in target protein levels rather than gene transcrip-
tion levels, and reporter gene imaging represents a circuitous route for monitoring a protein
that may not accurately track the desired variable.

In order to truly monitor protein levels, unique imaging probes must be developed to detect
each specific protein. Traditionally these probes have been constructed by coupling a radioac-
tive or fluorescent moiety to a ligand that is known to bind to the protein of interest. A new
concept is to use a luciferase as a bioluminescent label in place of the more traditional imag-
ing moieties. As discussed below, the advantage of using a bioluminescent label over similar
fluorescent or radioactive approaches, is that in the context of small animal imaging the biolu-

minescence approach has the potential to be more sensitive [242].
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(a) Ligand/Luciferase (b) Antibody/Luciferase

Figure 1.1: Schematic diagrams of bioluminescent imaging probes. Panel shows an example
of a light emitting epidermal growth factor (EGF)/1uciferase fusion protein. Panel shows a
similar scheme using an antibody in place of a native receptor ligand.

The focus of this dissertation is on developing the underlying technologies needed to make

bioluminescent labeling a reality.

1.1 Concept of Bioluminescent Labeling

A schematic explaining the basic concept of a bioluminescently labeled imaging probe is shown
in Figure In such an approach, a fusion would need to be made between a luciferase and a
ligand specific for the receptor of interest. A variety of ligands appropriate for bioluminescent
labeling have been suggested, including engineered antibodies [218}, 216] as well as the small
protein growth factors that are the native ligands for various receptors [125] 169, [168]. Fol-
lowing construction, these luciferase/ligand fusion proteins could be used for studying receptor
targets both in in vitro assays and in vivo imaging. For the imaging case, such studies would
be conducted by injecting the fusion imaging probe into the subject and allowing it time to
distribute. The imaging probe could then be detected at multiple later time points by injecting

the substrate for the luciferase and imaging the subject.

1.2 Comparison of Bioluminescent and Traditional Labels

The primary reason for developing luciferases as bioluminescent labels is the increase in sen-

sitivity they may yield, especially in the context of small animal imaging.
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Bioluminescence has been noted to be more sensitive than radioactivity in a number of
in vitro [140] and in vivo [242] assays. As an example for the in vitro case, '>°’I assays have
sensitivities in the range of 10 amole (10 x 10! mole) [140]. This is ~3 orders of magnitude
worse than the lower limit of ~0.1 amole found for an unoptimized assay based on Renilla
luciferase (Figure[A.4), and ~4 orders of magnitude worse than the ~0.01 amole sensitivity of
commercial firefly luciferase assays [187].

As a sensitivity comparison for the in vivo case, imagine a million ligands labeled with !''In
that are directed to a particular receptor [180]. Assuming a high specific activity (44,000 MBq/-
umol) [180], if all million probes bound to their target receptor they could be expected to yield
~4 photons over the course of a one minute image acquisition. A similar probe labeled bio-
luminescently, such as discussed in Chapter [6] would give off ~1 million photons in the same
interval at subsaturating levels of substrate (10% of peak output). This is over 5 orders of mag-
nitude more photons than the radioactive case. Of course, the optical wavelength photons of
bioluminescence are much more greatly attenuated in biological tissues than the !''In spawned
gamma rays, but at the superficial locations normally utilized in small animal research models
this attenuation is insufficient to annul the 5 orders of magnitude greater photon flux from
bioluminescence.

Imaging with bioluminescent labels would have other advantages over radioactivity based
approaches. For one, at many imaging centers equipment appropriate for small animal bio-
luminescence imaging is more readily available than equivalent instrumentation for studies
utilizing radioactivity. Additionally, in bioluminescence the researcher has the capability of
reinjecting substrate, allowing high photon fluxes at all imaging times. Radioactivity based
imaging is fundamentally limited by the radioactive decay half-life of the isotope in use. A
final advantage of bioluminescence is that radioactivity and associated radioactive wastes are
a nuisance to work with. While possible hazards with the use of radioactivity are generally
overblown, the regulatory hurdles erected to ensure the safety of workers have achieved their
goals by making the use of radioactivity decidedly unattractive.

Comparing bioluminescence and fluorescence is a harder conjecture. Few head-to-head
comparisons have been made between these two modalities, and results depend crucially on the
particular assay being performed as well as the equipment in use. In the case of small animal
imaging, bioluminescence has historically won for two reasons. First, fluorescence requires an
excitation photon of light to go in as well as the emission photon to travel out, effectively dou-

bling the path length over which photons must travel compared to bioluminescence. Second,
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all those excitation photons have the ability to excite endogenous fluorophores, and the result-
ing background autofluorescence strongly limits the sensitivity of fluorescence techniques. As
an example of the advantages of bioluminescence, a comparison of fluorescent quantum dots
and bioluminescent quantum dots indicated that the bioluminescent versions could be as much
as 10°-fold more sensitive due to the reduced path length issue alone [194]. Another example,
using commonly available imaging equipment and comparing commonly available biolumines-
cent (firefly luciferase) and fluorescent (DsRed) reporter genes appropriate for in vivo imaging,
found the bioluminescent reporter was 30 to 750-fold more sensitive [214].

As a final example, a rough calculation is illustrative for a comparison between a biolu-
minescently labeled imaging probe and one labeled with a near-infrared imaging dye. For
this case, we’ll compare the commercially available fluorophore Cy7 to the stabilized Renilla
luciferase variant developed in Chapter |2l Imagine 1 million Cy7 labeled probes, lying at a
depth of 0.5 cm of rat liver tissue and spread over an area of 1 cm?. A standard continu-
ous wave fluorescence imaging system can be expected to emit ~1x10!3 excitation photons/s
over this amount of area [214]. Assuming an excitation wavelength of 715 nm, 5x10!' pho-
tons/s will penetrate to this depth (Figure[3.17). Given that the extinction coefficient for Cy7 is
250,000 M~! cm~! and the quantum yield is 0.28, it can be calculated that ~60 photons/s will
result from fluorescence. In turn, 1 million of the stabilized Renilla luciferase variant operat-
ing at just 10% of the enzyme’s peak output value (Section [2.2.3) will output 3.2x10* photons/s
(this is of course assuming the luciferase is in a physiological compartment accessible to its
substrate). Even though just 1% of these bioluminescent photons will be in the desired “optical
window” (> 650 nm) for tissue penetration (Figure [2.7), the bioluminescently labeled imaging
probe will still be 5-fold brighter than the Cy7 labeled probe. And this is all before taking
into account the autofluorescence background signal resulting from endogenous chromophores
that will further limit the sensitivity of the fluorescent imaging probe. Additionally, the red-
shifted variants of Renilla luciferase developed in this dissertation (Chapter [3) will lead to
a several-fold increase in the precentage of bioluminescent photons in the “optical window”,
further increasing the advantage of bioluminescence versus fluorescence.

There is, of course, a major disadvantage to bioluminescent labeling that radioisotopes and
for the most part fluorophores are immune to; namely, probe stability. Bioluminescent labeling
necessarily utilizes a luciferase as the imaging moiety, and the resistance of the protein to inac-
tivation in the environments to which it is exposed is of paramount concern. As will be shown

in Chapter 6] this can be the limiting factor for a bioluminescently labeled imaging probe. An
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additional caveat to bioluminescent labeling is that luciferases are of much greater size than
radioisotopes and most conventional fluorophores, with the result that bioluminescent labeling
will have a greater propensity to interfere with the activity and distribution of the labeled item

than a fluorescent or radioactive moiety would.

1.3 Choice of Luciferase

Choosing an appropriate luciferase to use for bioluminescent labeling is mostly an act of exclu-
sion. The first selection criterion is that the gene for the luciferase needs to be available. This
is due to the expectation that bioluminescent labeling will often be achieved by creating fusion
proteins at the genetic level.

The luciferase from the North American firefly Photinus pyralis is both the first eukaryotic
luciferase cloned [233] and the most commonly used luciferase in molecular biology. In addi-
tion to firefly luciferase a number of other beetle luciferases have been cloned, most notably the
green and red click beetle luciferases from Pyrophorus plagiophthalamus [240]. These beetle
luciferases are commonly used in molecular imaging with great success [43] 246], but they are
not optimal for employment as bioluminescent labels. First, these luciferases are not particu-
larly small (~62 kDa). More importantly, in addition to their substrate they are dependent on
ATP, molecular oxygen, and magnesium for activity. This dependence on ATP would critically
hinder the application of beetle luciferases as bioluminescent labels in vivo, as serum ATP
concentrations are generally below 10 nM [243]].

Other classes of luciferases that have been cloned include the bacterial, dinoflagellate, Var-
gula luciferin utilizing, and coelenterazine utilizing luciferases. Bacterial luciferases were
quickly dismissed as a viable option for bioluminescent labeling, as the active luciferases are
actually heterodimers of two proteins [236].

Dinoflagellate luciferases, in turn, were a relative unknown when the work here started and
were not serious entertained. Recently, a 46 kDa active fragment of dinoflagellate luciferase
has been developed [149] and utilized as a reporter in mammalian cells [204]. Future workers
may wish to examine this enzyme, although its applicability to small animal imaging has not
yet been tested.

The Vargula luciferin utilizing luciferases consist of two highly similar proteins cloned from
the Ostracod species, Vargula hilgendorfii [209] and Cypridina noctiluca [153]. They were

removed from consideration partly due to their size (61 kDa), but mainly because their luciferin
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is both extraordinarily expensive and atrociously unstable.

This process of exclusion left for consideration the luciferases that utilize coelenterazine
(a type of imidazolopyrazine). These luciferases are generally appropriate for use as biolumi-
nescent labels as they are not ATP dependent, and typically require only molecular oxygen
and their substrate for luminescence. A handful of these coelenterazine luciferases have been
cloned. The most attractive from this class, due to its 18 kDa size and high enzymatic activity,
is the luciferase from Gaussia princeps. This luciferase however, is relatively new, inadequately
characterized, and has been recalcitrant to production in bacteria (as shown in Appendix [C).
Similarly, the luciferase from Oplophorus gracilirostris is attractive due to its 19 kDa size [89l,
but it expresses poorly in bacteria, it has not been well studied, and it may potentially exist as
a dimer.

This process of exclusion leaves us with the luciferase from the sea pansy Renilla reni-
formis. This luciferase has been well characterized [85] 186, (138, [139], [71], (128, (1201, is available
commercially as both a gene and as protein, exists as a monomer, is of an appropriate size for
use as a label (36 kDa), and has been successfully produced in bacteria [127]. Additionally,
existing work [119] has already identified a variant with enhanced resistant to inactivation at

37°C.

1.4 Renilla reniformis and its Luciferase

Renilla reniformis, also known as the “sea pansy’, is an animal that consists of a sessile col-
lection of polyps (Figure and lives along the South Atlantic coast of the United States of
America. When disturbed, it reacts with waves of bright green bioluminescence. This biolumi-
nescence display is mediated by a primitive neural network and is thought to be a mechanism
for warding off predators.

The light emitting cells (photocytes) of Renilla reniformis are gastrodermal cells containing
large membrane-bound intracellular structures termed luminelles [196]. These luminelles,
in turn, contain large numbers of small (0.2 um average diameter) membrane-bound parti-
cles called lumisomes [5] that can be stimulated to bioluminesce by the application of calcium
(Ca*™) [6]. The lumisomes house the three proteins most important for bioluminescence in
Renilla reniformis: a luciferase (RLu(EI), a green fluorescent protein (RrGFP), and a Ca™™ ac-

tivated luciferin binding protein (RrLBP).

1Tt would be more appropriate to label this luciferase RrLuc, to distinguish it from the almost identical luciferase
from Renilla miilleri (RmLuc) that is also now commercially available. However, to remain consistent with the previous
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(a) Superior View (b) Closeup

Figure 1.2: Photographs of Renilla reniformis. Panel is a superior view of the animal,
showing the surface that is exposed to the marine environment. The peduncle, a specialized
polyp just visible toward the bottom of the picture, is used to anchor the animal in the sand.
Panel is a closeup of the superior surface of the animal, showing the individual polyps
that compose the animal. These photos are used by permission of the Southeastern Regional
Taxonomic Center/South Carolina Department of Natural Resources.

RLuc was first purified to homogeneity in the mid 1970’s [138], with the associated gene for
the luciferase cloned in 1991 [128] (GenBank Identifier GI:126502). RLuc has 311 amino acids,
is 36 kDa in size, contains a characteristic a/f-hydrolase fold sequence [82], and is highly
similar to a number of bacterial haloalkane dehalogenases (see Chapter [2)).

Interestingly, in the animal it is not RLuc that is the light emitter for bioluminescence
but rather RrGFP (GenBank Identifier GI:14161475). The energy released by RLuc mediated
coelenterazine degradation is passed via resonance energy transfer to RrGFP and is emitted as
a green photon of light (Discussed further in Appendix [B). In Renilla, the luciferase is always
associated intracellularly with the GFP [196]].

The coelenterazine for the bioluminescence reaction is stored by the Ca*™* triggered protein
RrLBP [103] (GenBank Identifier GI:125988). RrLBP is a 184 amino acid long protein, and is
a member of the EF-hand superfamily of Ca'™ -binding proteins. The EF-hand superfamily
also includes Aequorin [73], although RrLBP and Aequorin do not show much similarity [103]]
(50% similarity over 50% of the protein).

The final bioluminescence associated protein that has been studied from Renilla reniformis

is the luciferin sulfokinase. In Renilla reniformis, the coelenterazine is stored as a sulfate

literature the abbreviation RLuc will be maintained. Similarly, the use of the expression “Renilla luciferase” in this
dissertation implies Renilla reniformis luciferase.
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derivative [84]]. Luciferin sulfokinase is used to convert this luciferyl-sulfate storage form to
the active substrate coelenterazine, which in turn allows recharging of the luciferin binding
protein [45].

Its interesting to think how much biology has changed in the interleaving decades between
Matthews’ initial purification of RLuc in the mid 1970’s [137] and the work performed for
this manuscript. Matthews’s protocol, employing standard biochemistry techniques of the day,
started with 5 kg of animal and would yield ~5 mg of pure RLuc following a month of work.
In this manuscript, modern biological techniques allowed purification of greater amounts of

luciferase from less than 100 ml of bacterial culture in a day.

1.5 Epidermal Growth Factor Receptor as a Model Sys-

tem

As a model system for the validation of a bioluminescently labeled imaging probe, the choice
was made to focus on studying the epidermal growth factor receptor (EGFR) through the de-
velopment of epidermal growth factor ligand (EGF)/luciferase fusion proteins.

The choice of EGF/EGFR was made for a variety of reasons, included the following. Active
forms of EGF are known to be relatively stable (on the order of hours) in serum at 37°C [7],
an obvious necessity for an imaging probe that will be injected into the bloodstream. EGF is
a relatively small (6 kDa) protein ligand; useful from the standpoint of biodistribution kinet-
ics as well as simplifying cloning and protein expression. The existence of previous work in
which EGF has been fused to a variety of other constructs without compromising the ligand’s
binding affinity [244] |226]] was considered auspicious. EGF is known to readily express in bac-
teria using a variety of methods [244] (112] [213]. Well established cell lines exist that either
overexpress EGFR (A431 cells) or show minimal EGFR expression (NIH 3T3 cells).

Finally, EGFR makes for an interesting target due to its clinical relevance. This receptor
is overexpressed in a large number of cancers [150], at the level of 100-fold overexpression in
>30% of human breast cancers [99]. As such, EGFR has recently become a target for cancer
therapy, with the development of novel anti-tumor drugs such as cetuximab (Erbitux) and
gefitinib (Iressa). One can imagine that a bioluminescently labeled EGFR probe would be a

useful tool for studying a variety of in vitro and in vivo cancer models.
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1.6 Outline of the Dissertation

This dissertation consists of several projects that are superficially disparate. The following
outline is a guide to the Chapters and Appendices that follow, and gives some explanation of
how the different elements fit together.

Chapter [2| addresses one limiting factor to the use of RLuc as a bioluminescent label,
namely, its rapid (7;/,=0.5-1 hour) inactivation in murine serum at 37°C (see Table . A
single point mutation of RLuc (C124A) that increases the enzyme’s resistance to inactivation
approximately 6-fold has been reported [119]. However, even this level of resistance is insuf-
ficient for the tagging of large proteins (e.g. antibodies) that may require time scales on the
order of days to sufficiently distribute. For this reason, a semi-rational, consensus sequence
driven mutagenesis strategy [113]] was pursued to identify mutations that could increase the
resistance of RLuc to inactivation or increase the enzyme’s light output. By combining these
mutations, a variant of RLuc (RLuc8) was created with properties appropriate for use as a bi-
oluminescent label. Compared to the native enzyme, RLuc8 exhibited a 200-fold enhancement
in resistance to serum inactivation as well as a 4-fold increase in light output.

Chapter (3| covers mutagenesis studies performed on RLuc8 that were mainly focused on
altering its bioluminescence emission spectrum. As blue wavelength light is strongly attenu-
ated in biological tissues, a red shifted variant of Renilla luciferase (normal peak of 481 nm)
would be a great advantage in imaging studies. Through a combination of rational and random
mutagenesis approaches, the bioluminescence spectrum of the luciferase was successfully red
shifted ~50 nm.

Chapter |4| describes collaboratory work performed with Dr. Timothy Fenn on generating
a crystallographic structure of Renilla luciferase. This structural information should allow
future rational mutagenesis approaches to further improve the properties of Renilla luciferase
for in vivo imaging.

Chapter [5| describes a software tool called AMIDE that was developed for multimodality
medical imaging. One can easily imagine situations where it would be advantageous to com-
bine the acquired data from the use of a bioluminescently labeled probe with other imaging
modalities such as computerized tomography (CT) and positron emission tomography (PET).
As a dearth of such software was available, a new application was written to facilitate the
merging and analysis of such multi-modality imaging data.

Chapter [6] describes an attempt to demonstrate the creation and use of a bioluminescently
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labeled imaging probe directed at EGFR. Although the probe was functional in a variety of in
vitro assays, it was eventually proven to be unsuccessful for in vivo imaging purposes.

Chapter [7| concludes the dissertation by presenting instances were the stabilized Renilla
luciferase variant (RLuc8) has proven successful as a bioluminescent label in the imaging of
small animal research models. It also highlights some future research paths that would further
aid the development of bioluminescent labeling technology.

In addition to the above chapters, several appendices are included with information less
central to the main thrust of the dissertation. Appendix [A] covers calibration of a standard
luminometer to allow converting the data to absolute units. Appendix [B|presents the structure
of the Renilla reniformis green fluorescent protein, which was produced as an offshoot of the
work done in Chapter Finally, Appendix |C| describes work done on Gaussia luciferase in

order to produce this protein successfully in bacterial expression systems.



Chapter 2

Optimization of Renilla

Luciferase for Serum Conditions

The work in this chapter owes its existence to a conversation during a beer social, in which
I was trying to pique Mark Breidenbach’s interest in crystallizing Renilla luciferase (RLuc).
Although little of productive merit was achieved on that particular evening, Mark did later
run the RLuc primary sequence through the PredictProtein server [181] and concluded that
the structure of RLuc would not be overly interesting as fairly similar proteins (haloalkane
dehalogenases) had already been crystallized. Later, on pouring through the PredictProtein
results, I noticed in the sequence alignment that the cysteine at position 124 of RLuc was gen-
erally an alanine in the similar proteins. This deviation from the consensus was interesting,
as work by Liu and Escher [119] on a C124A mutant (denoted C152A in Liu and Escher) had
already shown that the mutation enhances RLuc’s resistance to inactivation.

The authors behind the C124A mutation had come upon it while sequentially mutating the
three cysteines in Renilla luciferase to alanine, in an attempt to engineer a version of RLuc ap-
propriate for mammalian cell secretion. This single point mutation increases RLuc’s resistance
to inactivation to a ~7 h half-life for the condition of murine serum at 37°C (Table[2.1). How-
ever, even this level of resistance is insufficient for the bioluminescent tagging of large proteins
(e. g. antibodies) that may require time scales on the order of days to sufficiently distribute. For

this reason, RLuc variants with even greater stability{!| were desired.

1The word “stability” is generally used in this manuscript to connote an enzyme’s resistance to inactivation in
serum. This differs from the more common connotation of the word, in which it implies thermodynamic stability.

11
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Based on the alignment data, I speculated that one interpretation of the C124A results
was that alanine is the preferred amino acid for this location within the tertiary fold of the
enzyme and results in better thermodynamic stability of the protein’s hydrophobic core [118].
This hypothesis was predicated upon the idea that mutations have accumulated in the RLuc
gene that are either neutral only in the specific context of the Renilla lumisomes, or required
for the association with and resonance energy transfer to the green fluorescent protein (GFP)
homo-dimer that is the normal light emitter in Renilla [228]. This interpretation led to a mu-
tation strategy, in which candidate mutations would be picked at locations where RLuc clearly
diverged from the consensus sequence and then screened for their contribution to inactivation
resistance.

In hindsight, this mutagenesis strategy is not at all novel. A number of previous studies
have utilized similar consensus guided semi-rational mutagenesis strategies [199) 237, [113],
4], albeit with differing experimental methods utilized as measures of stability (e.g. thermal
denaturation, chemical denaturing, proteolytic cleavage). The common rationale behind all
these studies, equally applicable to the study here, is that evolution tends to disfavor amino
acids that destabilize a protein [96]. By looking at a family of similar proteins, one can pick
candidate mutations that have already been screened by nature to be tolerated within the
context of the protein fold, and are therefore less likely to be deleterious to the protein than
a residue picked at random. These point mutations can then be screened and, if viewed as
favorable in the context of the particular study, be combined to a create an iiber-protein that
achieves the desired properties.

In this chapter, a semi-rational, consensus sequence driven mutagenesis strategy [113] is
pursued in order to identify mutations that increase the resistance of RLuc to inactivation in
serum. Periplasmic expression of the proteins is used here, and it was chosen for the simple

reason that it was already being used for the work discussed in Chapter [6]

2.1 Methods

2.1.1 Materials

Coelenterazine was from Prolume (Pinetop, AZ). Benzyl-coelenterazine (coelenterazine-h) was
a generous gift from Dr. Bruce Bryan. Coelenterazine-n and coelenterazine-cp were from Bi-
otium (Hayward, CA). Bisdeoxycoelenterazine (also known as coelenterazine-400a, di-dehydro

coelenterazine, or DeepBlueC) was from Perkin Elmer (Boston, MA). The chemical structures
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Figure 2.1: Chemical structures of coelenterazine and several analogs. Abbreviations used in
the text are given in parenthesis.

of these compounds are shown in Figure Coelenterazine and the analogs were dissolved in

propylene glycol at 0.5 ug/ml and stored in small aliquots at -80°C.

2.1.2 Luminometer Calibration

Light measurements were made using a Turner 20/20 and later a Turner 20/20n luminometer
(Turner Biosystems, Sunnyvale, CA). The luminometers were calibrated to absolute units (pho-
tons/s) using the luminol light standard performed in dimethyl sulfoxide (DMSO) [110, [165]].
This calibration is described in detail in Appendix[A] As the spectral peak of luminol chemilu-
minescence in DMSO (486 nm) is close to the spectral peak of Renilla luciferase biolumines-
cence with coelenterazine (481 nm), no corrections were applied for the spectral sensitivity of

the luminometer when assays were performed using coelenterazine.

2.1.3 Computational Prediction

A PSI-BLAST search [2], performed in December 2003 using the PredictProtein server [181]],
identified a number of sequences similar to RLuc. An alignment between RLuc and the 9 most
similar sequences (> 46% similarity) was then generated using CLUSTAL W [211] .

A later BLAST search [2][1] was performed in February 2006 using the nonredundant (“nr”)
subset of the GenBank database, all sequences with an E value of < 17! were initially re-

tained. Redundant sequences were then removed, as well as sequences that did not contain a



CHAPTER 2. OPTIMIZATION OF RENILLA LUCIFERASE 14

conserved catalytic triad (corresponding to D120, E144, H285 in the RLuc sequence) known to
be required for activity in bacterial haloalkane dehalogenases. Following this, an alignment
between RLuc and the 14 remaining sequences was generated using CLUSTAL W.

A homology model of RLuc was built with SWISS-MODEL (v3.5) [185] using the default
parameters (Figure 2.5). In generating this homology model, SWISS-MODEL utilized sev-
eral crystal structures of the haloalkane dehalogenase LinB from Sphingomonas paucimobilis

(PDB files 1iz8, 1k63, 1k6e, 1iz7, and 1mj5) (201}, [161]].

2.1.4 Construction of Renilla Luciferase Mutants

The gene Arluc from the plasmid phRL-CMV (Promega, Madison, WI) was used as the initial
template for cloning. This gene is a human codon usage optimized version of rluc, and encodes
a protein identical to RLuc with the exception of a T2A substitution. To construct a bacterial
expression plasmid, PCR was used to replace the stop codon with a HindIII restriction site and
the N-terminal methionine codon with a pelB leader sequence. The pelB leader sequence, con-
sisting of the first 22 codons of the pectate lyase B gene from Erwinia carotovora [114], directs
protein expression into the bacterial periplasm and is cleaved from the final protein product.
Using Ncol and HindIII restriction sites, the PCR product was inserted into the pBAD/Myc-
His A plasmi (Invitrogen, Carlsbad, CA), which adds a Myc epitope, a 6xHis tag, and a stop
codon to the C-terminus of the gene. In the RLuc8 construct described later, as well as mu-
tants based off of it, the plasmid’s Sall site was used for insertion in order to remove the Myc
epitope from the construct. Site directed mutagenesis in this chapter was performed using a
QuikChange II XL kit (Stratagene, La Jolla, CA), please note that a more economical proto-
col used for later work is presented in Section When needed, cytoplasmic expression
plasmids were generated by reverting the pelB leader sequence back to a methionine codon
using PCR. All constructs and mutations were confirmed by sequencing. When plasmids are
referenced in this manuscript, the presence of “pelB” in the plasmid name indicates whether
the plasmid is the periplasmic (e. g. pPBAD-pelB-RLuc8) or cytoplasmic (e. g. pPBAD-RLuc8) ex-

pressing version.

20ne potential caveat to using an arabinose inducible expression system (e. g. pBAD), is that graded induction using
subsaturating levels of arabinose requires special host cells. In contrast to initial reports, the arabinose promoter in
wild type E. coli cells acts in essentially a binary capacity [147].
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2.1.5 Protein Production and Purification

All proteins were produced from the periplasmic (pelB containing) expression plasmids unless
otherwise noted. To express proteins periplasmically, plasmid containing E. coli LMG 19
cells were grown at 32°C in Terrific Broth [182] with 50 ug/ml ampicillin. Cultures were al-
lowed to reach an ODggy of 0.7 and then induced by addition of L-(+)-arabinose to a final con-
centration of 0.2%. 12-14 h later, cells were harvested and the periplasm extracted by osmotic
shock. The 12-14 h growth period was chosen entirely for convenience.

The osmotic shock protocol was based on the protocol described by Neu and Heppel [156],
with the alterations that the initial wash steps were removed, and that the volumes of sucrose
solution and ice cold water used were half of the initial culture volume. Briefly, the culture was
pelleted, resuspended in room temperature 20% sucrose, 30 mM Tris-HCI1, 1 mM EDTA, pH 8,
shaken for 10 min at room temperature, pelleted at 13,000 x g for 10 min at 4°C, resuspended
in ice cold water, shaken at 4°C for 10 min, and centrifuged at 13,000 x g for 10 min at 4°C. The
supernatant after this step contains the periplasmic fraction.

For the purposes of purification, the periplasmic fraction was brought to the same concen-
tration as the nickel affinity chromatography wash buffer (WB: 300 mM NaCl, 20 mM HEPES,
20 mM imidazole, pH 8) using a 10x stock, and phenylmethylsulphonylfluoride (PMSF) was
added to 1 mM. The solution was then clarified by 0.2 um filtration and passed over a nickel
affinity column (Ni-NTA Superflow, Qiagen, Valencia, CA). The 0.2 um filtration was found to
be critical for insuring loading on the nickel affinity resin occurred in a reasonable time pe-
riod and led to an increased yield of recovered activity. The column was washed with WB and
eluted with elution buffer (EB: 300 mM NaCl, 20 mM HEPES, 250 mM imidazole, pH 8). Pro-
tein concentration measurements were made using the Bradford assay [24] with human serum
albumin (HSA: Baxter Healthcare Corporation, Glendale, CA) as the standard. Aliquots were
taken at this point for gel electrophoresis (Figure [2.2). To the remainder of the elution, HSA
was added to 1% as a carrier protein. All samples were stored at 4°C.

For those instances in which cytoplasmic expression plasmids were used, the cells were
grown as above. After harvesting, the cell pellet was frozen; thawed for 1 h with gentle agita-
tion in WB containing 1 mg/ml lysozyme, 10 ug/ml RNase A, and 5 ug/ml DNase I; sonicated;
and centrifuged to remove debris. These lysates were then cleared by 0.2 um filtration and

purified by nickel affinity chromatography as above.

3LMG 194 cells contain a Aara714 genotype. This deletion of most of the araBAD operon makes the cells unable
to utilize arabinose as an energy source, allowing the arabinose inducible promoter in the pBAD plasmid to remain
activated by a single dose of arabinose.
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Figure 2.2: Coomassie stained SDS-PAGE gel of RLuc and RLuc8 at several points during the
periplasmic purification process. The lanes are labeled as follows: M - Marker, P - Periplasmic
fraction, FT - Flow through from nickel affinity column, W - Wash from column, E - Elution
from column. As the elution volume was 5% of the periplasmic fraction, the periplasmic frac-
tion, flow through, and wash were concentrated 20-fold using 3 kDa cut-off centrifugal con-
centrators (Pall, Ann Arbor, Michigan). The expected sizes for RLuc and RLuc8 are 38.7 kDa
and 36.9 kDa, respectively, with the difference in size arising from a Myc epitope added by the
expression vector used for RLuc. These protein masses were confirmed by MALDI-TOF.

2.1.6 Characterization of Renilla Luciferase Mutants

Luciferase activity was measured by adding 1 ul of sample (diluted as necessary in EB contain-
ing 1% HSA) to 100 ul room temperature 100 mM sodium phosphate buffer pH 7.0 (NaPB) [195]
68[l, adding 1 ul of 0.5 ug/ul coelenterazine or analog, manually mixing, and reading for 10 s in
a luminometer. The time between the addition of the luciferin and the start of measurement
was approximately 4 s. Some notes on the linearity and other aspects of this assay can be
found in Appendix [Al

Measurements of inactivation in serum were done by mixing 0.5 pl dilute luciferase with ei-
ther 20 ul mouse serum or 50 ul rat serum (Equitech-Bio, Kerrville, TX), placing the sample in
a 37°C incubator, and removing aliquots over time for activity testing. To calculate the serum
inactivation half-life, a mono-exponential decay model was fit to the data using a Nelder/Mead
Simplex non-linear least squares minimization algorithm provided by the GNU Octave numer-
ical programming language [54]]. Emission spectra were measured at ambient temperature in
NaPB using a Triax 320 (Horiba Jobin Yvon, Edison, NdJ). This device incorporates an optical

grating device with a liquid N, cooled CCD detector, and as the entire emission spectrum is
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acquired concurrently no correction for kinetic decay of the light output needs to be performed.
The acquired data were filtered as necessary, and normalized so that the total area under the
curve was equalized.

For lyophilization, pure protein (without HSA) was exchanged from EB into lyophilization
buffer (50 mM ammonium bicarbonate, pH 7.5) using a PD-10 column (GE Healthcare Life
Sciences, Piscataway, NdJ), snap frozen in liquid N,, and lyophilized. Lyophilized protein was
then stored at room temperature.

For quantum yield measurements, separate 1 ul drops of protein (>2 pmole) and substrate
(0.2 pmole) were placed in a tube, 100 ul of NaPB was injected by the luminometer to mix,
and the total light output was integrated (generally 5-10 min). For coelenterazine-n, the pro-
tein amount was increased 10-fold and the acquisition time lengthened to ensure the reaction

approached completion.

2.1.7 Kinetics

Kinetics were assessed by injecting 100 ul of NaPB already containing coelenterazine onto 1 ul
of protein (diluted appropriately in EB containing 1% HSA), and recording the light output for
20 min. The coelenterazine concentrations tested were at final concentrations of 118, 24, 4.7,
0.94, 0.19, and 0.038 uM. The final luciferase concentrations were in the range of 1-7 pM. Oxy-
gen concentration was assumed to be 0.49 mM [230]]. Coelenterazine absorbance was corrected
for, although this was only significant for the highest concentration (10% attenuation). The
values were converted from photons/s to molecules/s using the data from the quantum yield
measurements, converted from flux units to mass units via integration, and processed using

the kinetic curve fitting program Dynafit [105].

2.1.8 Mammalian Expression

In order to construct mammalian expression vectors, bacterial expression vectors containing
the desired mutations were used as templates for PCR, with primers designed such that a
methionine codon replaced the N-terminal pelB sequence and a C-terminal stop codon replaced
the Myc epitope and 6xHis tag. The primers also contained appropriate Nhel and HindIII
restriction sites to allow insertion of the product into the pcDNA 3.1 plasmid (Invitrogen). The
resultant plasmids were transiently transfected using SuperFect (Qiagen) into 293T cells [53]]

or Chinese Hamster Ovarian (CHO, ATCC# CCL-61) cells growing in 24-well plates following
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the manufacturer’s protocol. Briefly, 0.5 ug/well of DNA was mixed with 5 ul/well SuperFect
and 60 ul/well serum-free medium (Dulbecco’s modified Eagle medium - DMEM). After 10 min
of incubation at room temperature, an additional 350 ul/well of serum supplemented medium
(DMEM with 10% fetal bovine serum) was added, and this mixture was applied to wells that
had been plated the day before at 50,000 cells/well.

First Round

For the initial mammalian expression studies, the cells were maintained in the transfection
medium for 24 h. Following this period, 0.5 ug/well of coelenterazine was added, and the

plates were imaged in an IVIS 50 imaging system (Xenogen, Alameda, CA).

Second Round

For the second set of mammalian expression studies, the transfection medium was replaced
with fresh medium after 3 h. At several time points following the transfection, cells were lysed
using passive lysis buffer (Promega), measured for total protein content using the Bradford
assay, and assessed for luciferase activity using coelenterazine in the same manner as de-
scribed above for bacterially expressed luciferase. Intracellular stability of the luciferases was
assessed by adding cycloheximide to the wells at a concentration of 100 pg/ml, and lysing cells
at several time points thereafter. Westerns were run on lysates with a monoclonal antibody to
RLuc (MAb 4400, Chemicon, Temecula, CA) in order determine the luciferase protein content,

with bacterially produced purified RLuc8 used as the standard.

2.2 Results

2.2.1 Computational Predictions for Renilla Luciferase

Via sequence similarity searches, RLuc was predicted to contain a characteristic a/f-hydrolase
fold from residues 71 to 301 [133]. It was also found to have a high level of similarity to a num-
ber of proteins, most of which are known or putative haloalkane dehalogenases. An alignment
between the sequences found in a December 2003 database search is shown in Figure [2.3
A later search performed in February 2006 pulled up several new sequences, and the corre-
sponding alignment is shown in Figure A homology model of RLuc, based on the crystal

structure of the haloalkane dehalogenase LinB, is presented in Figure 2.5



CHAPTER 2. OPTIMIZATION OF RENILLA LUCIFERASE 19

Renilla reniformis
Mycobacterium bovis
Mycobacterium tuberculosis
Mycobacterium smegmatis
Pseudomonas paucimobilis
Bradyrhizobium japonicum
Rhizobium loti
Mycobacterium strain GP1
Rhodococcus rhodochrous
Agrobacterium tumefaciens

Renilla reniformis
Mycobacterium bovis
Mycobacterium tuberculosis
Mycobacterium smegmatis
Pseudomonas paucimobilis
Bradyrhizobium japonicum
Rhizobium loti
Mycobacterium strain GP1
Rhodococcus rhodochrous
Agrobacterium tumefaciens

Renilla reniformis
Mycobacterium bovis
Mycobacterium tuberculosis
Mycobacterium smegmatis
Pseudomonas paucimobilis
Bradyrhizobium japonicum
Rhizobium loti
Mycobacterium strain GP1
Rhodococcus rhodochrous
Agrobacterium tumefaciens

Renilla reniformis
Mycobacterium bovis
Mycobacterium tuberculosis
Mycobacterium smegmatis
Pseudomonas paucimobilis
Bradyrhizobium japonicum
Rhizobium loti
Mycobacterium strain_GP1
Rhodococcus rhodochrous
Agrobacterium tumefaciens

Renilla reniformis
Mycobacterium bovis
Mycobacterium tuberculosis
Mycobacterium smegmatis
Pseudomonas paucimobilis
Bradyrhizobium japonicum
Rhizobium loti
Mycobacterium strain GP1
Rhodococcus rhodochrous
Agrobacterium tumefaciens

v
\4
\4
s
A
R
R
R
R
L

P EEEEER

PR

IS
S
=
o
3
<
=

= e
R R R
:

5

|
L
Q
Q
Q
Q
L
L
L
L
L

m<<PAEEDE®O
B
EEEEEEEEE

100 110 120 130 140

CEEEEEEEED
od<<gmE D
RS
ZEEO 0D D EE R
B RN DO P00 R

>
S

EECEEEEEEE]
HOOOE B HZ RN — N

©

BN
3
>

HeHEEEEEE

K
R
R
R
R
A
A
E
E
v

OFBmEEPOOS
EEEROEEZ 2D
EEE ]
HO O EH e

©

CE]

EGEEEREEE]

A
s
s
s
s
H
H
N
N
Q

=]
=

Figure 2.3: Initial alignment of Renilla reniformis luciferase with several haloalkane dehalo-
genases from various bacterial species. This is the sequence alignment (December 2003) off of
which most of the consensus-guided candidate mutations were picked. The residue number-
ing is with respect to the RLuc sequence, and the alignment is depicted with a ClustalX color

scheme [210].
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1 Renilla reniformis (RLuc) MTSKVY“EQRKRMIT

2 Strongylocentrotus purpuratus LOTVVYBPASRNQLVTAD
3 Unknown marine bacterium

4 sulfitobacter sp. EE-36

5 Roseobacter sp. MED193

6 Sphingomonas paucimobilis (LinB)
7 Mycobacterium smegmatis

8 Mycobacterium bovis (DmbA)

9 Rhodococcus sp. TDTMO003 (DhaA)
10 Mesorhizobium loti (DmlA)

11 Bradyrhizobium japonicum (DbjA)
12 Jannaschia sp. CCS1

13 Lyngbya majuscula (CurN)

14 Streptomyces avermitilis

15 Agrobacterium tumefaciens
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1 Renilla reniformis (RLuc)

2 Strongylocentrotus purpuratus

3 Unknown marine bacterium

4 Sulfitobacter sp. EE-36

5 Roseobacter sp. MED193

6 Sphingomonas paucimobilis (LinB)
7 Mycobacterium smegmatis

8 Mycobacterium bovis (DmbA)

9 Rhodococcus sp. TDTM0003 (Dhaa)
10 Mesorhizobium loti (DmlA)

11 Bradyrhizobium japonicum (DbjA)
12 Jannaschia sp. CCS1

13 Lyngbya majuscula (CurN)

14 Streptomyces avermitilis

15 Agrobacterium tumefaciens

1 Renilla reniformis (RLuc)
2 strongylocentrotus purpuratus

3 Unknown marine bacterium A OKE
4 sulfitobacter sp. EE-36 1TE
5 Roseobacter sp. MEDIS3 A ILKE|
6 Sphingomonas paucimobilis (LinB) A oTE
7 Mycobacterium smegmatis A oTE
8 Mycobacterium bovis (DmbA) oTE
9 Rhodococcus sp. TDTMO003 (DhaA) A CKT
10 Mesorhizobium loti (DmlA) csE
11 Bradyrhizobium japonicum (Dbja) A RCALIR
12 Jannaschia sp. CCS1 ITEARF
13 Lyngbya majuscula (CurN) ILEVRF
14 Streptomyces avermitilis A LEIEH]

15 Agrobacterium tumefaciens LEIEA

Figure 2.4: Later alignment of Renilla reniformis luciferase with proteins from 14 other
species. This is an improved alignment done in February 2006 that includes several sequences
not available when the original alignment (Figure [2.3) was performed. When possible, the
names of the proteins are given in parenthesis. With the exception of RLuc and the protein
of unknown function predicted from the Strongylocentrotus purpuratus (Purple Sea Urchin)
genome, all the aligned sequences are from bacterial species. Species 1-5, 12, and 13 are ma-
rine organisms. Proteins 6 and 8-11 are known haloalkane dehalogenases. Proteins 3-5, 7, 14,
and 15 are putative haloalkane dehalogenases. Amino acids in the sequences corresponding to
gaps in the aligned R. reniformis sequence have been removed. The bacterial dehalogenases
have a conserved catalytic triad [82] corresponding to D120, E144, and H285 in the RLuc
sequence. Residues that were selected for mutagenesis in RLuc are shown in boxes. RLuc
was 40% identical and 72% similar to the protein from S. purpuratus, and 29-43% identical
and 49-62% similar to the bacterial proteins. The GenBank Identifiers for sequences 1-15 are
160820, 72160391, 40062609, 83943988, 85826216, 34810153, 16508080, 50399582, 28558081,
14025217, 27349338, 68181465, 50082962, 29608437, and 15163540, respectively.
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Figure 2.5: Homology model of Renilla luciferase based on its similarity to the haloalkane
dehalogenase LinB. The region of the enzyme from residue 35 to 309 was successfully modeled
using SWISS-MODEL and is shown. The N-terminus (N) is in blue and the C-terminus (C) is
in red. The presumptive catalytic triad of D120, E144, and H285 is marked, along with the
mutation site M185.
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2.2.2 Mutagenesis of Renilla Luciferase and Screening

In the hope of further enhancing RLuc’s resistance to inactivation beyond that achieved with
the C124A mutation, a number of further mutations were explored. Candidate mutations
were chosen from the alignment data at positions where RLuc most clearly diverged from the
consensus sequence. For instance, the candidate mutation A55T was chosen because RLuc har-
bors the aliphatic amino acid alanine at position 55, while nearly all the other proteins harbor
a hydroxylic residue of either threonine or serine at this site. Similarly, S287L was chosen
as a candidate because RLuc contains a hydroxylic residue at this position, differing from the
consensus aliphatic residue. Some of the candidates, such as M253L, are less obvious. This
mutation substitutes an aliphatic residue for another aliphatic, but brings the RLuc sequence
into consensus with the highly conserved local sequence near this position.

Complete results with respect to activity, inactivation in serum, and emission spectra are
summarized in Table[2.1]for 25 initial mutations done on a background of RLuc with the C124A
mutation. Note that activity was defined as a 10 s integration of the light output curve in order
to disfavor mutations that merely increased the burst value at the expense of total light output.
Representative data for inactivation in serum and emission spectra are shown in Figures [2.6
and respectively.

The assayed values for RLuc reported in Table corresponded well with previous values
reported in the literature. In terms of resistance to inactivation under serum-like conditions,
the values reported here for recombinant RLuc (7, = 0.4 —0.9 /) are in line with Liu et al.,
who reported a half-life of 0.6 h for recombinant RLuc in hamster blood at 37°C [120], as well
as Lorenz et al., who reported a half-life of 0.5 h for recombinant RLuc in a high ionic strength
buffer [127].

The measured emission peak for RLuc with coelenterazine (481 nm) corresponded almost
exactly with the previously published value of 482 nm for RLuc purified directly from Renilla
reniformis [71]. Since previous work in the literature has often used benzyl-coelenterazine
instead of the native substrate, the emission spectra for RLuc was assessed with this analog.
Using benzyl-coelenterazine, an emission peak of 483 nm was recorded for RLuc, which corre-
sponded closely with the previous value of 480 nm reported for both recombinant RLuc [128]
and RLuc purified directly from Renilla reniformis [138].

Peak light flux from recombinant RLuc was determined to be (1.240.2) x 10?* photons/s/mole
enzyme when in the presence of 24 uM coelenterazine. This value corresponds acceptably with

the valueE] of 6.5 x 10?> photons/s/mole enzyme reported for RLuc purified directly from Renilla
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Activity (photons/s/mole enzyme) Serum Inact. 7;/, (h) Wavelength (nm)
native | be | cp n bde mouse | rat peak|mean|fwhm|%>600
Native RLuc (3.240.3) x 102 5.4x10%7 1.7x10%% 8.3x10*T 3.5x10™| 0.9+0.1 0.4+0.1[ 481 497 93 3
Initial Mutations Activity (relative to RLuc)
C124A 1.2+0.1 0.75 0.79 0.63 0.68 7.1+0.4 6.6+£0.5) 482 498 96 3
C124A-AMyc 1.3+0.1 0.91 1.1 0.87 1.0 4.0 4.5 481 499 96 3
F33R/134M/C124A 0.15 0.15 0.16 0.12 0.20 0.3 0.3 481 497 96 3
E44G/C124A 0.94 0.78 0.74 0.66 0.98 2.6 3.3 486 502 94 4
A54G/A55G/C124A 0.12 0.10 0.06 0.15 0.19 2.4 3.0 476 492 98 3
A54P/A55T/C124A 0.21 0.15 0.11 0.38 0.22 119 129 470 483 96 2
A54P/C124A 0.05 0.04 0.05 0.08 0.06 14 13 468 482 96 2
AB5T/C124A 1.7 1.2 0.58 1.4 2.4 30 29 486 504 91 4
F116L/C124A 1.3 1.0 1.3 0.88 1.8 11 9.4 486 502 97 4
C124A/S130A 1.7 1.4 1.7 1.4 2.6 18 14 482 498 96 3
C124A/K136R 2.54+0.3 2.1 1.9 1.9 2.6 12 11 482 498 95 3
C124A/A143M 1.7 1.3 0.95 1.5 1.6 30 29 480 497 97 3
C124A/F180A 0.02 0.01 0.03 0.01 0.01 1.6 1.6 488 504 104 5
C124A/M185V 34 3.0 15 7.8 44 5.7 3.7 485 500 97 4
C124A/M191L 1.1 0.99 0.97 1.0 1.2 6.5 5.1 480 496 97 3
C124A/E195S8/P196D | 0.12 0.10 0.12 0.10 0.15 1.0 0.7 482 498 96 3
C124A/F199M 0.58 0.44 0.53 0.49 0.46 6.7 6.0 480 495 97 3
C124A/L203R 0.55 0.55 0.52 0.41 0.43 2.7 2.2 484 501 95 4
C124A/G229E 0.02 0.01 0.03 0.03 0.01 1.9 1.8 473 490 92 3
C124A/Q235A 1.2 1.1 1.1 1.0 1.2 3.3 3.6 473 489 95 2
C124A/M253L 1.9 1.4 1.6 1.6 1.7 15 10 471 488 95 3
C124A/S257G 1.1 0.95 1.3 1.1 3.0 1.3 1.4 477 493 95 3
C124A/F2611/F262L | 0.00 0.00 0.00 0.00 0.00 ND ND
C124A/F262L 0.03 0.03 0.01 0.06 0.03 5.8 6.4 478 495 95 3
C124A/S287L 3.9 2.8 34 5.0 9.5 28 20 478 496 93 2
C124A/M2951 1.0 0.83 0.57 0.72 0.86 5.0 4.9 480 497 93 3
C124A/K300A 1.1 1.0 1.1 1.0 1.3 3.5 3.9 481 497 96 3
97 3
Inactivation Resistant
RLuc8 4.3+0.2 3.0 5.8 8.8 59 281 +49 86 +9 |486 503 94 4

Table 2.1: Mutations of RLuc altered light output and rates of inactivation in serum. Activity
values are the result of integrating over 10 s and are not peak burst values. “Native” indicates
the native substrate, while “bc”, “cp”, “n”, and “bdc” indicate the analogs benzyl-coelenterazine,
coelenterazine-cp, coelenterazine-n, and bisdeoxycoelenterazine, respectively. The results for
the native enzyme are reported in absolute units, while the values for the mutants are re-
ported as relative to the native enzyme for the given substrate. Since bisdeoxycoelenterazine’s
emission spectrum is significantly blue shifted from the other substrates, a multiplication cor-
rection of 0.6 was applied to correct for the luminometer’s enhanced spectral sensitivity at
these shorter wavelengths (see Table [A.T). The wavelength measurements shown are for na-
tive coelenterazine, and the mean and peak wavelengths differ due to the non-symmetrical dis-
tribution of the emission spectrum. C124A-AMyc differs from C124A in that the Myc epitope
introduced by the bacterial expression plasmid has been removed in order to make it directly
comparable to RLuc8. RLuc8 contains the mutations A55T, C124A, S130A, K136R, A143M,
M185V, M253L, and S287L. In cases where a particular protein was produced, purified, and
assayed independently three or more times, the standard error of the mean is reported. ND -
Not Determined. Inact. - inactivation.
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Figure 2.6: Mouse serum inactivation data for RLuc, RLuc8, and several other mutations.
Protein was incubated in mouse serum at 37°C in triplicate, with aliquots removed at various
times to determine the remaining luciferase activity. The error bars represent the standard
error of the mean, and the lines drawn between points are from the fit to a mono-exponential

decay model.
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Figure 2.7: Normalized bioluminescence emission spectra for RLuc, RLuc8, and several other
mutations. Most of the consensus guided mutations resulted in only small shifts from the emis-
sion spectra of the native luciferase. Coelenterazine was used for obtaining all the emission
spectra except for the curve labeled RLuc8 BDC, which was obtained using bisdeoxycoelenter-
azine and is included for the purpose of comparison. The normalization equalized the total

area under the curve.
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reniformis [138], and 9 x 10?> photons/s/mole enzyme reported for recombinant RLuc [127].

2.2.3 Combining Mutations for a Luciferase Resistant to Serum Inac-

tivation

For the purpose of generating a mutant RLuc more appropriate for use as a bioluminescent
label in small animal imaging applications, the initial mutations were judged for their abil-
ity to confer resistance to serum inactivation as well as their light output. After excluding
A54P due to its strong negative effect on light output and F116L as it yielded only a small
increase in resistance to serum inactivation, the 7 remaining mutations that exhibited either
increased light output or enhanced resistance to serum inactivation were combined along with
the C124A mutation into a single protein designated as “RLuc8”. The 8 mutations present in
RLuc8 are A55T, C124A, S130A, K136R, A143M, M185V, M253L, and S287L. Since the Myc
epitope was removed during the cloning of RLuc8, a C124A mutant was constructed without
the Myc epitope to facilitate a valid comparison (C124A-AMyc). The activity, resistance to
serum inactivation, and spectra peak values for these two enzymes are shown in Table

When compared to the native enzyme, RLuc8 exhibited a greater than 4-fold enhancement
in activity, a 200-fold increased resistance to serum inactivation, and a small but measurable
5 nm red shift in the emission spectrum. Compared to the C124A mutant, RLuc8 showed a
3-fold increase in activity and at least a 13-fold improved resistance to inactivation in murine
serum.

Peak light flux from RLuc8 was determined to be (1.940.1) x 10>} photons/s/mole enzyme
when in the presence of 24 uM coelenterazine. As this is only 50% greater than the correspond-
ing value for RLuc, the 4-fold enhancement in specific activity (measured over 10 s) must have
contributions from other kinetic parameters in addition to the increase in the initial reaction

velocity.

2.2.4 Protein Production and Storage

Final recovery of periplasmically produced purified protein ranged from 5 pg/ml of culture
(RLuc) to 50 ug/ml of culture (RLuc8), with the mutants more resistant to inactivation gener-

ally falling toward the high end of this range. Protein assessed by electrophoresis indicated

4The description of the assay in the associated reference to this value is misleading, as the coelenterazine concen-
tration used sounds unreasonably low for the amount of light output that was recorded. The authors did measure
activity at low concentrations of substrate, but neglected to state that they then multiplied their acquired values by
9.25 to “correct” for not using saturating amounts of coelenterazine [137].
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that the periplasmically expressed protein was >95% pure after the one step purification pro-
cess (Figure [2.2). Following purification, the proteins were stored in EB+1%HSA at 4°C, and
were not observed to lose activity under these conditions for at least 3 months (data not shown).
Cytoplasmically expressed RLuc8 produced significantly more protein, and generally resulted
in a luciferase yield on the order of 500 mg/L of culture.

As an additional test of stability under storage conditions, RLuc8 was assessed for its ability
to tolerate lyophilization. Following lyophilization, storage for 1 day at room temperature,
and rehydration, RLuc8 regained full activity. This is in marked contrast to lyophilized RLuc,
which loses 90% of its activity following storage for 1 day at room temperature [137]. Following
lyophilization and storage for 6 months at room temperature, RLuc8 exhibited 50% of its initial

activity upon rehydration.

2.2.5 Comparison with Cytoplasmically Expressed Protein, C24 Mu-
tants, and A2T Mutants

In order to assess what effects the oxidative environment of the bacterial periplasm may be
having on the proteins, RLuc and RLuc8 were expressed in the reducing environment of the
bacterial cytoplasm using expression plasmids that did not include the pelB leader sequence.
Compared to the periplasmically expressed RLuc presented in Table cytoplasmically ex-
pressed RLuc had 25% greater activity with similar serum inactivation half-lives (0.8 h and
0.4 h for mouse and rat serum, respectively). Cytoplasmically expressed RLuc8 was also puri-
fied and had a similar activity (within 10%) and serum inactivation half-lives (290 h and 65 h
in mouse and rat serum, respectively) to the periplasmically expressed RLuc8.

As a further test of whether inadvertent disulfide bonds may be formed in the periplas-
mic environment, C24A and C24S mutants of RLuc8 were produced and analyzed (Table [2.2).
These mutants exhibited one third the activity of RLuc8, as well as small drops in resistance
to serum inactivation.

The parental Renilla luciferase used in all these experiments was the hRL construct from
Promega, which differs from the true native sequence due to the presence of a T2A mutation.
The reason for this mutation is not clear, but it may have been introduced in order to incor-
porate an Ncol restriction site straddling the start codon of the gene. To check the effects
of this mutation, A2T mutations were incorporated in both the RLuc and RLuc8 constructs.
The periplasmic expression yields from these constructs were extraordinarily low, presumably

reflecting that a hydrophobic residue is preferred over a hydroxylic residue for the position
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Specific Activity (relative to RLuc) Serum Inact. 7 ) (h) Wavelength (nm)
native | bc | ¢p | n | bdc mouse | rat peak |mean |fwhm | %>600
RLuc 1.0 1.0 1.0 1.0 1.0 0.9+0.1 0.44+0.1| 481 497 93 3
RLuc8 4.3+0.2 3.0 58 8.8 59 281 +£49 86 +9 |486 503 94 4
A2T Mutations
A2T 1.5 1.2 1.3 0.8 1.0 ND ND
RLuc8/A2T 3.9 2.4 42 4.6 41 ND ND
C24 Mutations
RLuc8/C24A 1.4 091 19 050 18 63 29 ND
RLuc8/C24S 1.4 1.3 20 28 25 111 53 480 498 92 3
Catalytic Triad
RLuc8/D120A 0.000 0.001 0.001 0.003 0.21 |>100 > 100 ND
RLuc8/D120N 0.023 0.016 0.050 0.34 5.1 |>100 > 100 483 501 94 4
RLuc8/E144A 0.000 0.000 0.000 0.000 0.000 57 13 ND
RLuc8/E144Q 0.000 0.000 0.000 0.000 0.002|> 100 > 100 ND
RLuc8/H285A 0.023 0.020 0.046 0.028 0.20 |> 100 21 ND
Inactivation Prone
M185V 4.4 26 12 41 20 0.8 0.3 ND
M185V/Q235A 4.8 2.7 14 7.1 20 0.5 0.2 ND

Table 2.2: Additional mutations of Renilla luciferase to test for the effects of the T2A mutation,
inappropriate disulfide bond formation, conservation of the catalytic triad, and decreased resis-
tance to inactivation. The data for RLuc and RLuc8 is repeated from Table [2.1]for the purpose
of comparison. Coelenterazine analog abbreviations and bisdeoxycoelenterazine emission cor-
rections are as stated in the caption for Table[2.1] The wavelength measurements shown are for
native coelenterazine, and the mean and peak wavelengths differ due to the non-symmetrical
distribution of the emission spectrum. ND - Not Determined. Inact. - inactivation.

immediately C-terminal to the signal peptidase cut site. Due to the low expression, the values
reported in Table can only be taken as approximate, but they seem to indicate that the A2T

mutation has little effect on the specific activity of the luciferase.

2.2.6 Mutations to Test Proposed Active Site

Based on the catalytic triad of residues known to be critical for activity in the haloalkane
dehalogenases, it was predicted that D120, E144, and H285 would be required for activity
in Renilla luciferase as well. The locations of these residues in a homology model of Renilla
luciferase are shown in Figure To test the hypothesis that these residues comprise a
portion of the enzyme’s active site, further mutations were made at these sites on the RLuc8
construct, with the results shown in Table With respect to maintaining luciferase activity,

mutations at these proposed active site residues were deleterious.
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2.2.7 Combining Mutants for a Luciferase Prone to Inactivation

In many cases where a reporter gene is employed, the goal is to follow the dynamics of gene
activation and repression. In these contexts, it is desirable for the reporter protein’s activity to
be labile so that levels of the reporter more accurately track the current state of gene activa-
tion. For this reason, brighter mutants that were more susceptible to serum inactivation were
constructed, with the idea that these constructs would be more labile intracellularly as well. To
accomplish this, the initial double mutants were compared to the single mutant C124A in or-
der to identify mutations that led to increased activity without increasing resistance to serum
inactivation (e.g. M185V) or increased serum inactivation without affecting initial light out-
put (e.g. Q235A, S257G). Combining these mutations in the absence of C124A resulted in the
mutants M185V and M185V/Q235A (Table that showed more rapid inactivation in serum

as well as enhanced activity in comparison to RLuc.

2.2.8 Quantum Yield and Kinetic Parameters of the Mutants

To understand the basis for RLuc8’s higher activity compared to RLuc, both quantum yield
and kinetic measurements were undertaken. The results shown in Table 2.3 indicated that
RLuc8 had a 30% improvement in quantum yield for native coelenterazine, and a ~30-fold
increase in quantum yield for bisdeoxycoelenterazine. The values for native RLuc with native
coelenterazine agree favorably with previously published values between 5.5 and 6.9% [139,
71. The native RLuc quantum yield values for bisdeoxycoelenterazine, however, are 1/3 the
value from previous reports [71]]. The reason for this discrepancy is not clear.

Modeling the complete kinetics of Renilla luciferase turned out to be a rather complex un-
dertaking. In order to make the task tractable, a standard Michaelis-Menten model was first
fit to the initial velocity data for coelenterazine concentrations from 0.038 to 24 uM. Substrate
binding was assumed to occur at a much faster rate than the enzymatic step. The parame-
ter results for this fitting are shown in the first two columns of Table Since the second
Michaelis-Menten step is irreversible in this case, the substrate dissociation constant (K;) is
equal to the standard Michaelis-Menten constant (K,,). The values shown in Table are
roughly consistent with a previously published K, value of 2 uM for RLuc in the presence of
benzyl-coelenterazine [139]].

For RLuc and C124A, the Michaelis-Menten model was inadequate to explain the initial

velocity data at the highest coelenterazine concentration used (118 uM), nor could it satisfac-
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Quantum Yield (%)
native | be | cp | n | bdc
Native RLuc 5.3+0.1 3.240.04 4.7+0.03 6.1+0.2 (3.6+£0.5)x1073
C124A 5.4+0.3 3.6+0.1 5.2+0.1 6.44+0.01 (4.6+0.3)x1073
A55T/C124A 5.7+0.2 3.940.1 4.54+0.1 5.740.1 (6.0+£0.5)x1073
C124A/S130A | 5.340.1 3.4+0.04 5.0+0.1 5.94+0.2 (4.04+0.2)x 1073
C124A/K136R | 5.440.1 3.340.1 5.14+0.1 6.0+0.1 (4.3+0.2)x1073
C124A/A143M | 5.24+0.3 3.5+0.1 4.840.1 5.840.2 (3.840.5)x 1073
C124A/M185V | 6.94+0.3 6.340.1 10.1+0.2 9.4+04 (104.4+4.0)x 1073
C124A/M253L | 5.5+0.1 3.540.1 5.1+0.2 5.840.1 (4.6+0.2)x1073
C124A/S287L | 6.1+0.2 5.0+0.1 7.24+0.3 7.7+£0.2 (12.540.3)x1073
RLuc8 6.9+0.1 6.1+0.1 8.94+0.1 9.6+0.4 (118.9+5.1)x 1073

Table 2.3: Mutations of RLuc altered quantum yield. Since bisdeoxycoelenterazine’s emission
spectrum is significantly blue shifted from the other substrates, a multiplication correction of
0.6 was applied to correct for the luminometer’s enhanced spectral sensitivity at these shorter
wavelengths (see Table . Standard errors of the mean are reported.

‘ K, (uM) ‘ Kium (s ‘ K, (mM) ‘ Kinact (s7h) ‘ Kp (nM)
Native RLuc | 2.9+1.0 3.9+0.4 58+1 (8.5+£0.2)x107 0.62+0.01
C124A 2.7£0.8 4.7+04 2642 (5.7+£0.2)x107  2.240.03
RLuc8 1.6+0.2 4.940.1 0 0 Infinity

Table 2.4: Parameter fits to the kinetic data for RLuc, the C124A mutant, and RLuc8 in the
presence of coelenterazine. K and k;,,, were derived from fitting the initial velocity data to the
Michaelis-Menten model. For RLuc and C124A, the remaining parameters were then obtained
by fitting the complete model (Figure using these previously obtained values for K; and
K;m. For RLuc8 the Michaelis-Menten model could satisfactorily fit the full progress curve
data in all cases. Because of this, the higher order model was not fit to the RLuc8 data and the
corresponding parameters (K,, Kiuur, and K,) have not been determined. Instead, appropriate
values for these three parameters have been entered in the above table to allow the full model
to fit the RLuc8 data given the Michaelis-Menten parameters. K, K,, and K,, are expressed as
dissociation constants. Data from coelenterazine concentrations in the range of 0.038 to 24 uM
were used. The errors shown are the formal standard errors of the fitted parameters.
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oC
RLuc

Figure 2.8: A proposed model for the kinetics of Renilla luciferase. The portion of the model
enclosed by the dashed box is a Michaelis-Menten subset of the model that is appropriate for
modeling the initial velocity of the reaction at lower substrate concentrations. C designates
coelenterazine and OC designates oxidized coelenterazine (coelenteramide). Reversible and
irreversible steps are designated by double arrow and single arrow lines, respectively.

torily model the kinetic progress curves. On account of this, the higher order model shown in
Figure was proposed, with the subset of the model enclosed in the dashed box correspond-
ing to the Michaelis-Menten model. This higher order model adds a product release step and
an irreversible inactivation pathway. The inactivation pathway was based on the known inac-
tivation of RLuc when combined with uM levels of coelenterazine in anoxic conditions [139],
and that product inhibition alone was insufficient to explain the observed kinetic data. Using
the kinetic parameters from the Michaelis-Menten model, the additional parameters were fit

using the complete model with the results shown in Table
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293T | CHO |
RLuc 225+0.7  11.7+12
C124A 62.8+12.9  64.0+4.9
C124A/M185V | 174.1425.7 172.4+8.4
RLuc8 328.8434.5 281.8+42.1

Table 2.5: Transient transfection of RLuc and several mutants into 293T or CHO cells. The
luciferases for this study were in pcDNA 3.1 plasmids under the control of the constitutive
promoter from cytomegalovirus (CMV). Samples were measured in triplicate, data is in units
of photons x 10%/s/cm?/steradian, and the reported error is the standard error of the mean. For
a given cell line, all differences between groups were significant at p < 0.06 using a two-tailed
t-test with the incorporation of a Bonferroni-Holms correction for multiple comparisons [81]].

2.2.9 Testing of Mutants in Mammalian Expression - First Round

In order to determine whether the in vitro data gathered for the RLuc mutants and RLuc8
would translate into the context of a mammalian reporter gene, expression vectors were con-
structed for RLuc, C124A, C124A/M185V, and RLuc8 in a pcDNA 3.1 backbone. These mam-
malian expression plasmids were then transiently transfected into 293T or CHO cells. The
results 24 h post transfection, shown in Table demonstrated increased light output for the

mutants consistent with the in vitro data.

2.2.10 Testing of Mutants in Mammalian Expression - Second Round

A second round of mammalian expression experiments were performed utilizing 293T cells
to assess the intracellular half-lives of the proteins and to test the RLuc variants prone to
inactivation (M185V, M185V/Q235A). For this work, additional mammalian expression plas-
mids were constructed for the M185V and M185V/Q235A variants in a pcDNA 3.1 backbone.
These mammalian expression plasmids, along with the ones utilized in the previous section,
were transiently transfected into 293T cells. Measurements of light output over time following
transfection, as shown in Figure with respect to the RLuc plasmid, demonstrated that the
mutations conferred increased light output following transfection in mammalian cells. A cy-
cloheximide study was performed to assess the enzymatic stability for the luciferase variants
in the context of the mammalian cytoplasm. As shown in Figure the relative differences
in inactivation resistance, but not the absolute differences, were consistent with the serum
inactivation experiments. Through densitometry measurements of western blots performed on
the cell lysates, the amount of luciferase was estimated for the different conditions and used to

calculate the specific activity values shown in Table These values were roughly consistent
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photons/s/mole enzyme

RLuc (4.240.2) x 1072

Mutant Activity (relative to RLuc)
C124A 1.6+0.1

C124A/M185V | 4.2+0.6

M185V 2.54+0.2

M185V/Q235A | 2.6+0.2

RLuc8 4.44+0.2

Table 2.6: Estimated specific activity values for Renilla luciferase and several variants ex-
pressed in mammalian cells. 48 h following transfection into 293T cells, the cells were lysed
and analyzed for luciferase activity. Luciferase protein mass in the lysates was estimated via
western blotting. Values were measured in quadruplicate, and standard errors of the mean
are given. The estimated activity of RLuc is given in absolute values, with the remaining
conditions given as relative to that of the RLuc condition.

with the in vitro data from bacterially expressed protein.

2.3 Discussion

The amino acid sequence of Renilla reniformis luciferase, along with that of the closely re-
lated Renilla miilleri luciferase (96% identical), contains a characteristic o/B-hydrolase fold
sequence [166], [82]. This fold pattern is found in enzymes that catalyze a diverse range of
chemical reactions in all kingdoms of life. Interestingly, within the a/B-hydrolase family RLuc
shows a high level of similarity to the bacterial haloalkane dehalogenases, enzymes that cat-
alyze the hydrolytic detoxification of halogenated compounds. This similarity even extends to
the conserved haloalkane dehalogenase catalytic triad, present as D120, E144, and H285 in
RLuc, being required for appreciable luciferase activity. The level of similarity is unexpected
as RLuc is an oxygenase and Renilla reniformis is not a bacterium.

The evolution of a coelenterazine using oxygenase from an enzyme that catalyzes an unre-
lated reaction would not, in fact, present a considerable challenge for evolution. Coelenterazine
chemiluminesces easily in aprotic solutions, and an initial enzyme would have to provide little
more than a hydrophobic environment for coelenterazine to achieve some low level of biolumi-
nescence [177]. As an example of this, serum albumin, which binds to a variety of lipophilic
compounds but to the best of my knowledge has experienced no selective pressure to act as
a bioluminescent enzyme, exhibits a low level of bioluminescence in the presence of coelen-

terazine [33]. That no similarity is seen between most of the coelenterazine using luciferases
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Figure 2.9: Mammalian cell expression of native RLuc and several mutants following transient
transfection into 293T cells. The luciferases for this study were in pcDNA 3.1 plasmids under
the control of the constitutive promoter from cytomegalovirus (CMV). Light output per total
cellular protein was recorded for each condition, and is reported as relative to the value of
the RLuc condition at the given time point. The absolute values for the RLuc condition at the
given time points were (8.6+0.3), (6.740.2), and (1.340.02)x 10° photons/s/mg of total protein.
Samples were measured in quadruplicate and error bars represent standard error of the mean.
With the exception of the C124A/M185V and RLuc8 conditions at the 24 h time point, all
differences between groups for a given time point were significant at p < 0.05 using a two-tailed
t-test with the incorporation of a Bonferroni-Holms correction for multiple comparisons [81]].



CHAPTER 2. OPTIMIZATION OF RENILLA LUCIFERASE

35

1 1 1 1 1 1 1 1 1
M185V/Q235A: 7hrs X
M185V: 10 hrs ¥
RLuc: 14 hrs )
100 C124A: 52 hrs A -
C124A/M185V: 38 hrs A
RLuc8: 130 hrs +
> B80F N -
=
I3 \ . T~
< \\\ ) . T~ —
€ N T
E 60 - \\\ \§ D § - - § -
o AN
(0] N
o 40 . -3 .
\\\\ %
20 S~ o
NN X
R X
\\\\\\; ________ x
o L I I I I I P o 1
0 5 10 15 20 25 30 35 40 45
Hours

Figure 2.10: Measurements of the intracellular inactivation of luciferase activity. 293T
cells, 48 h after being transiently transfected with the indicated luciferases, were exposed
to 100 ug/ml of cycloheximide to inhibit new protein synthesis. Cells were assayed for light
output per total cellular protein, with the data fit to a mono-exponential decay model. Samples
were measured in quadruplicate, and the error bars represent the standard error of the mean.

The estimated intracellular activity half-lives are given in the figure key.
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identified so far (e.g. Gaussia, Renilla, Pleuromamma, Oplophorus) [134], even when the lu-
ciferases are from species within the same family (Gaussia versus Pleuromamma), lends fur-
ther credence for the ease with which evolution can generate coelenterazine using luciferases
from a variety of parental proteins.

The high level of primary sequence similarity between RLuc, the bacterial haloalkane de-
halogenases, and the protein sequence derived from the Strongylocentrotus purpuratus genome
is harder to explain. As the bacteria, sea pansies (e.g. Renilla species), and sea urchins (e. g.
S. purpuratus) diverged at least 500 million years ago, horizontal gene transfer could be one
possible explanation for this similarity. However, this would seem to imply two separate gene
transfer events for the ancestral luciferase gene, which seems rather unlikely. On another
note, it has not escaped my attention that the gene from S. purpuratus could potentially be
a luciferase, a finding that might explain the blue bioluminescence emission that has been
observed in the fertilized eggs of this species [78]. A sequence alignment in which residues en-
circling the putative active pocket are marked (Figure is consistent with this hypothesis.

As discussed in the introduction, the C124A mutation was come upon by Liu and Escher
while engineering a Renilla luciferase variant more appropriate for mammalian cell secre-
tion [119]. Their hypothesis was that, in a secreted version of Renilla, these cysteines would
have a propensity to form inactivating disulfide bonds in the oxidizing environment of the pro-
tein secretion pathway. They reported a complete loss of activity when mutating the second
cysteine residue (C73) to an alanine. Notably, many of the aligned proteins contain a cysteine
near this location (Figure [2.4). They also reported enhanced stability of the enzyme when
the third cysteine (C124) was replaced with an alanine, and suggested that this was due to
the blocking of unintended disulfide bond formation in oxidative environments. The homol-
ogy model, however, indicates that the third cysteine is buried and removing the capability to
form an inactivating disulfide bond is unlikely to explain the increased stability seen for this
mutant after protein folding. More likely, the C124A mutation increases stability by allowing
better packing of the hydrophobic core [118]. Interestingly, the alignment data shows that an
alanine is favored at this position, coincidentally the amino acid chosen to substitute by Liu
and Escher.

Liu and Escher also suggested that a disulfide bond formed under oxidative conditions
between C24 and C73 could increase the resistance of the enzyme to inactivation, and showed
a number of experiments consistent with this hypothesis. In contrast, the experiments done

here did not reveal any significant changes with respect to inactivation resistance between
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protein produced in the reducing environment of the cytoplasm and the oxidative environment
of the periplasm. To further test for the presence of a stabilizing C24-C73 disulfide bond,
C24A and C24S mutants of RLuc8 were also purified. Although these proteins were more
prone to inactivation (RLuc8/C24S had ~75% of the resistance to inactivation of RLuc8), the
increase in inactivation does not appear to be at the level one would expect from the removal of
a stabilizing disulfide bond. As additional evidence disfavoring a C24-C73 disulfide bond, the
three crystal structures presented in Chapter[4](Sections and[4.5) from periplasmically
expressed protein do not contain a C27-C73 disulfide bond.

The discrepancies between these results and those of Liu and Escher regarding the poten-
tial C24-C73 disulfide bond formation have not been reconciled, but may be due to a number

of reasons:

1. Liu and Escher used a mammalian expression system whereby RLuc was secreted from
the cell. The protein could conceivably be glycosylate when expressed from this sys-
tem, leading to some of the differences observed between their secreted RLuc and bac-
terially expressed RLuc. A potential human N-glycosylation site, predicted using the
NetNGlyc 1.0 server http://www.cbs.dtu.dk/services/NetNGlyc/, is located at
N89/G90/S91. Alternatively, the bacterial periplasmic expression system used here may
not be sufficiently oxidative, or does not have the proper folding chaperones, to allow a

C24-C73 disulfide bond to form.

2. Inthe Liu and Escher paper, when dithiothreitol (DTT) is added to the sample to measure
the stability under reducing conditions, the authors also purged the sample of oxygen.
In a 1977 paper [139] rapid inactivation and aggregation of RLuc was observed when
the protein was combined with its substrate in the absence of oxygen. Conceivably, the
removal of oxygen by Liu and Escher could have inadvertently altered the stability of the

enzyme, even in the absence of substrate.

3. Since the experiments in the Liu and Escher paper were done in cell culture medium with
fetal bovine serum (FBS), it could be that upon addition of DTT to the sample, disulfide
bonds in native serum proteins were reduced and these proteins were in turn aggregating

with RLuc. This inactivation could be fast enough to mask other processes going on.

51t was originally reported that purified Renilla luciferase was 3% carbohydrate by weight [138]. Assuming glycosy-
lation in Coelenterates is equivalent to other eukaryotes, the intracellular location of RLuc in the lumisomes of Renilla
reniformis would seem to be consistent with glycosylation of the protein. Later reports however failed to show any dif-
ferences, as assessed by SDS-PAGE gel electrophoresis, when comparing recombinant non-glycosylated RLuc obtained
from bacterial expression with potentially glycosylated RLuc either purified directly from Renilla reniformis [128] or
expressed as a secreted protein in mammalian cells [119].


http://www.cbs.dtu.dk/services/NetNGlyc/
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It is not yet clear how exchanging particular amino acids from Renilla’s sequence to the
consensus yields an enzyme with greater resistance to inactivation. The packing of the protein
core is crucial for a protein’s evolutionary fitness [36l, and enhanced protein packing is an oft-
cited reason for stability inducing effects [118],[132,[36]. It may well be the mechanism through
which many of the mutations increase the luciferase’s resistance to inactivation in the serum
environment. In support of this, of the 7 stabilizing mutations that went into RLuc8, only
K136R is a surface residue. This is in contrast with previous studies that indicated a majority
of stabilizing mutations identified using consensus guided mutagenesis strategies were surface
residues [[113].

An alternative hypothesis is that some of the mutation sites conferring resistance to inacti-
vation may have previously been important in the aforementioned in vivo interaction between
RLuc and Renilla GFP. Now, in the environment of in vitro assays absent the GFP, the wild
type amino acids may be detrimental.

The exact mechanism for the luciferase’s inactivation in serum was never determined, and
it is not currently obvious if the inactivation is due to unfolding/aggregation, oxidation, pro-
teolysis, or some other process. Western blots performed on time points taken during the
serum inactivation experiments were inconclusive, as the secondary antibodies directed at the
mouse anti-Renilla primary antibody exhibited to much background binding to endogenous
immunoglobulins. An anti-C-terminal-6xHis-tag antibody directly conjugated to horse radish
peroxidase (Invitrogen) was tried as well, but this proved to bind too non-specifically to be
useful.

Three of the mutations, K136R, M185V, and S287L, showed sizable increases in the light
output of the enzyme. In the case of M185V a portion of the increase in light output can be
explained by enhanced quantum yield, particularly for the coelenterazine analogs, with the
difference assumed to arise from enhanced kinetics. The disproportionate increase in light
output seen with M185V for several of the coelenterazine analogs leads us to speculate that
the light increase and specificity decrease are related, and that M185 may be positively selected
for in RLuc and Renilla miilleri luciferase to ensure specificity of the reaction. This trade off
between substrate recognition and light output could arise if the residue at position 185 was
important for substrate recognition. The alignment data gives some credence to the hypothesis
as M185 is located in the “cap” of the enzyme, a domain often used for substrate specificity in
the haloalkane dehalogenases [82]. The location of M 185 in the crystal structures presented in
Chapter (4] lends further support, as its placement atop the presumptive catalytic site (formed
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by D120, E144, and H285) would be an appropriate position for conferring substrate specificity
to the luciferase.

S287L, while not located in the active site, is close enough to the active site residue H285
that slight alterations in the structure of the enzymatic pocket induced by S287L could explain
the modest increase in quantum yield and the larger increase in light output seen with this
mutation.

K136, on the other hand, is located on the surface of the protein approximately 20 A dis-
tant from the presumptive active site. It is still possible that the increased light output seen
with the K136R mutation could arise through long range perturbations in the folding of the
active site, especially as K136 lies in a loop between the active site residues D120 and E144.
Incidentally, Renilla miilleri luciferase contains an arginine at this position.

An alternative hypothesis for the increases in light output, especially for M185 and S287,
is that these residues are somehow involved in the transfer of energy to the GFP homo-dimer
that interacts with RLuc in nature. As such, these residues have been selected for their role in
energy transfer to the GFP fluorophore and not for their ability to optimize the quantum yield
of the luciferase on its own.

Using the luciferase assay, RLuc8 displayed a ~4-fold increase in light output versus RLuc.
For RLuc8, combining the increases in quantum efficiency with the enhanced Michaelis-Menten
parameters would only predict a ~70% increase in light output over RLuc. Additionally, for
RLuc and the C124A mutant, the Michaelis-Menten model could not satisfactorily fit the reac-
tion progress curves nor the initial reaction velocity at the highest coelenterazine concentration
tested (118 uM), even when product inhibition was incorporated into the model. This is in line
with previous failed attempts at elucidating a satisfactory kinetic model for RLuc [137]. A
speculation is that a complete kinetic model would need to factor in coelenterazine-dependent
inactivation of RLuc, a phenomenon known to occur rapidly with coelenterazine but not coe-
lenteramide in anoxic conditions [139]. Such a model is presented in Figure and it was
able to fit the data. Whether or not this model is actually correct, or is just able to fit the data,
has not been satisfactorily assessed.

A couple caveats bear mentioning regarding the values reported in this study. As discussed
in Appendix [A] absolute calibration for bioluminescence is a difficult undertaking. This diffi-
culty is evidenced by the large number of studies that choose to report their results in terms
of relative measures. Although I am comfortable with the precision of the results presented

here, I am less so with their accuracy, and additional differences in substrates, substrate pu-
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rity, buffers, and variations in the luciferase constructs used (e.g. 6xHis tags, Myc epitopes)
complicate direct comparison with previous work. The C-terminal 6xHis tag may be espe-
cially problematic, as the activity levels of the cytoplasmically expressed variants of RLuc and
RLuc8 with cleavable 6xHis tagged utilized later in this manuscript (Table were several
fold higher than the 6xHis tagged, periplasmically expressed proteins presented in this Chap-
ter. This finding correlates with previous experience in our laboratory that has found that
peptide or protein fusions on either end of Renilla luciferase invariably lead to some decrease
in the enzyme’s light output. Surprisingly, the values reported here for RLuc matched within
30% to previous bioluminescence values for both recombinant RLuc [127] and RLuc purified
directly from Renilla reniformis [138], and may indicate that the “purified” protein in these
previous reports actually contained some level of heterogeneity.

Additional caveats must be mentioned for interpreting the enzymatic activities and resis-
tance to serum inactivation half-life measurements reported in Tables [2.1] and Since the
inactivation of the RLuc mutants can occur at any point during protein production and purifi-
cation, it should be expected that the activity values for the more labile proteins will be down
weighted with respect to their true values. As an example of this, RLuc expressed cytoplas-
mically in bacteria resulted in 25% higher specific activity compared to RLuc that had been
purified through the more time consuming periplasmic extraction protocol. With regard to the
resistance to serum inactivation half-life values, these experiments were performed using an
incubator in order to avoid evaporation and condensation issues when assessing the higher
stability mutants. The slow heat transfer in air, however, means that the reported values for
the shorter half-life mutants (< 1 h) are overestimations.

Some attention must also be given to the presence of the Myc epitope, which was present
in most of the bacterial expression constructs (Tables and [2.2), but was dropped in C124A-
AMyc, RLuc8, and the RLuc8 based mutations. From comparison of the C124A protein (which
contains a Myc epitope) and the C124A-AMyc protein, it would appear that the presence of the
Myec epitope does cause a slight decrease in the light output of the luciferase. In any case, the
effect here is small and does not confound the results that RLuc8 emits significantly more light
than the native luciferase. In terms of resistance to inactivation in serum, removal of the Myc
epitope did cause a small decrease in this value for the C124A protein. This effect, however,
only strengthens the assertion that RLuc8 is substantially more resistant to inactivation than
the native enzyme.

Earlier reports have shown that native Renilla luciferase irreversibly loses activity due to
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self-association when stored at concentrations greater than 0.5 mg/ml at 4°C [138]]. While RLuc
has not been tested for this effect, RLuc8 has been concentrated to 300 mg/ml in 10 mM NaCl,
10 mM HEPES pH 7.4 without any signs of activity loss or aggregation (See Chapter [4).

Transient transfection of plasmids containing RLuc, C124A, C124A/M185V, M185V, M185V-
/Q235A, and RLuc8 into mammalian cells demonstrated that the basic trends derived from the
in vitro mutation analysis are applicable in the context of a mammalian cell as well. There
were some differences in terms of the absolute values of the results between the first and
second round of mammalian transfection studies. These differences may have arisen from dif-
ferences in methodology, namely, the cells were assayed directly in the 24-well culture trays in
the first round experiments. This method most likely overly highlights mutants that are resis-
tant to serum inactivation. Some amount of cell death inevitably occurs in cell culture studies,
and the protein contents of these cells are released to the medium. When coelenterazine is
applied to the wells, the luciferase in the medium has direct access to the substrate, while coe-
lenterazine must traverse the plasma membrane to reach the luciferase contained in the living
cells. The end effect would be that a combination of activity was measured from intracellular
luciferase and from luciferase exposed to the serum containing medium in these experiments.
The second round of experiments was done by aspirating the medium and dead cells, lysing
the remaining adherent cells, and performing all the measurements on these lysates. These
experiments are felt to be more representative and the results are used for the discussion here.

The absolute rate for RLuc inactivation in the mammalian cells (Figure [2.10) was an or-
der of magnitude slower than that observed in serum (Tables and [2.2). This should not
be particularly surprising, given that RLuc is an intracellular eukaryotic enzyme in its na-
tive environment. On the other hand, the relative inactivation trends between the different
luciferase variants were consistent between the two sets of data. For instance, M185V/Q235A
inactivated approximately twice as fast as RLuc whether the experiment was performed in
serum or in mammalian cells.

The specific activities measured from the mammalian transfection experiment (Table
were roughly consistent (within 30-50%) with the activities measured for the bacterially ex-
pressed proteins. The differences in the absolute values between the two sets of experiments
are most likely due to errors in estimating the amounts of luciferase in the mammalian cellu-
lar lysates, and that the mammalian cellular lysates include a mix of active and inactivated
protein accumulated during the course of the experiment.

Luciferases are extraordinarily useful in a variety of experiments that require reporter
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genes. In instances where the reporter gene is constitutively expressed (e.g. cell trafficking
studies [15]), RLuc8 should be advantageous because of its greatly increased light output
compared to RLuc in mammalian cells (Figure [2.9). This increased light output stems from
both RLuc8’s increased specific activity (Table and its decreased rate of inactivation (Fig-
ure [2.10).

In most reporter gene experiments, however, the investigator wishes to follow the dynamics
of gene induction and suppression. In these contexts, a slow rate of inactivation of the reporter
would be a detriment to the experiment, as the stability of the signal would obscure transient
changes in gene expression. The single mutant M185V and the double mutant M185V/Q235A
should be of utility in these cases, as both these mutants show an increase in specific activity
as well as an increase in the rate of protein inactivation relative to RLuc.

One issue with the use of coelenterazine catalyzing luciferases for reporter gene assays
in mammalian cells is that coelenterazine is a substrate for MDR1 P-glycoprotein (Pgp) [173l.
While the resultant transport of coelenterazine out of mammalian cells can be used to measure
levels of Pgp, in most studies this phenomenon leads to an inadvertent modulation of signal
intensity. For this reason, there has been interest in the coelenterazine analogs coelenterazine-
cp and coelenterazine-n as they are not substrates for Pgp [173]. These analogs, however,
suffer from reduced light output when used with RLuc (2-fold for coelenterazine-cp, 4-fold for
coelenterazine-n, see Table[2.1) as well as ~4-fold higher background rates of auto-chemilumin-
escence [247]. Combined, these factors lead to a drop in the signal to background ratio of 8 and
16-fold for coelenterazine-cp and coelenterazine-n, respectively. The M185V mutation greatly
reduces the disadvantages of these alternative substrates. In the case of coelenterazine-cp, the
M185V mutation leads to a signal to noise ratio that it is only a factor of two lower than that
achieved by the native substrate. RLuc8 is not as effective at using coelenterazine-cp as the
M185V mutation alone, most likely because the A55T mutation present in RLuc8 decreases its
ability to use this substrate.

Bisdeoxycoelenterazine has been proposed as a better analog to use with bioluminescence
resonance energy transfer (BRET) studies because of the increased separation between the
bioluminescence and the fluorescence spectra [91]. Bisdeoxycoelenterazine, however, suffers
from extraordinary low light output when used with native RLuc (Table because of poor
quantum yield (Table 2.3). Although low bioluminescence quantum efficiency does not neces-
sarily imply low light output from BRETE], and increased bioluminescence quantum efficiency

may not translate into a corresponding increase in BRET output, preliminary data in the lab-
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oratory indicates that bioluminescence quantum yield and BRET output are indeed related, at
least when the acceptor moiety is a variant of Aequorea GFP [46] (Note that, unlike Renilla
GFP, Aequorea GFP does not naturally interact with Renilla luciferase [228]]). Both RLuc8
and the M185V mutation should be of great utility in these BRET assays, as they confer a
20-60 fold increase in light output with bisdeoxycoelenterazine. Interestingly, although C124A
alone does not improve utilization of bisdeoxycoelenterazine, it appears to facilitate the M185V
mutation, as C124A/M185V has a ~2-fold better light output with this substrate compared to
M185V alone.

2.4 Conclusion

In summary, mutants of RLuc have been characterized with respect to their resistance to
serum inactivation as well as their light output. These results, in turn, have been utilized
in order to develop luciferases optimized for different purposes. An 8 mutation form of RLuc
(RLuc8) was created that has greatly improved characteristics for use as a bioluminescent la-
bel. Compared to the native enzyme, RLuc8 exhibited a 200-fold improvement in resistance to
murine serum inactivation, a 4-fold improvement in light output, and a 5 nm red shift in the
emission spectrum. The enhancement in light output arises from a combination of increases
in quantum yield and improved kinetics. A double mutant of RLuc (M185V/Q235A) was cre-
ated that has improved performance as a reporter gene. Compared to the native enzyme it
has twice the rate of inactivation, as measured in murine serum, while incorporating a close
to 5-fold improvement in light output. These optimized Renilla luciferases represent signifi-
cant improvements that will increase the sensitivity of luciferase-based assays for both in vitro
experiments and in vivo imaging.

Although the work done here was performed by generating single mutants via site specific
mutagenesis and screening the resultant proteins, a more efficient method could potentially
have been used based on the rough correlation between protein expression levels and the serum
stability values (data not shown). This method [4] would still have involved consensus muta-
tions, but would utilize a multiple site-directed mutagenesis protocol (e. g. QuikChange Multi

Kit, Stratagene) to incorporate random assortments of the proposed mutations in a single PCR

6 An early report utilizing bisdeoxycoelenterazine noted that while RLuc had an extremely low quantum yield with
this substrate, the quantum yield would go up 200-fold when Renilla GFP was added to the mixture [71]. The authors
speculated that the presence of the resonance energy transfer pathway for the excited state coelenteramide to traverse
was reducing the amount going into the quenching pathway. An alternative hypothesis, consistent with the M185V
mutation results, is that binding of the GFP to RLuc leads to a conformational change in the enzymatic pocket such
that there is a reduction in the tendency for excited state coelenteramide to quench.
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step. Following transformation into bacteria and growth at 37"le, the resulting colonies could
be screened in a high throughput fashion (as utilized for the random mutagenesis in Chapter|3)
in order to select for mutations that lead to higher levels of protein expression and presumably

greater protein stability.

"For increased levels of stringency, the plates could potentially be incubated at elevated temperatures (e. g. 60°C)
for short periods immediately prior to screening. This however may kill the bacterial cells, and necessitate purifying
the plasmid directly from the bacterial colony.



Chapter 3

RLuc8 Mutagenesis Studies

Luciferases are commonly used as reporter genes, and hopefully in the future as biolumines-
cent labels, in a variety of biological assays performed both in vitiro and in vivo. For in vitro
assays such as cell culture transfection studies, the wavelength of light that a luciferase yields
is usually of little consequence. In contrast, for small animal imaging it is highly advanta-
geous for a luciferase to emit a large percentage of its photons in the red to near-infrared
wavelengths (600-900 nm), as tissue attenuation of optical photons is minimized in this region
of the spectrum [231]].

For the various reasons outlined in Section Renilla luciferase (RLuc) was chosen as
the imaging moiety to use for bioluminescent labeling. A major limitation in the use of any
of the known coelenterazine utilizing luciferases, however, is that the spectral peaks of these
luciferases lie in the blue region of the visible spectrum. In the case of RLuc, the spectral
peak is at 481 nm, with only ~3% of the photons of wavelengths above 600 nm. As pointed
out later in the text (Figure [3.18), for luciferase locations at anything deeper than superficial
depths, the majority of the photons that actually make it out of the animal are these few
>600 nm wavelength photons [246]. Clearly, a Renilla luciferase with a bathochromic (red)
shifted emission spectrum and therefore a greater number of >600 nm wavelength photons
would be advantageous for use in small animal imaging.

The theory behind shifting the bioluminescence emission spectrum of RLuc starts with an
understanding of the luminescence reaction. As shown in Figure the reaction starts with
coelenterazine and molecular oxygen, and yields carbon dioxide, coelenteramide, and a photon

of light. After some early confusion as to the exact mechanism, it was convincingly shown that

45
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Figure 3.1: The luminescence reaction catalyzed by Renilla luciferase, showing the dioxetane
intermediate step. The phenolate anion of coelenteramide is shown as the emitting species in
this diagram, although assignment of the emitting species’ exact state is a matter of contention
(see main text).

the reaction goes through a dioxetane (also called dioxetanone or cyclic peroxide) intermediate
step [72]]Y This same dioxetane intermediate mechanism has been confirmed for other coelen-
terazine using luciferases such as Cypridina luciferase and Oplophorus luciferase [189] [1901,
and a dioxetane intermediate is involved in firefly luciferase’s reaction with D-luciferin [188]]
as well. The dioxetane is a high energy bond, and the break down of this structure leaves an
electron in the resultant coelenteramide in an excited electronic state. At this point, the elec-
tron/coelenteramide system can lose energy and return to the ground electronic state through
a number of processes, with the desired transition in bioluminescence being the conversion
of this energy into a photon of light. The important thing to gather from all of this, is that
the emitted photon’s wavelength depends directly on the energy difference between the excited
and ground states. In turn, the difference in energy between these two states will depend on
the local chemical environment in which the coelenteramide finds itself.

The bioluminescence emission spectrum of Renilla luciferase would be expected to be di-

rectly related to the fluorescence spectrum of coelenteramide when it is bound to the luciferase.

1These elegant experiments were done with the use of 70, and a coelenterazine analog containing alternatively
an 80 or '“C labeled carbonyl. Interestingly, the 'O labeled coelenterazine analog demonstrated that the carbonyl
oxygen is almost completely exchanged with oxygen from H,O while the analog is in the presence of the luciferase but
prior to completion of the enzymatic process.
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This is not what is actually observed, and is believed to indicate that the chemical environ-
ment the excited state product experiences is not retained for any significant period of time
after the ground state is reached [138]]. This is in contrast to Cypridina luciferase, where
the bioluminescence emission spectrum is identical to the fluorescence spectrum of the coelen-
teramide/luciferase conjugate.

In any case, the chemical state that the excited coelenteramide is in can be investigated by
exposing coelenteramide to a variety of solvents, so as to achieve different anions of the com-
pound, and then measuring its fluorescence. Through such work, it has been suggested that
the blue light emission (481 nm peak for RLuc) associated with coelenterazine bioluminescence
is due to the excited state coelenteramide existing in its amide anion form (Figure [192]
when it is in the protein’s enzymatic pocket. For RLuc, the literature has historically agreed
with this assignment of the emitting species [86, [138]. However, at least in the case of photo-
proteins such as obelin and aequorin, more recent literature has strongly favored assigning the
phenolate anion (Figure as the blue emitting species in bioluminescence [87, 222 [123]].
If the phenolate anion is the blue light emitter in RLuc, it would be in agreement with work
utilizing analogs of coelenterazine, where replacing the phenol group’s hydroxyl with a methyl
group, a methyl ester, or a hydrogen (e. g. bisdeoxycoelenterazine) maintains the molecule in
its neutral state and leads to a ~400 nm emission peak [71].

An interesting observation from this work, is that coelenteramide can be shown to emit a
green fluorescence (535-550 nm) when it is in particular chemical environments. While early
reports suggested that this green fluorescence is due to the phenolate/amide dianion [85]], more
recent reports [192] have indicated that the green fluorescent coelenteramide is in fact the
pyrazine anion (Figure [3.2d). Recognition that coelenteramide can achieve an anionic state
in which it fluoresces green led to the hypothesis that, by proper alteration of the enzymatic
pocket of the luciferase, the necessary chemical environment could be attained within RLuc so
as to favor the green emitting anion form. If the blue light emitter in RLuc bioluminescence
is indeed the phenolate anion and the green fluorescent form is the pyrazine anion, one can
imagine that favoring the pyrazine anion resonance form of the coelenteramide molecule will
lead to a bathochromic shift in the emission spectrum.

This chapter begins with further mutagenesis work done using the consensus mutagene-
sis approach, in which the aim was to see if any “easy gains” could be made in improving the
properties of RLuc8. This is followed by predictions regarding the active pocket of RLuc, along

with site specific mutagenesis studies of the predicted catalytic pocket residues in an attempt
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Figure 3.2: Different anionic states of coelenteramide. The fluorescence emission peak thought
to be associated with each species is given above the structure [192] [50]. Note that the pheno-
late and pyrazine anions are different resonant structures of the same molecule.
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to red-shift the emission spectrum of the protein. The chapter concludes with iterations of ran-
dom and saturation mutagenesis done in an attempt to achieve the goal of a viable red-shifted

Renilla luciferase. In essence, this chapter encompasses a directed evolution strategy [79].

3.1 Methods

Please note that many of the methods used in this chapter are identical to those from Chap-
ter 2| and are not repeated here. Only those methods that are new or have been modified
are explained below. Also note that all experiments in this chapter were based off of the
pBAD-pelB-RLuc8 periplasmic expression plasmid. This means that all constructs were ex-
pressed with a pelB leader sequence on the N-terminus (which is removed during export to the

periplasm), and contain a VDHHHHHH sequence on their C-terminus.

3.1.1 Site Directed Mutagenesis

As site-directed mutagenesis is such a commonly used protocol and few good references are
available, the method is described in some detail here. The following protocol is based largely
on the commercial QuikChange kit (Stratagene), and the basic reaction scheme is shown in
Figure The important thing to keep in mind is that the concentration of primer versus
template determines whether primer-primer or template-primer interactions dominate. If a
reaction fails due to the formation of primer-primer dimers (as seen on gel electrophoresis of
the reaction product), dropping the primer concentration, increasing the template concentra-
tion, decreasing the annealing temperature, or adding 5% DMSO can help. Additionally, a
high fidelity polymerase is fairly important for the PCR reaction, as the length of DNA being
duplicated is quite long. In the work here, PfuUltra Hotstart (Stratagene) was used.

Oligonucleotide primers should be designed with a T}, of ~78 °C, with the intended mu-
tation in the middle of the primer. A primer design web site is available to automate this
process at http://bioinformatics.org/primerx. For more complicated primers, such as
for multiple amino acid changes, please see Zheng et al. [248]. While the QuikChange (Strata-
gene) protocol specifies that the oligonucleotides need to be PAGE purified, unpurified primers
(Stanford PAN Facility) have been used with equal success and were used extensively in this
chapter.

The reaction mixture consisted of 10% 10x PfuUltra buffer, 2.5 pmoles of each primer,

10 nmoles of ANTP (2.5 nmoles of each), 2 ng of template DNA, and 0.5 U of PfuUltra Hotstart,
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Figure 3.3: Reaction scheme for site directed mutagenesis. Note that only the parental strand
is recycled in the reaction loop, so the reaction is a linear rather than exponential amplification
technique.

in a total volume made up to 12.5 ul with water. The template DNA needs to be methylated, so
a bacterial strain deficient in DNA methylation such as JM101 cannot be used as the plasmid
source. The reaction protocol was 5 min at 95°C, followed by 18 cycles of 50 s at 95°C, 50 s at
60°C, 1 min+1 min/1 kb of template at 68°C, and finished with 7 min at 68°C.

Following the reaction the product was digested with 5 U of Dpnl (New England Biolabs,
Ipswich, MA), a restriction enzyme that cuts only at methylated sites. This digests the tem-
plate plasmid while leaving the PCR product intact. Since the transformation efficiency of
circular template plasmid is several orders of magnitude better than linear PCR products, the
Dpnl digest is crucial to avoid large numbers of contaminating colonies containing the parental
template. Following digestion the DNA was transformed directly into a cell line proficient in

accepting unmethylated DNA (e. g. XL-1).

3.1.2 Random Mutagenesis

Random mutagenesis was accomplished using Mutazyme II (Stratagene). Mutazyme II is a
mix of Mutazyme DNA polymerase (Stratagene) and a Taqg DNA polymerase mutant that is
touted to produce a more even blend of mutations than normal Taq polymerase under error-
prone conditions. Mutazyme II proved to be less tolerant of poor primer design than standard

polymerases. Additionally, the instructions from Stratagene appear to be misguided as to the
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amount of template to begin with to achieve a given mutation rate. After many iterations, the

following conditions were found to achieve a mutation rate of ~5 base pairs/kb.

5 ul | 10x Mutazyme buffer
2.5 ul | dimethyl sulfoxide (DMSO)
1 ul | ANTP mix (10 mM each)
1 ul | forward primer (100 pmoles/ul)
1 ul | reverse primer (100 pmoles/ul)
3 pg | template DNA
1 ul | Mutazyme
x ul | H,O
50 ul | total

Note that template DNA refers only to the portion of DNA that is being mutated. For

instance, to mutate the pBAD-pelB-RLuc8 plasmid, 15 pg of plasmid would be used (~3 pg of
rluc8).

The PCR protocol was:
Segment | # Cycles | Temperature | Duration
1 1 95°C 2 min
2 50 95°C 1 min
Primer T,, 1 min
72°C 1 min/1 kb template + 1.5 min
3 1 72°C 10 min

Following PCR, the product was purified and digested overnight in a 37°C bacterial incu-
bator with Dpnl (to remove parental template) along with the appropriate restriction enzymes
(Ncol/Sall) for insertion into the plasmid backbone. After gel purification, a total of 200 ng
of mutated insert and plasmid backbone (Sall/Ncol digested pBAD) at a 2:1 insert/backbone
molar ratio were ligated overnight at 16°C in a 20 ul reaction. 5 ul of the ligated product was
then transformed into 50 ul Top10 bacteria cells (Invitrogen), and spread on 8 150 mm diam-
eter Terrific Broth/50 pg/ml ampicillin (TB/Amp) agar plates containing 0.2% L-(+)-arabinose.
Following 20 h of incubation at 32°C, the plates were airbrushed with a phosphate buffered
saline (PBS) solution containing 1% 0.5 mg/ml coelenterazine in propylene glycol and imaged
immediately using an IVIS 200 bioluminescence imaging system (Xenogen). Three 5 s acqui-
sitions were made using a DsRed, a GFP, and an open filter. Acquired images were processed
in GNU Octave [54] using a collection of custom scripts. Colonies were selected both automat-
ically with these scripts as well as manually for brightness and/or spectral shifts. An example
of the results of this image processing and colony selection is shown in Figure Colonies

were then screened further as described in section [3.1.4]



CHAPTER 3. RLUC8 MUTAGENESIS STUDIES 52

(a) Photograph (b) Open Emission

(c) Synthetic Image

Figure 3.4: An example of bacterial colonies being screened for color shifts and increases in
brightness. Panel[(a)]shows a portion of a plate that contained several thousand colonies. After
airbrushing with coelenterazine, emission images were taken using open, GFP, and DsRed fil-
ters. Panel [(b) shows the results of super-imposing the open emission filter on the photograph.
Panel shows a synthetic image, where the open, GFP, and DsRed acquisitions have been
combined as the image’s blue, green, and red channels, respectively. A computer algorithm
was used for ranking the brightness of the colonies in each of the acquisitions. Colonies ranked
at the top in the open emission, the GFP filter, and the DsRed filter acquisitions are marked
in the photograph shown in Panel with blue squares, green diagonals, and red crosses,
respectively. The colony marked with the red crosses in Panel [(@)] (erroneously detected as
two colonies by the computer algorithm) is the red-shifted variant RLuc8/A22P/D162N/F261W

(Table .
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3.1.3 Saturation Mutagenesis

Saturation mutagenesis at specific locations was performed by making use of Type IIs restric-
tion enzymes and primers containing a randomized codon sequence. The method presented
here is a modification of a previously published protocol [101]] and differs mainly in that the
entire plasmid is used as the template for PCR obviating the need for a second ligation step.
The basic scheme is outlined in Figure

Standard PCR conditions were used, with the exception that the extension time was in-
creased to 2 min/kb, 5% DMSO was included in the reaction, template was used at 10% of
usual concentrations, and primers were used at 20% of usual concentrations. Restriction di-
gests using Bpil (Fermentas, Hanover, MD) and Dpnl were performed overnight in a 37°C
bacterial incubator. Following gel purification, ligation, transformation, and plating was done

as in the random mutagenesis case.

3.1.4 Small Scale Protein Expression

For random and saturation mutagenesis experiments, the clones initially selected from the
agar plates were further screened by small scale expression experiments. Selected colonies
were picked into 2 ml TB/Amp each and grown to saturating conditions at 37°C (~12 h). 2 ml
TB/Amp containing 0.2% L-(+)-arabinose was then added to each tube and the cultures were
grown an additional 12 h at 32°C. Following this, half of each culture was spun down and
submitted to the osmotic shock protocol as described in Section [2.1.5

The periplasmic fractions were assayed for specific activity, assayed for bioluminescence
color shifts visually, and stored at 4 °C. Bright and/or color shifted variants were then submit-
ted for sequencing. For variants identified as having novel mutations, the periplasmic fraction
was brought to 1xWB (Section [2.1.5) from a 10x stock, and further purified using nickel affin-
ity spin columns (Ni-NTA Spin Kit, Qiagen) with 1xEB as the elution buffer. The elution was
brought to 1% HSA, and then assayed for specific activity.

Interesting color shifts were confirmed by spectrophotometry as described in Section [2.1.6)
As before, emission spectra were filtered as necessary and normalized to equalize the total area

under the curve.
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Figure 3.5: A schematic diagram of a saturation mutagenesis scheme using a type IIs restric-
tion enzyme. In this particular example the saturation target, shown in yellow, is V185/L186.
The restriction enzyme recognition sites for Bpil are shown in green. Random nucleotides are
represented as follows: N=A/T/C/G, and S=C/G. For an NNS sequences, amino acids with only
one codon have a 1/32 chance of being used. To have at least a 99% probably of hitting a given

pair of codons, ~7000 colonies need to be screened.
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Specific Activity (relative to RLuc) | Serum Inact. 7;/, (h) Wavelength (nm)
native | b¢c | ¢p | n | bdc | mouse | rat peak | mean | fwhm | %>600

RLuc8 43402 3.0 58 88 59 281+49 86 +9 486 503 94 4
Consensus Mutations

RLuc8/175A 8.0 44 9.0 15 89 580 277 485 503 93 4
RLuc8/N109D 6.5 36 6.0 10 71 364 76 482 501 94 3
RLuc8/P111G 6.8 42 74 13 82 31 8.9 ND
RLuc8/Y131K 5.6 34 6.1 10 72 ND ND
RLuc8/E132R 5.5 32 63 11 57 ND ND
RLuc8/1137V 7.3 45 76 13 83 202 33 484 502 93 4
RLuc8/V149P 0.66 0.62 0.92 090 8.6 ND ND
RLuc8/T184G 6.1 32 59 12 84 ND 486 505 93 4
RLuc8/T184R 4.6 29 4.7 6.0 53 ND 483 502 92 4
RLuc8/S188GK189A 1.3 1.5 042 0.46 25 ND ND
RLuc8/V212D 6.4 38 6.6 12 78 308 54 ND
RLuc8/N264T/A265GR 0.03 0.02 0.02 0.03 0.05 ND ND
RLuc8/V267R/E268D/G2691 | 3.1 14 53 74 54 ND ND
RLuc8/K271R/K272S 6.2 33 7.7 11 70 ND ND
RLuc8/K282P 5.2 32 52 87 75 ND ND
Combined Mutations

RLuc8/N109D/1137V 4.7 26 48 7.6 47 ND ND
RLuc8/175A/N109D/1137V | 5.7 3.2 6.5 95 69 ND ND

Table 3.1: Results of further consensus guided mutagenesis on RLuc8. The data for RLuc8 is
repeated from Table for the purpose of comparison. Substrate abbreviations are as shown
in Figure Spectra measurements were made using coelenterazine. Specific activities are
relative to that of RLuc (Table[2.1). FWHM - full width at half maximum. ND - not determined.
Inact. - inactivation.

3.2 Results

3.2.1 Consensus Driven Mutagenesis of RLuc8

Further consensus sequence directed mutagenesis, with residues targeted in a manner iden-
tical to what was done in Section was performed using RLuc8 as the parental template.
These results (Table showed that some improvements could still be achieved in terms of
light output and/or resistance to inactivation in murine serum. However, combining these
different identified mutations (e. g. N109D/I137V) led to reductions in the parameters being

optimized.

3.2.2 Probing of the Active Site of RLuc8

In an attempt to rationally alter the emitted wavelength of Renilla luciferase, the location and
orientation of the substrate in the active pocket was conjectured. This was done by assuming

the catalytic triad was used for coordinating the oxygen, that the orientation of the substrate
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would be similar to that seen with other o/B-hydrolases (e. g. Figure [7.6b), and that the vary-
ing affinities of the different mutations in Chapter [2| for the various coelenterazine analogs
was due to close interactions between the mutation and the altered side chain of the analog.
This conjecture was initially formulated using the Swiss-Model derived RLuc structure (Sec-
tion [2.2.1), but was switched over to the RLuc8 crystallographic structure (Section [4.3) once
it became available. The results of this exercise are shown in Figure The correspond-
ing amino acids of the putative active pocket are marked in the primary sequence shown in
Figure|3.7

Using this model of coelenterazine/coelenteramide in the active pocket as a guide, a total of
74 site specific mutations were made at the 22 residues thought to interact with the substrate.
With the exception of the 1223 location at which mutagenesis was saturating, the subset of
possible mutations done at each residue was selected based on what would be considered “safe”
with respect to the tertiary fold of the enzyme [22]. The results of this screen are shown in
Tables and with the resultant color shifts shown in Figure From this screen,
a total of 21 mutations at 10 different residue locations resulted in observable shifts in the
emission spectrum. The variants with bathochromic shift mutations presumably have active
pockets that favor the green fluorescing anion form of coelenteramide. Unsurprisingly, given
that the enzymatic pocket of RLuc8 is already evolved for the reaction at hand, nearly all these

mutations led to significant reductions in the light output of the luciferase.

3.2.3 Random Mutagenesis on RLuc8
Round 1 - Random Mutagenesis on RLuc8/F261W, RLuc8/F262W

The original purpose of the random mutagenesis study was to take some of the red-shifted mu-
tations identified in the active pocket site directed mutagenesis study and improve their cat-
alytic abilities. The RLuc8/F261W and RLuc8/F262W variants were picked as starting points,
as they both gave rise to appreciable bathochromic shifts while not overly compromising the
light output of the luciferase. Random mutagenesis was performed on these templates, and
screened in bacteria for both increases in light output as well as emission color shifts. The re-
sults of this study are given in Table and the emission spectra of several of these variants
are shown in Figure Interestingly, several mutation locations were overrepresented. Of
these mutations, those at residues E155 and G269 lead increases in light output, and those at

D162 lead to further bathochromic shifts in the emission spectra.
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(a) Estimated Coelenterazine Orientation
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Figure 3.6: A guess for the coelenterazine orientation in the RLuc8 site. The orientation of coe-
lenterazine in the context of the RLuc8 structure shown in Panel[(a)]is guessed based primarily
on the location of the presumptive catalytic triad residues and the effect that the M185V muta-
tion had on the various coelenterazine analogs tested (Figure [2.1). The RLuc8 structure used
in this figure is described in section The two imidazoles that were present in this structure
are shown in red. Panel|(b) diagrammatically shows the residues that putatively interact with

the substrate.
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RLuc8 ME\SKVYDPE[@RKRMITGPQWWARCKQMNVLDSEFINYYDSE|SNKH 42
RLuc MEWSKVYDPEMRKRMITGPOWWARCKQMNVLDSFEFINYYDSENSEKH 42
RmLuc MESKVYDPEMRKRMITGPOQWWARCKQMNVLDSFEFINYYDSENSNKH 42
XP_787066 AABIMGSRNE@S T I P LNSINA D EaAn ONKVIBAARGE KM SY@@sssi P ON S S 75
XP_794218. .MASRN@ATIP LN D B CKIY GK BlYYDS PQN.S 42

™
RLuc8 AENAVIFLHGNATSSYLWRHVVPH EPVARCIIPDLIGMGKSGKS 87
RLuc AENAVIFLHGNAKNSSYLWRHVVPH EPVARCIIPDLIGMGKSGKS 87
RmLuc AENAVIFLHGNAKNS SYLWRHVVPHVEPVARCIIPDLIGMGKSGKS 87
XP_787066 [ 45IAV FLHGNETSSYLWRNV PEVEP ARC MPDLICGEG SNKHE 120
XP_794218. AN FLHGNETSSYLWRNV POIVEP ARC EAPDLIGMG SpK)H 87
—
RLuc8 GNGSYRLLDHYKYLTAWE MLNLPKKIIFVGHDWGA LAFHYENYE 132
RLuc GNGSYRLLDHYKYLTAWEF MLNLPKKIIFVGHDWGAMLAFHYSYE 132
RmLuc GNGSYRLLDHYKYLTWFLNLPKKI IFVGHDWGALAFHYCYE 132
XP_787066 NEISYRE DHY YL AWF N NLPIHK [eERVI®HDWG L FH CNE 165
XP_794218. BINSYRIENIL.DHY YL, AWEF @ELINLPIAK TV HEDWGEY 1. MH CHE 132
RLuc8 176
RLuc 176
RmLuc 176
XP_787066 210
XP_794218. 176
— ™ ™ ™
RLuc8 LPSKIMRKLEPEEFAAYLEPFKEKGEVRRPTLSWPR 221
RLuc LPSKIMRKLEPEEFAAYLEPFKEKGEVRRPTLSWPR 221
RmLuc LPSKIMRKLEPEEFAAYLEPFKEKGEVRRPTLSWPR 221
XP_787066 255
XP_794218. 221
RLuc8 FIESDPGFFSNAI 266
RLuc FIESDPGFFSNAT 266
RmLuc FIESDPGFFSNATI 266
XP_787066 300
XP_794218. 266
RLuc8 311
RLuc 311
RmLuc 311
XP_787066 342
XP_794218. 308

Figure 3.7: Sequence of RLuc8 with residues surrounding the putative active pocket marked.
The putative active pocket residues are indicated by the black bar above the sequence. RLuc8
has been aligned with RLuc, the luciferase from Renilla miilleri (RmLuc), and two proteins
of unknown function predicted from the Strongylocentrotus purpuratus genome (XP_787066 -
GenBank Identifiers GI:72160391, XP_794218.1 - G1:72149470). Note that RLuc8 and associ-
ated variants used in this chapter have had the N-terminal methionine replaced by the pelB
leader sequence, and have a valine/aspartate (Sall restriction site) and a 6x-His tag on the
C-terminus.



CHAPTER 3. RLUC8 MUTAGENESIS STUDIES 59

Specific Activity (relative to RLuc) Wavelength (nm)
native | h | ¢ | n | bde peak | mean | fwhm | %>600 nm

RLuc8 4.34+0.2 3.0 5.8 8.8 59 486 503 94 4
Active Pocket Mutations
RLuc8/N53D 0.002 0.004 0.002 0.001 0.01 ND
RLuc8/N53Q 0.10 0.16 0.52 0.04 0.31 475 491 92 3
RLuc8/N53S 0.001 0.002 0.003 0.005 0.03 ND
RLuc8/W121F 0.05 0.02 0.02 0.03 0.15 478 496 94 3
RLuc8/W121H 0.003 0.002  0.004 0.01 0.02 ND
RLuc8/W121Y 0.003 0.007 0.01 0.01 0.01 ND
RLuc8/V1461 1.1 1.1 0.60 0.50 21 484 502 95 4
RLuc8/V146M 1.0 0.66 0.51 0.47 0.43 481 498 94 3
RLuc8/V146W 0.000 0.000 0.000 0.000 0.000 ND
RLuc8/1150F 0.51 0.56 0.50 1.0 5.3 485 504 95 4
RLuc8/1150H 0.53 0.25 0.19 2.6 8.1 494 514 98 6
RLuc8/1150M 2.9 1.8 3.1 2.2 24 488 508 95 5
RLuc8/1150W 0.94 0.65 0.62 1.3 8.2 485 503 94 4
RLuc8/1150Y 0.02 0.01 0.02 0.29 0.15 487 506 97 4
RLuc8/W153F 4.9 3.1 4.9 7.9 104 484 502 95 4
RLuc8/W153Y 1.2 0.75 1.1 2.1 15 485 503 96 4
RLuc8/W156F 3.9 2.7 7.2 12 81 486 504 93 4
RLuc8/W156H 0.46 0.48 0.53 2.3 1.2 490 510 96 5
RLuc8/W156Y 3.0 2.6 5.2 9.0 91 483 501 94 4
RLuc8/1159F 0.60 0.43 0.56 1.7 1.4 491 510 101 5
RLuc8/1159H 0.04 0.04 0.02 0.11 0.53 506 526 108 10
RLuc8/1159W 0.12 0.13 0.08 0.44 0.28 490 508 104 6
RLuc8/1159Y 0.003 0.002 0.01 0.05 1.1 513 536 113 13
RLuc8/1163F 0.57 0.80 0.39 0.61 7.6 483 502 95 4
RLuc8/1163H 0.16 0.21 0.12 0.19 6.1 499 519 102 7
RLuc8/1163W 0.16 0.26 0.15 0.26 2.1 498 517 103 7
RLuc8/1163Y 0.13 0.16 0.10 0.14 1.2 502 521 103 8
RLuc8/1166F 1.3 1.2 1.1 1.8 11 483 501 96 4
RLuc8/I1166H 0.04 0.08 0.03 0.05 0.52 483 502 100 4
RLuc8/1166L 4.4 2.4 5.3 9.5 55 486 506 92 4
RLuc8/1166W 0.004 0.01 0.003 0.01 0.20 498" 508 110 7
RLuc8/1166Y 0.23 0.35 0.16 0.34 2.5 493 508 99 5
RLuc8/F1801 0.63 0.65 0.62 0.70 8.7 486 504 101 5
RLuc8/F180W 4.0 2.4 3.3 4.6 45 485 502 93 4
RLuc8/F180Y 3.0 2.2 2.6 34 52 484 499 105 4
RLuc8/F181W 0.07 0.05 0.05 0.13 4.8 479 494 95 3
RLuc8/F181Y 0.07 0.11 0.03 0.06 1.2 497 515 103 6
RLuc8/K189E 4.4 2.6 3.8 6.7 61 484 501 95 4
RLuc8/K189H 3.6 2.0 1.8 6.1 44 485 502 94 4
RLuc8/K1891 1.1 1.0 4.4 19 19 484 500 96 4
RLuc8/K189R 0.70 0.86 0.58 0.45 1.1 484 502 93 4
RLuc8/P220H 0.003 0.003  0.003 0.01 0.05 ND
RLuc8/P224H 0.08 0.03 0.07 0.004 0.29 484 500 95 4
RLuc8/Y240F 5.5 2.0 4.4 5.3 48 484 502 92 4
RLuc8/F261W 0.20 0.38 0.38 0.02 0.76 504 524 98 8
RLuc8/F261Y 0.07 0.93 0.53 0.01 16 487 506 97 4
RLuc8/F261W/F262W 0.000 0.000 0.00 0.002 0.003 512 531 115 11
RLuc8/F262W 0.60 0.20 0.23 0.07 0.02 500 521 99 7
RLuc8/F262Y 0.01 0.01 0.01 0.001 0.04 511 532 104 10
RLuc8/F286W 0.08 0.11 0.07 0.04 0.24 481 499 92 3
RLuc8/F286Y 0.07 0.08 0.23 0.05 0.24 482 501 93 4

Table 3.2: Results of site-directed mutagenesis in the active pocket of RLuc8. The data for
RLuc8 is repeated from Table for the purpose of comparison. Results for 1223 are shown in
Table Y240 is not believed to be in the active pocket, but is proximal to it. Substrate ab-
breviations are as shown in Figure Spectra were measured using coelenterazine. Specific
activities are relative to that of RLuc (Table and were not corrected for the luminometer’s
wavelength dependent sensitivity. "RLuc8/1166W showed a shoulder peak at 415 nm that was
28% of the height of the main peak at 498 nm. FWHM - full width at half maximum. ND - not
determined.
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Specific Activity (relative to RLuc) Wavelength (nm)
native | h | ¢ | n | bde |peak|mean |fwhm | %>600 nm

RLuc8 4.3+0.2 3.0 5.8 8.8 59 486 503 94
1223 Mutations
RLuc8/1223A 0.68 0.37 0.94 0.1 2.0 ND
RLuc8/1223C 3.0 1.7 6.2 3.7 12 503 524 103 9
RLuc8/1223D 0.01 0.01 0.01 0.06 0.10 503 524 106 9
RLuc8/1223E 0.01 0.01 0.01 0.11 0.21 497 517 104 7
RLuc8/1223F 2.7 2.1 1.8 2.5 10 486 505 92 4
RLuc8/1223G 0.14 0.07 0.12 0.33 1.3 498 518 105 7
RLuc8/1223H 0.07 0.05 0.09 0.43 1.9 508 527 105 9
RLuc8/1223K 0.002 0.002 0.001 0.003 0.26 491 509 97 5
RLuc8/1223L 1.3 1.8 1.2 14 16 483 502 95 4
RLuc8/1223M 0.19 0.37 0.25 0.64 14 501 521 98 7
RLuc8/1223N 0.30 0.31 0.33 0.48 1.7 505 527 102 9
RLuc8/1223P 0.01 0.01 0.01 0.03 0.13 486 505 96 5
RLuc8/1223Q 0.06 0.06 0.06 0.31 2.3 505 527 102 9
RLuc8/1223R 0.003 0.002 0.002 0.01 0.24 505 528 108 10
RLuc8/1223S 0.61 0.45 0.49 0.71 1.7 499 517 104 7
RLuc8/1223T 0.43 0.36 0.33 0.48 0.54 499 517 102 7
RLuc8/1223V 2.5 1.9 2.8 3.0 31 490 509 97 5
RLuc8/1223W 0.003 0.004 0.01 0.02 0.01 484 508 104 7
RLuc8/1223Y 0.02 0.02 0.02 0.04 0.07 486 505 97 4
Double Mutants
RLuc8/1223C/F261W | 0.12 0.12 0.43 0.01 0.03 511 529 104 8
RLuc8/1223C/F262W | 0.07 0.02 0.09 0.01 0.01 511 529 100 8
RLuc8/1223H/F261W | 0.002 0.003 0.005 0.01 0.02 ND
RLuc8/1223H/F262W | 0.001 0.001 0.001 0.01 0.01 ND
RLuc8/1223M/F261W | 0.02 0.01 0.01 0.01 0.05 ND
RLuc8/1223M/F262W | 0.002 0.001 0.001 0.01 0.001 ND
RLuc8/1223Q/F261W | 0.003 0.005 0.003 0.01 0.02 ND

Table 3.3: Results of saturation mutagenesis on RLuc8 at the putative active pocket residue
of 1223, along with some double mutants. The data for RLuc8 is repeated from Table for
the purpose of comparison. Substrate abbreviations are as shown in Figure Spectra were
measured using coelenterazine. Specific activities are relative to that of RLuc (Table and
were not corrected for the luminometer’s wavelength dependent sensitivity. FWHM - full width
at half maximum. ND - not determined.
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Figure 3.8: Normalized bioluminescence emission

spectra and color photographs for several of

the active site mutants of RLuc8. The images shown in Panel were made by mixing pu-
rified protein with coelenterazine, and photographing the resultant emission with a standard
consumer-grade digital camera. Normalized emission spectra resulting from the catalysis of
coelenterazine are shown in Panel The normalization equalized the total area under the

curve.
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Specific Wavelength (nm)

F261W Mutants Activity peak | mean | fwhm | %>600 nm
RLuc8/F261W 0.20 505 524 98 8
RLuc8/R11P/F261W/V2671 0.25 501 522 99 7
RLuc8/A22P/D162N/F261W 0.10 526 547 97 13
RLuc8/V63I/L94F/F26 1W/F2781 0.36 501 522 98 7
RLuc8/R93L/D162E/F261W 0.05 535 551 112 17
RLuc8/L94F/F261W 0.15 501 521 97 7
RLuc8/K113R/E155K/F261W 0.54 503 523 98 7
RLuc8/A123S/F261W 0.48 504 523 98 7
RLuc8/M143T/F261W 0.26 503 523 98 7
RLuc8/D162N/F261W/S188N 0.05 525 544 97 13
RLuc8/A164T/D248E/F261W/K297N | 0.12 502 521 98 7
RLuc8/F261W/N264S 0.27 503 523 99 7
RLuc8/F261W/K271R 0.14 505 526 99 8
F262W Mutants

RLuc8/F262W 0.60 500 521 99 7
RLuc8/Q26K/E155K/F262W 0.75 500 521 99 7
RLuc8/P65H/A130T/F262W 0.12 501 522 99 8
RLuc8/F105V/E151K/D162E/F262W | 0.07 535 551 119 18
RLuc8/A123S/F262W 0.50 499 519 98 7
RLuc8/E155G/E183D/F262W 0.89 501 522 98 7
RLuc8/E155K/E169D/F262W 0.60 501 521 98 7
RLuc8/K167M/K173N/F262W 0.54 498 519 98 7
RLuc8/V2341/F262W/G269R 0.86 501 523 99 8
RLuc8/F262W/G269E 0.57 500 520 98 7
RLuc8/F262W/G269R 1.3 502 523 100 8
RLuc8/F262W/M295V 0.47 499 520 98 7

Table 3.4: Results of random mutagenesis on RLuc8/F261W and RLuc8/F262W. Mutation lo-
cations that showed up multiple times are designated by bold text. The data for RLuc8/F261W
and RLuc8/F262W is repeated from Table for the purpose of comparison. ~45,000 and
~30,000 colonies were screened for the random mutagenesis on RLuc8/F261W and RLuc8/-
F262W, respectively. Coelenterazine was used for measuring the spectra and specific activity.
Specific activities are relative to that of RLuc (Table and were not corrected for the lumi-
nometer’s wavelength dependent sensitivity. FWHM - full width at half maximum.
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Figure 3.9: Normalized bioluminescence emission spectra for several variants of RLuc8/F261W
and RLuc8/F262W obtained by random mutagenesis. Coelenterazine was used for obtaining
all spectra. The RLuc8/F261W and RLuc8/F262W curves are repeated from Figure
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Round 2 - Saturation Mutagenesis at D162/1163

As the A123S mutation showed some potential for increasing the light output of RLuc8/F261W,
it was incorporated into RLuc8, RLuc8/F261W, and RLuc8/F262W by site specific mutation.
Although this mutation is somewhat detrimental for RLuc8 and RLuc8/F262W, it was retained
with the idea that a later round of mutagenesis would be done at the F261 site.

These three A123S containing templates, along with RLuc8, were used for saturation muta-
genesis at the D162 residue identified in the previous random mutagenesis screen. As the D162
residue borders the active pocket residue 1163, this residue was incorporated into the satura-
tion mutagenesis screen as well. Results of saturation mutagenesis at D162/1163 performed
on the templates RLuc8, RLuc8/A123S, RLuc8/A123S/F261W, and RLuc8/A123S/F262W are
given in Table Emission spectra for several of these variants are shown in Figures|3.10],
and with color photographs of select variants given in Figure|3.13

Quite surprisingly, a single point mutation (D162E) could lead to a significant red-shift of
the emission spectra of the luciferase without a severe compromise in the luciferase’s ability
to output light. Also interesting, is that several of the selected mutants had significant side
peaks around 410 nm. This side peak is presumptively emanating from the neutral species of
coelenteramide (Figure [3.2a). For RLuc8/A123S/D162L/1163V, it gives the variant a whitish-

purple color when the bioluminescence is visualized.

Round 3 - Saturation Mutagenesis at F261/F262

Using RLuc8/A123S and RLuc8/A123S/D162E/I1163L as templates, saturation mutagenesis
was done at the F261/F262 residues in an attempt to find the best color shift residues at this
location. Out of ~15,000 colonies screened from the mutagenesis with RLuc8/A123S as the
template, only parental, RLuc8/A123S/F261W, and RLuc8/A123S/F262W clones were selected
by the screen. Out of ~9000 colonies screened from the mutagenesis performed using RLuc8/-
A123S/D162E/1163L as the template, the only non-parental clone selected by the screening
process was RLuc8/A123S/D162E/1163L/F261W. The data for this mutant is included in Ta-
ble with the corresponding emission spectrum shown in Figure The results of this
screen would indicate that no further improvements in either light output or color shift can be

made at the F261/F262 position.
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Specific Wavelength (nm) Shoulder/
RLuc8 Mutants Activity | peak | mean | fwhm | shoulder | Peak Ratio | %>600 nm | Clones
RLuc8 4.3 486 503 94 4
RLuc8/D162E 1.4 522 537 108 12 1
RLuc8/D162E/1163M 1.2 519 530 108 10 1
RLuc8/D162E/1163T 0.08 539 547 125 19 1
RLuc8/D162N 2.1 510 526 96 408 0.05 8 2
RLuc8/D162N/1163V 1.6 516 531 103 408 0.08 10 6
RLuc8/D162P/1163L 0.28 525 515 103 406 0.50 10 1
RLuc8/D162S/1163V 4.7 485 504 92 4 1
RLuc8/A123S Mutants
RLuc8/A123S 2.8 484 502 92 4
RLuc8/A123S/D162C/1163V 0.95 520 539 94 11 1
RLuc8/A123S/D162E 15 522 536 107 12 2
RLuc8/A123S/D162E/1163L 2.4 523 538 102 12 2
RLuc8/A123S/D162L/1163V 0.29 532 515 124 409 0.75 13 1
RLuc8/A123S/D162N 2.0 509 526 96 407 0.05 8 1
RLuc8/A123S/D162N/1163L 2.4 507 523 93 404 0.07 7 2
RLuc8/A123S/D162N/1163S 0.19 523 535 110 407 0.18 13 2
RLuc8/A123S/D162T/1163C 0.10 527 514 119 409 0.69 12 1
RLuc8/A123S/F261W Mutants
RLuc8/A123S/F261W 0.48 504 523 98 7
RLuc8/A123S/D162T/F261W 0.23 526 547 102 14 1
RLuc8/A123S/D162E/F261W 0.21 533 547 116 16 1
RLuc8/A123S/D162E/1163L/F261W | 0.12 538 553 107 17
RLuc8/A123S/D162N/1163M/F261W | 0.29 520 539 95 11 3
RLuc8/A123S/D162N/1163V/F261W | 0.21 531 551 102 16 3
RLuc8/A123S/F262W Mutants
RLuc8/A123S/F262W 0.50 499 519 98 7
RLuc8/A123S/D162E/1163V/F262W | 0.06 541 558 113 21 1
RLuc8/A123S/D162N/F262W 0.23 527 544 100 13 1

Table 3.5: Results from saturation mutagenesis at the D162/1163 residues of RLuc, RLuc8/-
A123S, RLuc8/A123S/F261W, and RLuc8/A123S/F262W. If the spectrum had a shoulder peak,
it is noted above along with the ratio of the height of the shoulder peak to the main peak.
Clones indicates how many colonies coded for the same protein sequences (but not neces-
sarily the same nucleotide sequence), and is an indicator for how well the search space
was covered. ~8000, ~4,000, ~8,000, and ~10,000 colonies were screened from the RLuc8,
RLuc8/A123S, RLuc8/A123S/F261W, and RLuc8/A123S/F262W saturation mutagenesis reac-
tions, respectively. The data for RLuc, RLuc8/A123S/F261W, and RLuc8/A123S/F262W is re-
peated from Tables and for the purpose of comparison. RLuc8/A123S/D162E/1163L/-
F261W was actually identified during the work described in Section but is included here
for simplicity. Coelenterazine was used for measuring the spectra and specific activity. Specific
activities are relative to that of RLuc (Table 2.1, and were not corrected for the luminometer’s
wavelength dependent sensitivity (see Table [A.I). FWHM - full width at half maximum.
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Figure 3.10: Normalized bioluminescence emission spectra for the variants obtained from satu-
ration mutagenesis of RLuc8 at the D162/1163 positions. Coelenterazine was used for obtaining
all spectra.
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Figure 3.11: Normalized bioluminescence emission spectra for the variants obtained from sat-
uration mutagenesis of RLuc8/A123S at the D162/1163 positions. Coelenterazine was used for
obtaining all spectra.
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Figure 3.12: Normalized bioluminescence emission spectra for the variants obtained from sat-
uration mutagenesis of RLuc8/A123S/F261W and RLuc8/A123S/F262W at the D162/1163 posi-
tions. Coelenterazine was used for obtaining all spectra.

RLuc8/A123S RLuc8/A123S/ RLuc8/A123S/ RLuc8/A123S/

D162E/1163L D162L/1163V D162E/1163L/F261W

Figure 3.13: Color photographs for several of the variants screened in the D162/I163 satura-
tion mutagenesis step. The images shown were made by mixing purified protein with coelen-

terazine, and photographing the resultant emission with a standard consumer-grade digital
camera.
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Round 4 - Saturation Mutagenesis at 1223/P224

As saturation mutagenesis at 1223 yielded several bathochromic shift mutations (Table [3.3),
saturation mutagenesis was performed on the 1223/P224 location, as well as on the 5 residues
P220/R221/E222/1223/P224. The templates used in this screen were RLuc8 and RLuc8/A123S/-
D162E/I1163L. For each of these 4 conditions, ~4000 colonies were screened for light output
and/or color shifts. All the clones selected from this mutagenesis were the parental sequence,
and were either parental template that had escaped the Dpnl digestion, or templates contain-
ing silent mutations. This would seem to indicate that no further optimization can be done in

this region of the protein.

Round 5 - Saturation Mutagenesis at V185/1.186

With respect to increases in light output, the M185V mutation was the most interesting one
that arose from the consensus sequence driven mutagenesis of Chapter For this reason,
saturation mutagenesis at V185/L.186 and V185/L.186/P187/S188/K189 was performed on the
templates RLuc8 and RLuc8/A123S/D162E/1163L. The results of this screen are shown in Ta-
ble with corresponding emission spectra shown in Figure Interestingly, the V185L
mutation coupled to A123S/D162E/I163L could lead to a further ~8 nm bathochromic shift in
the emission spectrum, but when V185L was present alone in the RLuc8 background it led to

no observable shift in the emission.

Round 6 - Saturation Mutagenesis at D154/E155

At this point, it was decided to take some of the more promising candidates from the previous
rounds of mutagenesis, and try saturation mutagenesis at the E155 position. E155 had been
identified in the initial random mutagenesis screen (Table as a residue that could be mu-
tated to increase the light output from the RLuc8/F261W and RLuc8/F262W constructs, and
it was hoped that mutagenesis at this location would lead to improvements in RLuc8/A123S/-
D162E/1163L/V185L, RLuc8/A123S/D162E/1163L/F261W, and RLuc8/A123S/D162E/1163V/F-
262W. The neighboring D154 position was included in this saturation mutagenesis screen as
well. The results of this screen, shown in Table with corresponding spectra for several of
the mutants in Figure demonstrated that significant improvements of all three parental

constructs could be achieved by mutagenesis at these two positions.
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Specific| Wavelength (nm)
RLuc8 Mutants Activity | peak| mean |fwhm | %>600 nm
RLuc8 4.3+0.2| 486 503 94
RLuc8/V185L 3.3 485 504 95 4
RLuc8/V185Q 4.5 482 500 93 3
RLuc8/V185K/L.186M/P187A/S188A/K189L 0.85 480 497 102 4
RLuc8/A123S/D162E/1163L Mutants
RLuc8/A123S/D162E/1163L 24 523 538 102 12
RLuc8/A123S/D162E/1163L/V185L 2.1 532 545 106 15
RLuc8/A123S/D162E/1163L/V185L/L186F 0.72 530 541 110 14
RLuc8/A123S/D162E/1163L/V185A/P187V/S188K/K189M | 0.31 510 525 113 10

Table 3.6: Results from saturation mutagenesis at V185/L.186, as well as random mutagen-
esis over V185/1.186/P187/S188/K189. The templates used for mutagenesis were RLuc8 and
RLuc8/A123S/D162E/1163L, and for the purposes of comparison the data for these variants is

repeated from Tables and respectively. Approximately 20,000 colonies were screened

for each of the V185/LL186 saturation mutagenesis reactions, and 2500-6500 colonies screened
for the V185/1.186/P187/S188/K189 random mutagenesis reactions. Coelenterazine was used
for measuring the spectra and specific activity. Specific activities are relative to that of RLuc
(Table [2.I), and were not corrected for the luminometer’s wavelength dependent sensitivity

(see Table . FWHM - full width at half maximum.
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Figure 3.14: Normalized bioluminescence emission spectra for the variants obtained from satu-
ration mutagenesis at the V185/L.186 positions, as well as random mutagenesis between V185-
K189. Spectra for RLuc8 and RLuc8/A123S/D162E/1163L are repeated here for the purposes

of comparison. Coelenterazine was used for obtaining all spectra.

1 1 1
RLuc8/A123S/D162E/1163L/V185L ——— |
RLuc8/A123S/D154M/E155G/D162E/1163L/V185L -
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Figure 3.15: Normalized bioluminescence emission spectra for several variants obtained from
saturation mutagenesis at the D154/E155 positions. Coelenterazine was used for obtaining all

spectra.
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Specific | Wavelength (nm)
RLuc8/A123S/D162E/1163L/V185L Mutants Activity | peak | mean | fwhm | %>600 nm
RLuc8/A123S/D162E/1163L/V185L 2.1 532 545 106
RLuc8/A123S/D154M/E155G/D162E/1163L/V185L | 3.5 535 550 104 17
RLuc8/A123S/D154R/E155T/D162E/1163L/V185L | 2.9 531 546 104 15
RLuc8/A123S/E155G/D162E/1163L/V185L 3.4 532 545 104 15
RLuc8/A123S/D162E/1163L/F261W Mutants
RLuc8/A123S/D162E/1163L/F261W 0.12 538 553 107 17
RLuc8/A123S/D154K/E155N/D162E/1163L/F261W | 0.97 545 560 106 21
RLuc8/A123S/D154R/E155G/D162E/1163L/F261W |0.39 537 554 106 18
RLuc8/A123S/E155G/D162E/1163L/F261W 0.66 537 554 107 17
RLuc8/A123S/E155K/D162E/1163L/F261W 0.46 541 556 107 18
RLuc8/A123S/D162E/1163V/F262W Mutants
RLuc8/A123S/D162E/1163V/F262W 0.06 541 558 113 21
RLuc8/A123S/D154A/E155G/D162E/1163V/F262W | 0.60 547 564 111 23
RLuc8/A123S/D154T/E155G/D162E/1163V/F262W | 0.54 544 560 112 21
RLuc8/A123S/D154V/E155G/D162E/1163V/F262W | 0.87 543 560 112 21
RLuc8/A123S/E155G/D162E/1163V/F262W 0.80 543 560 111 21

Table 3.7: Results from saturation mutagenesis at the D154/E155 residues. The templates
used for mutagenesis were RLuc8/A123S/D162E/1163L/V185L, RLuc8/A123S/D162E/1163L/-
F261W, and RLuc8/A123S/D162E/1163V/F262W. The data for these parental constructs are
repeated from Tables and for the purpose of comparison. Approximately 3000-9000
colonies were screened from each template. Coelenterazine was used for measuring the spectra
and specific activity. Specific activities are relative to that of RLuc (Table [2.1), and were not
corrected for the luminometer’s wavelength dependent sensitivity (see Table[A.1). FWHM - full

width at half maximum.
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Round 7 - Saturation Mutagenesis at G269/A270

In an attempt to further improve the green emitting luciferase variants, the results of the pre-
vious screen at the D154/E155 positions were applied to an additional saturation mutagenesis
screen at the G269/A270 positions. The G269 residue was identified in the initial mutagenesis
screen (Table as a position at which mutations could lead to significant improvements in
the light output of RLuc8/F262W. With this in mind, saturation mutagenesis of G269 and the
neighboring residue A270 was performed on the parental constructs RLuc8/A123S/E155G/-
D162E/1163L/V185L, RLuc8/A123S5/D154K/E155N/D162E/1163L/F261W, and RLuc8/A123S/-
D154V/E155G/D162E/1163V/F262W. Between 3000-6000 colonies were screened for each con-
dition, but no improved variants (with respect to light output or red-shift) were identified in

the selection process.

Round 8 - Random Mutagenesis on RLuc8/A123S/D154V/E155G/D162E/1163V/F262W

In an attempt to identify locations that may yield further red-shifts in the bioluminescence
emission spectrum, the RLuc8/A123S/D154V/E155G/D162E/1163V/F262W construct was sub-
jected to random mutagenesis. In a small screen of ~15,000 colonies, no further improvements

in either light output or emission spectrum red-shifts were observed.

3.2.4 The Bioluminescence Emission Spectra of the Green-Emitting

Variants with Bisdeoxycoelenterazine

In order to relate to previous studies the mechanism whereby these RLuc8 variants exhibited
green-peaked bioluminescence emission spectra with the substrate coelenterazine, the biolu-
minescence spectra for several of these variants were assessed with the substrate bisdeoxy-
coelenterazine. The results, presented in Table showed that the emission spectra with
bisdeoxycoelenterazine remained largely unchanged for the different variants. This finding
agrees with previous studies of the fluorescent characteristics of coelenteramide analogs [192],
in that removal of the hydroxyl (replaced with a hydrogen in bisdeoxycoelenterazine) from the
phenol group in resonance with the pyrazine ring led to an inability to form the green emitting

pyrazine anion.
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Wavelength (nm)
peak | mean | fwhm | %>600 nm
RLuc 401 426 1
RLuc8 401 419 66 1
RLuc8/A123S/D162E/1163L 397 429 56 2
RLuc8/A123S/D162E/11631L/V185L 396 427 58 2
RLuc8/A123S/E155G/D162E/1163L/V185L | 394 418 56 2

Table 3.8: Emission spectra with bisdeoxycoelenterazine for RLuc and several variants.
FWHM - full width at half maximum. ND - not determined.

3.3 Discussion

It was unclear before starting this work whether a protein could present the necessary chem-
ical environment to favor the green emitting anion form of coelenteramide (presumably the
pyrazine anion, Figure [3.2d). The main evidence against being able to achieve this anionic
form in the context of a protein is that no known coelenterazine using luciferases are able to
emit a green peaked emission spectrum. There are many cases where green bioluminescence
is observed from organisms with coelenterazine using luciferases, but the green light emis-
sion has always been found to be due to bioluminescence resonance energy transfer (BRET)
from a blue emitting luciferase to a green fluorescent protein (GFP) (further details on GFP
and BRET are discussed in Appendix [B). If a green emission spectrum from a coelenterazine
using luciferase was possible, why would the more complex solution of having an accessory
fluorescent protein have evolved?

The data in this chapter shows that a green emitting coelenterazine using luciferase is
indeed possible, presumably due to favoring the pyrazine anion of coelenteramide in the en-
zymatic pocket. Further more, this shift in spectrum can come with little loss in the ability
of the luciferase to emit light. So why then have many marine organisms evolved to exhibit
a luciferase/GFP BRET pair? One hypothesis arises from a comparison of the GFP and green
emitting luciferase spectra shown in Figure This comparison highlights the extraordi-
narily broad emission spectra of the luciferases, and the relatively narrow peak emission of
the GFP. Presumably, there is an evolutionarily advantageous reason for Renilla reniformis to
emit green light, and the use of a GFP allows a greater number of these photons to be emitted
at these desired wavelengths.

Alternatively, the GFP may simply have evolved first. With the GFP already in existence,

it may have been easier from an evolutionary standpoint to co-opt the pre-existing GFP rather
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Figure 3.16: A comparison of the Renilla reniformis Green Fluorescent Protein (RrGFP) emis-
sion spectrum and the emission spectra of RLuc and several of its variants. The RrGFP emis-
sion spectrum was made by combining RrGFP dimer with RLuc at a 1:1 molar ratio, adding
coelenterazine, and measuring the emission in the same manner as for the RLuc variants.
RrGFP is characterized further in Appendix

than to go through a sequence of mutations to achieve a green emitting luciferase.

An interesting question to ask, is how much of an effect on in vivo imaging capabilities
could one expect from the ~25-65 nm emission shifts that the luciferase variants present here.
The expected benefit of these bathochromic (red) shift variants is complicated by the fact that
these shifts are moving the peak emission squarely into a local maximum around 550 nm in
the hemoglobin absorption curve.

To answer these questions, rough calculations of light attenuation were made using rat
liver absorption values (Figure [3.17). Rat liver was chosen as a model organ to study merely
because the absorption values are available in the range of wavelengths that are of interest
here. The liver may not in fact be the most appropriate model organ for this work due to its

relatively high hemoglobin content. Note that in this absorption data, the effects of the 550 nm
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Figure 3.17: The effective absorbance (fesfeciive) of rat liver for optical wavelengths. Due to
the sparseness of the source data [37, [38], the interleaving points were interpolated using a
piece-wise cubic hermite polynomial. The resulting transmittance values calculated for depths
of 0.1 cm and 0.5 cm are shown.

hemoglobin absorption peak can be clearly seen.

Multiplying the rat liver transmittance values by the normalized emission spectra for sev-
eral of the luciferase variants gives the emission spectra shown in Figure At 0.1 cm of
tissue depth, the main spectral peak of Renilla luciferase is severely diminished, and at 0.5 cm
depth one can observe that it is really only the photons with >600 nm wavelength that are
able to escape from the tissue. This underscores the importance of these few long wavelength
photons in allowing the detection of this luciferase in small animal imaging.

A more quantitative comparison is given in Table where predictions are made as to
the relative gain in light output versus RLuc for the various luciferase variants at 0.1 and
0.5 cm depth of liver tissue. Again, these results underscore the advantageousness of having
a red-shifted Renilla luciferase for small animal imaging applications. They also point out

that the benefits of red-shifting the emission spectrum outweigh any penalties from the local
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Figure 3.18: Estimated effects to the normalized emission spectra of various mutants after
passing through either 0.1 cm or 0.5 cm of rat liver tissue. The curves were made by multi-
plying the normalized emission spectra by the calculated absorbance values for the different
thicknesses of rat liver shown in Figure
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Specific | Corrected | Wavelength | % Transmitted | Effective Output

Activity| Activity | mean (nm) [0.1cm 0.5cm [0.1cm 0.5 cm
RLuc 1.0 1.0 497 2.8 0.025 1.0 1.0
RLuc8 4.3 4.3 503 3.1 0.029 4.7 5.0
RLuc8/A123S/D162L/1163V 0.29 0.35 515 5.7 0.17 0.71 24
RLuc8/A123S/D162N/1163L 2.4 3.1 523 4.2 0.065 4.7 8.1
RLuc8/A123S/D162E/1163L 2.4 3.6 538 5.8 0.13 74 19
RLuc8/A123S/D162E/1163L/V185L 2.1 3.4 545 6.9 0.18 84 25
RLuc8/A123S/D154M/E155G/D162E/1163L/V185L |3.5 6.0 550 74 0.20 16 48
RLuc8/A123S/D154K/E155N/D162E/1163L/F261W |0.97 1.9 560 8.7 0.26 59 20
RLuc8/A123S/D154A/E155G/D162E/1163V/F262W |0.60 1.2 564 9.7 0.31 42 15

Table 3.9: Effects of tissue depth on the relative light output of several Renilla luciferase vari-
ants. Note that the spectral sensitivity of the luminometer’s detector penalizes the red-shifted
variants; the “Corrected Activity” takes this into account using the rough compensation factors
from Table “% Transmitted” is the percent of photons that are transmitted through the
given depth of rat liver tissue, as calculated based on the spectra data and the transmittance
data shown in Figure [3.17| “Effective Output” is the corrected specific activity of the enzyme
multiplied by the percent of photons transmitted for the given depth. The effective output
values as well as the specific activity values have been normalized to those of RLuc.

hemoglobin absorption peak at 550 nm.

When bioluminescence is utilized in small animal imaging, the beetle luciferases have been
more commonly employed than Renilla luciferase. The primary reason for this has been that
the green to red peaked emission spectra of the beetle luciferases is transmitted through bi-
ological tissue more readily than the blue peaked emission spectrum of Renilla luciferase. A
comparison of the emission spectra from the Click Beetle luciferases and the RLuc variants
developed here, shown in Figure demonstrates that the red-shifted RLuc variants have
entered the range of spectra previously only available with the beetle luciferases. Note that
the emission spectrum of Firefly luciferase is variable, depending upon both temperature and
its chemical environment [221]], and would lie somewhere intermediate to the spectra for Click
Beetle Green luciferase and Click Beetle Red luciferase.

An estimate for the transmittance of these spectra through rat liver can be made as has
been done previously for the RLuc variants, and is shown in Figure This estimate
demonstrates two points. First, for an equal number of generated photons several of the RLuc
variants should perform as well as Click Beetle Green luciferase. Second, after filtering by
biological tissues, the emitted bioluminescence spectra are all essentially identical in form.

All mutagenesis experiments performed in this chapter utilized protein that was expressed
periplasmically. Utilizing periplasmic expression was a great aid in this work, as protein re-
covered from the osmotic shock protocol was of sufficient purity to allow meaningful screening

to be done at this stage. Additionally, close to 100% purity can be achieved for the periplasmi-



CHAPTER 3. RLUC8 MUTAGENESIS STUDIES 78

1 1
‘ ‘ Rluc (native) -------
1.2 froorrtoreeneed e RLuc8/A123S/D154M/E155G/D162E/1163L/V185L ------ -
: : RLuc8/A123S/D154A/E155G/D162E/1163V/IF262W ——-~
Click Beetle Green
Click Beetle Red ———

wavelength (nm)

Figure 3.19: Normalized bioluminescence emission spectra for the Click Beetle luciferases and
several RLuc variants. The spectra for the Click Beetle luciferases are from Zhao et al. [246].

Coelenterazine was used for obtaining the spectra from the RLuc variants. Normalization was
to the total area under the curve, and not the emission peak.
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Figure 3.20: Estimated effects to the normalized emission spectra from the Click Beetle lu-
ciferases or various RLuc mutants after passing through either 0.1 cm or 0.5 cm of rat liver
tissue. The curves were made by multiplying the normalized emission spectra by the calcu-
lated absorbance values for the different thicknesses of rat liver shown in Figure This
comparison assumes that all the luciferases emit an equal number of photons. The Click Beetle

luciferase emission spectra are from Figure
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cally expressed protein after a single nickel affinity chromatography step (Figure[2.2). Efficient
periplasmic expression, however, requires the protein to be loosely folded before transloca-
tion [12], which is accomplished through molecular chaperones that maintain the protein in
an unfolded state [47]. This raises the question of whether the use of periplasmic expression
biases the mutations seen, especially when only 1 or 2 mutations can substantially decrease
the efficiency of periplasmic expression (Examples in Sections and [4.2.4).

The IVIS 200 system used for screening the mutant containing bacterial plates proved
surprisingly unsuited for the task at hand. This system is optimized for imaging the low
light levels encountered in animal imaging of bioluminescent reporter genes. As one of these
optimizations to reduce noise, the read-out speed of the system’s CCD is extraordinarily slow.
For a 1 s image acquisition, the read out can take an additional 15-30 s depending on the image
resolution being acquired. This long delay period led to serious issues with substrate depletion
when multi-spectral imaging was attempted.

Two other annoyances were encountered when using this system. The first issue, was that
images acquired using different filters were not aligned and generally required shifting of a
pixel or two in each direction to get proper overlap. The other, more serious annoyance, was
that the photographic images contained specular artifacts due to the 4 point light sources used
for illumination. These specular artifacts limited the effectiveness of the automated image
processing for colony detection and scoring.

An ideal technique for luciferase mutagenesis studies would allow mutating and screening
cells at the single cell level, as has been done for engineering GFP [227]]. However, the standard
single cell sorting method used in modern biology, fluorescent activated cell sorting (FACS), is
inappropriate for selecting on bioluminescence. As each cell is only in front of the machine
optics for ~10 us, there is inadequate time to collect sufficient photons from bioluminescence
to do meaningful cell sorting. An alternative idea would be to add the reaction product and
attempt to select on the fluorescent characteristics of the luciferin/luciferase complex. While
this may potentially work for other luciferases, for the particular case of Renilla luciferase
this is not an option. As mentioned previously, the chemical environment within the luciferase
during photon emission is not maintained for any appreciable time after coelenteramide has
reached its ground state [138]. For sorting directly on bioluminescence, future work could
potentially make use of stream imaging cell sorters that are currently being developed (Amnis
Corp., Seattle, WA). Alternatively, if a single cell sorting microfluidic device [63]] were available,

it could be coupled to a sensitive spectrophotometer (e. g. Triax 320: Horiba Jobin Yvon, Edison
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NdJ) to allow this selection to be accomplished.

The work in this chapter has generated Renilla luciferase variants with green peaked emis-
sion spectra. The obvious question is, can the emission spectrum be further red-shifted? As
the amount of interaction between the luciferase and the luciferin is not well understood a
conclusive answer cannot be stated at this time, but it may be that the pyrazine anion of coe-
lenteramide represents a limit as to the bathochromic shift that this luciferin/luciferase system
can accomplish. Further bathochromic shifts of the emission spectrum may not be achievable
from mutagenesis of the luciferase, and it may be more fruitful at this point to consider altering

the structure of the luciferin as discussed in Section [7.5]



Chapter 4

The Crystallographic Structure

of Renilla Luciferase

The work in this chapter is the result of a collaboration with Dr. Timothy D. Fenn and the
laboratory of Dr. Axel Brunger. Dr. Fenn assisted with the crystallization screens, acquired the
X-ray diffraction data, and calculated the structures. Data interpretation was done jointly.

Renilla luciferase (RLuc) is very similar to a number of haloalkane dehalogenases (Sec-
tion [2.2.1). As the structures of several of these haloalkane dehalogenases have already been
determined [201], [157], it was not expected that obtaining a crystal structure of RLuc by itself
would reveal anything overtly interesting about its tertiary fold.

The real hope of the work presented in this chapter, was to obtain a crystal of RLuc in
complex with either its substrate or product. The structure of such a complex would be in-
teresting for two reasons. First, RLuc is an oxidase and not a hydrolase like the haloalkane
dehalogenases. It would be interesting to explore the basis for this difference in catalytic ef-
fect, especially in the face of the high level of primary structure similarity and the sharing of
active site residues with the haloalkane dehalogenases. Second, an appreciation of the man-
ner in which the substrate (or product) binds in the active pocket would lend insight into how
the protein could be rationally mutated so as to alter properties dependent on this complex
formation. Such properties include the protein’s bioluminescence emission spectrum and its
substrate specificity.

Rather than focusing on the native luciferase, the work here has instead focused on crystal-

lizing the 8 mutation stabilized variant of RLuc (RLuc8) generated in Chapter |2l This choice

82
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was made for the pragmatic reason that periplasmic expression of RLuc8 yields at least an

order of magnitude more protein than periplasmic expression of the native luciferase.

4,1 Methods

4.1.1 Periplasmic Constructs

The pBAD-pelB-RLuc8 construct used here has already been described in Section This
construct has an N-terminal PelB signal peptide, and a C-terminal non-cleavable 6xHis tag.
A version of RLuc8 for periplasmic expression with an N-terminal, cleavable 6xHis tag
was generated as follows. PCR was used to replace the second and third codons (A2, S3)
with an Ncol site, a 6xHis tag, and a thrombin site (LVPR/GS). In the same PCR step, the C-
terminal Sall site and 6xHis tag were replaced with a stop codon followed by a Pmel site. After
Ncol/Pmel digestion, this product was inserted into a correspondingly digested pBAD-pelB
backbone to make pBAD-pelB-6xH-thr-S3RLuc8, where thr indicates the thrombin protease
site. Note that after thrombin digestion of the expressed protein, the residues GS of the throm-
bin site will remain attached to the protein, so the luciferase sequence will begin at S3. For

this reason, the expressed protein from this construct is labeled as S3RLuc8.

4.1.2 Cytoplasmic Constructs

The pBAD-RLuc8 construct described in Section was used for cytoplasmically expressing
RLuc8. It was also the basis for constructing the various surface mutation constructs utilized
in Section that were generated by site-directed mutagenesis.

The truncation constructs used in Section |4.2.6| were made by first creating a pBAD plas-
mid with an N-terminal 6xHis tag and a thrombin site. The genetic construct Ncol-6xHis-
thr-HindIII-Pmel was synthetically made using appropriate primers and PCR. This construct
was then Ncol/Pmel digested and inserted into a similarly digested pBAD backbone to make
pBAD-6xHis-thr. This construct contains a SexAI/Dralll site at the start of the thrombin site,
a BamHI site in the final two codons of the thrombin site, as well as a HindIII site 3’ to the
thrombin site. Note that use of the SexAl site requires the DNA to be unmethylated, while
the BamHI site is not unique in the plasmid. To make the protein expression constructs, ap-
propriate primers were synthesized, PCR was performed using pBAD-RLuc8 as the template,
and the products were digested and ligated into the pBAD-6xHis-thr backbone. An example
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of the nomenclature for the resulting constructs is the plasmid pBAD-6xHis-thr-I15RLuc8A5
that was used to express the protein I15RLuc8A5. The final purified protein from this construct
consists of the residues GS (left from the thrombin cut site), followed by the RLuc8 sequence
starting at 115 and missing its last 5 residues. The only exception to this naming scheme, are
the “S3” plasmids (e.g. pPBAD-6xHis-thr-S3RLuc8, pBAD-6xHis-thr-S3RLuc), were the S3 is
both part of the thrombin site and the first residue of the luciferase.

4.1.3 Expression and Purification

Periplasmic expression and initial nickel affinity purification for the pBAD-pelB-RLuc8 con-
struct was identical to what has already been described in section For the N-terminal
cleavable 6xHis tag construct, expression and nickel affinity purification were similar, with
the alterations that incubation of the culture following induction was done at 30°C for 6 h, and
thrombin digestion was done immediately following nickel affinity purification by incubating
with 1 pug calf a-thrombin per mg protein overnight at 4°C.

Expression of cytoplasmic constructs was performed as follows. Plasmid containing E. coli
LMG194 cells were grown to an ODgg of 0.7 in Terrific Broth, induced with 0.2% arabinose,
grown for 12 h at 32°C, pelleted, and frozen. The cells were then lysed by thawing in nickel
affinity wash buffer (WB: 300 mM NaCl, 20 mM HEPES, 20 mM imidazole, pH 8) containing
1 mg/ml lysozyme, 10 pug/ml RNase A, and 5 pug/ml DNase I, slowly mixing for 1 hr, and soni-
cating. The volume of WB used was 5% of the initial culture volume. The lysates were clarified
by centrifugation at 10K RCF 4°C 30 min, and allowed to bind to nickel affinity resin (Ni-NTA
Superflow, Qiagen) for 1 hr at 4°C with gentle mixing. The amount of resin used for this step
was based on the yield of protein expected, with a binding capacity of 40 mg protein/ml resin
assumed. Following binding, the resin was washed extensively with WB. For non-cleavable
constructs, the protein was eluted at this point with nickel affinity elution buffer (EB: 300 mM
NaCl, 20 mM HEPES, 250 mM imidazole, pH 8). For cleavable constructs, 1 ug calf a-thrombin
per mg protein was adding to a slurry of 50% resin in WB, the mixture was incubated overnight
at 4°C, and the protein was then eluted with WB.

For both periplasmic and cytoplasmic constructs, purification continued with a combina-
tion of anion exchange and gel filtration chromatography. All purification steps were done
at 4°C. For anion exchange chromatography, the protein (at this point in either EB or WB)
was diluted with anion exchange start buffer (10 mM NaCl, 10 mM Tris pH 8) to a NaCl

concentration of <60 mM. The diluted protein was then bound to an anion exchange column
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(Source 15Q, GE Healthcare, Piscataway, NJ) and eluted with a gradient of NaCl. Elution
occurred at ~100 mM NaCl. The final stage of purification was gel filtration chromatogra-
phy, performed with a 320 ml volume Sephacryl S-100 column (GE Healthcare) and a running
buffer of 10 mM NaCl, 10 mM HEPES, pH 7.4.

This purified protein (in 10 mM NaCl, 10 mM HEPES, pH 7.4) was concentrated as neces-

sary using 10 kDa cut-off, Amicon Ultra centrifugal concentrators (Millipore, Billerica, MA).

4.1.4 Characterization

Protein size and monodispersity were confirmed using a Superdex 200 analytical grade gel-
filtration column (GE Healthcare) followed by in-line multi-angle light scattering (MALS) and
refractive index detectors (DAWN EOS and Optilab DSP, Wyatt Technologies, Santa Barbara,
CA). A dn/dc value of 0.185 ml/g was assumed in all calculations, and all processing was per-
formed using the ASTRA software package (Wyatt Technologies).

Appropriate molecular weights were confirmed using a Matrix Assisted Laser Desorption/-
Ionization Time of Flight (MALDI-TOF) mass spectrometry (Bruker Daltonics, Billerica MA).
All samples were spotted using a sinapinic acid matrix (Ciphergen Biosystems, Fremont CA)

and analyzed in positive ion mode.

4.1.5 Crystallization

Crystallography trials were done in either hanging-drop or sitting-drop formats. For hanging-
drop screening, drop sizes were generally 3 ul and consisted of 50% mother liquor and 50%
of the protein solution. Sitting-drop setups sere utilized for 96-well plate high-throughput
screening, with 0.5 ul drops consisting of 50% mother liquor and 50% protein. Unless otherwise
listed, protein concentrations prior to drop set up can be assumed to be between 20-30 mg/ml.
Please note that protein concentrations quoted in the text refer to the concentration before
set up, so the initial concentration in the drop is half the given value. The same holds true
for the mother liquor constituents. Crystallization trays were kept at 20°C, unless specifically

mentioned otherwise, and were generally observed for at least a year.

4.1.6 X-Ray Diffraction and Structural Determination

A homology model of RLuc8 was created using SWISS-MODEL [185]] and the crystal struc-

tures of of the haloalkane dehalogenase LinB from Sphingomonas paucimobilis (PDB files
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1iz8, 1k63, 1k6e, 1iz7, and 1mj5) [201) [161]. The loop regions of this homology model were
then removed, and the resulting homology model was used to bootstrap the phasing process
via molecular replacement. Matthews coefficient calculations [136] suggested the presence of
a monomer in the P6; asymmetric unit that was located during molecular replacement with
Phaser [141].

Following initial phasing, simulated annealing refinement against a maximum likelihood
target function was carried out as implemented in the Crystallography and NMR System [27]].
The loop regions were then rebuilt using ARP/wARP [172] [171]], followed by additional simu-
lated annealing refinement. Final rounds of refinement included the addition of water mole-
cules and discrete side-chain disorder using Coot [55], followed by conjugate gradient refine-

ment using a maximum likelihood target function as implemented in Refmac [152].

4.2 Crystallography Condition Screening

What follows is a synopsis of the different constructs and conditions that were screened while
trying to crystallize the luciferase. This information is included here for those who would like
to replicate the crystallization conditions, or who would be interested in screening for new crys-
tallization conditions and would like to know what has already been attempted. The readers

who are interested in the results of the crystallization rather than the path are encouraged to
skip to Section[4.3]

4.2.1 RLucS8 - Periplasmic

Purified RLuc8 that had been expressed periplasmically was characterized by light scattering
and MALDI-TOF mass spectrometry. Light scattering results indicated that RLuc8 existed as
a monomer in solution, as molar mass moment calculations based on the multi-angle scattering
indicated a molecular weight of 33.8 kDa (error: 7%) with a relatively low polydispersity across
the gel filtration elution profile (~11%).

By mass spectrometry, RLuc8 was measured as 36.8 kDa - within error of the expected
size of 36.9 kDa. A minor peak around 38.5 kDa was noticed on some preparations, and may
indicate that the PelB signal peptide isn’t consistently processed and removed. This poten-
tial issue was addressed later with the N-terminal cleavable 6xHis tag construct discussed in

Section
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Initial screening trials, utilizing the Hampton Screen and Hampton Screen II (Hampton Re-
search, Aliso Viejo, CA), were done at 4°C and 20°C with an RLuc8 concentration of 20 mg/ml.
These screens failed to reveal a crystallization condition. Additional rounds of screening were
performed using the Wizard Screens I and II (Emerald BioSystems, Bainbridge Island, WA)
and the Clear Strategy Screen 2 (Molecular Dimension, Apopka, FL) at 20°C with a protein
concentration of 20 mg/ml. Two crystallization conditions were identified and are discussed

below.

Diammonium Phosphate

The Wizard Screen II showed a potential hit in the condition 0.2 M NaCl, 1.0 M diammonium
phosphate [(NH4),HPO,4], 0.1 M imidazole pH 8.0. In hindsight, this condition was actually a
salt crystal, but fortunately a grid screen around the “hit” condition was set up. After 8 months,
a cluster of crystals was observed in the condition 0.3 M NaCl, 1.25 M diammonium phosphate,
0.1 M imidazole pH 8.0, 20°C (Figure [4.1a). The cluster easily separated into single shards
with mechanical stimulation. After passing through a cryoprotectant consisting of a saturated
solution of malonate [83l, the single shards were frozen and submitted to X-ray diffraction.
The resulting structure is described in Section

A variety of screens were set up around this condition in an effort to replicate the crys-
tallization and speed crystallization. This included screening over protein concentrations
(450-10 mg/ml), macroseeding (protein at 20 and 60 mg/ml), microseeding (protein at 20 and
120 mg/ml), grid screens around the condition (protein at 20 and 100 mg/ml), addition of coelen-
terazine and benzyl-coelenterazine to the drops (protein at 20 and 100 mg/ml), the inhibitors of
Renilla luciferase dibenzylamine and 4-benzyloxyaniline [139] (protein at 20 and 100 mg/ml),
and the Hampton Additive Screens 1-3 (protein at 20 and 100 mg/ml). These screens were
entirely unsuccessful in speeding up the crystallization process, and for the most part un-
successful in replicating the crystallization condition. The grid screens did develop a couple
additional crystals (e.g. Figure [4.1b). Perhaps most interesting is the condition that was set
up with an effective protein concentration of 450 mg/ml (Figure[4.1d). This condition developed
a large crystal (~100 um) 8 months after set up that diffracted to 1.6 A.

Potassium Thiocyanate

After ~8 months, the Clear Strategy Screen 2 grew crystals in the condition 0.15 M potassium
thiocyanate (KSCN), 15% w/v polyethylene glycol (PEG) 6000, 0.1 M Tris-HCI1 pH 7.4. A pho-
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(a) 8 months, 0.3 M NaCl, 1.25 M di- (b) 6 months, 0.3 M NaCl, 1.45 M di- (c) 8 months, 0.3 M NaCl, 1.25 M di-
ammonium phosphate, 0.1 M imida- ammonium phosphate, 0.1 M imida- ammonium phosphate, 0.1 M imida-

zole pH 8.0 zole pH 8.0 zole pH 8.0

(d) 8 months, 0.3 M NaCl, 1.25 M di- (e) 8 months, 0.15 KSCN, 15% w/v
ammonium phosphate, 0.1 M imida- PEG 6000, 0.1 M Tris-HC1 pH 7.4
zole pH 8.0

Figure 4.1: Photographs of various crystals formed from RLuc8. All conditions were incu-
bated at 20°C. The length of time between set up of the tray and when the image was taken,
along with the mother liquor condition, are shown below each photograph. Panels and
used RLuc8 at 20 mg/ml. Panel [(b)] used RLuc8 at 100 mg/ml. Panel [(c)] used RLuc8
at 300 mg/ml. Panel was set up such that the effective protein concentration used was
450 mg/ml (225 mg/ml in final drop).
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tograph of the crystal is shown in Figure |4.1e} and the corresponding structure is presented
in section Grid screens around this condition as well as microseeding experiments, with

protein concentrations of 20 and 100 mg/ml, were unable to reproduce this condition.

4.2.2 S3RLuc8 - Periplasmic

As mentioned above, the RLuc8 preparations occasionally showed a small level of heterogene-
ity on mass spectrometry, presumably because of variable cleavage of the PelB signal peptide.
The heterogeneity was suspected as a possible reason why the screens utilizing periplasmic
RLuc8 did not consistently yield crystals. For this reason, the pBAD-pelB-6xH-thr-S3RLuc8
construct was created, featuring an N-terminal cleavable 6xHis tag. As the PelB leader se-
quence precedes the N-terminal tag, any heterogeneity in the signal peptide processing is ir-
relevant as the remaining peptide will be removed during the thrombin digestion.

Periplasmic expression of this construct exhibited a large pool of activity in the culture
medium. Although periplasmic proteins can be released into the culture medium by deliberate
permeabilization of the outer membrane [10), [131], [12], the effect seen here is more likely due
to some amount of toxicity from blocking of the periplasmic export machinery [197]. Purifi-
cation from a rich culture medium was not an option due to chelators present in such media
that would strip the nickel from the affinity resin. Instead, the amount of protein lost to the
culture medium was reduced by optimizing the culture conditions to an incubation of 30°C for
6 h following induction. Even under these optimized conditions, roughly half the measurable
activity was present in the culture medium.

Following thrombin digestion and purification, mass spectrometry of the S3RLuc8 pro-
tein showed the desired single peak. Screening utilizing the Hampton Screen and Hampton
Screen II set up at both 20°C and 4°C did not yield a crystallization condition. Fine needle clus-
ters were seen in the 4°C plate with the condition 0.1 M HEPES pH 7.5, v/v 10% isopropanol,
w/v 20% PEG 4000, but further screening was unable to reproduce this condition. Note that
this condition reappears in Section Another potential hit was seen in the 4°C plate with
the condition 0.2 M Lithium Sulfate, 0.1 M Tris-HC]1, pH 8.5, 30% w/v PEG 4000, but this too

was irreproducible.

PEG 3350

A screen using the TOPAZ microfluidics chip (Fluidigm, South San Francisco, CA) was per-

formed. The TOPAZ system utilizes free interface diffusion, and enables sampling of a large
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portion of chemical space in a single experiment. A promising condition was seen in the condi-
tion 0.5 M sodium acetate, 25% w/v PEG 3350, and a grid screen using 20 mg/ml protein was
done at 20°C and 4°C. After two weeks, small clusters of needle crystals were seen at 0.3-0.4 M
sodium acetate with 20% w/v PEG 3350 at 4°C. Extensive further screening using Hampton
Additive Screens 1-3, Hampton Detergent Screens 1-3, a pH screen, and microseeding yielded
only a single crystal. This crystal grew after 5 months in a detergent condition containing
1.8 mM n-Decyl-f-D-thiomaltoside (Figure [4.2a). The corresponding structural information is
presented in Section [4.5]

Diammonium Phosphate

A grid screen using S3RLuc8 at 30 mg/ml was performed around the previously identified di-
ammonium phosphate condition (0.3 M NaCl, 1.25 M diammonium phosphate, 0.1 M imidazole
pH 8.0, 20°C). Crystals formed under various conditions between 2 and 8 months following set
up. Photographs of these crystals are shown in Figures Various concentrations of the
inhibitors dibenzylamine and 4-benzyloxyaniline [139] were tried as additives to the diammo-
nium phosphate condition with no success. Microseeding was attempted as well, but this failed

to speed up the crystallization process.

4.2.3 Additional Periplasmically Expressed Proteins

Two additional periplasmically expressed proteins, RLuc/A54P/A55T/C124A (Table and
RLuc8/N109D (Table[3.1), were tried for crystallography. The protein RLuc/A54P/A55T/C124A
was screened using the Hampton Screen and Hampton Screen II at 20°C with no success. The
protein RLuc8/N109D was utilized in a grid screen around the 0.5 M sodium acetate, 25% w/v
PEG 3350 condition at 20°C and protein concentrations of 60 mg/ml and 300 mg/ml, but no
crystals were formed.

RLuc8/N109D was also used in a high throughput Ozma PEG Ion Screen (Emerald Biosys-
tems). After 4 months, small cylindrical crystals grew in 200 mM magnesium sulfate, 20% w/v
PEG 8000. After 8 months, long hexagonal crystals were observed in a 200 mM sodium fluo-
ride, 30% w/v PEG 1000 condition, and small cylindrical crystals were observed in a 200 mM
sodium fluoride, 20% w/v PEG 8000 condition. These conditions were not pursued further due
to the amount of time that they required for crystallization. Additionally, by this point it was
realized that a condition containing an organic solvent would be needed to aid in the crystal-

lization of luciferase in complex with its substrate, as coelenterazine is sparingly soluble in
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(a) 5 months, 0.4 M sodium ac-
etate, 20% w/v PEG 3350, 1.8 mM
n-Decyl-B-D-thiomaltoside

(d) 8 months, 0.5 M NaCl, 1.25 M
diammonium phosphate, 0.1 M im-
idazole pH 8.0

(g) 4 months, 0.6 M NaCl, 1.45 M
diammonium phosphate, 0.1 M im-
idazole pH 8.0

(b) 2 months, 0.5 M NaCl, 1.5 M di-
ammonium phosphate, 0.1 M imi-
dazole pH 8.0

(e) 4 months, 0.5 M NaCl, 1.55 M
diammonium phosphate, 0.1 M im-
idazole pH 8.0

(c) 8 months, 0.3 M NaCl, 1.5 M di-
ammonium phosphate, 0.1 M imi-
dazole pH 8.0

(f) 4 months, 0.5 M NaCl, 1.60 M
diammonium phosphate, 0.1 M im-
idazole pH 8.0

(h) 4 months, 0.7 M NaCl, 1.40 M
diammonium phosphate, 0.1 M im-
idazole pH 8.0

Figure 4.2: Photographs of various crystals formed from S3RLuc8. All the conditions were
done using periplasmically expressed S3RLuc8 at 30 mg/ml and stored at 20°C. The length
of time following set up of the tray that the image was taken, along with the mother liquor
condition, are shown below each photograph.
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aqueous solution.

4.2.4 Surface Mutations

It has been estimated that ~80% of proteins that will crystallize will do so in one (or more) of 50
different conditions [90]. The converse statement to this, is that if a protein doesn’t crystallize
readily using standard screens, further crystallization screening is of diminishing utility.

When initial crystallization trials fail, a common semi-rational method employed to aid in
crystallization of a protein is to switch a small number of charged surface residues to ala-
nines [51]]. The rationale behind this method, is that removal of hydrophilic residues reduces
the amount of entropy loss due to the desolvation associated with making protein-protein con-
tacts. As the tertiary structure of the protein in question is generally not known, glutamates
and lysines are usually targeted as these residues can be assumed to be on the surface of a
protein [14], especially if more than one of these residues are located in close proximity within
the primary sequence.

In our case, the structure of RLuc8 was already known (Figure [4.6), and the goal was not
to crystallize the protein but rather to find a new crystallization condition that included an
organic solvent in which the protein’s substrate could be dissolved. The following pairs of K/A
and E/A mutations were chosen “intelligently” based on the crystal contacts of the structure:
K12A/E106A, K25A/E277A, and E183A/K227A.

All 7 possible combinations of these three mutations were made. Periplasmic expression
was attempted for the initial constructs containing a single pair of mutations, but this proved
to yield very low amounts of protein. The success of periplasmic expression is highly dependent
on the protein that is being expressed [35],[131]], and in this case a single pair of mutations was
capable of interfering with the protein production. For this reason, new cytoplasmic expression
constructs were made based on the pBAD-RLuc8 (non-pelB containing) plasmid. The yield and
specific activity of these cytoplasmically expressed proteins is given in Table The emission
spectrum of RLuc8/E183A/K227A/K12A/E106A was measured with the use of coelenterazine,
and gave a peak of 482 nm and a mean of 503 nm.

Hampton Crystal Screen and Crystal Screen II done at 20°C and a protein concentra-
tion of 20 mg/ml yielded nothing for RLuc8, RLuc8/K12A/E106A, RLuc8/K25A/E277A and
RLuc8/E183A/K227A. The previous diammonium phosphate (Section [4.2.1) and potassium
thiocyanate (Section 4.2.1) were tried as well with no success. The remaining 4 proteins listed

in Table (5-8) were unsuccessfully screened using the Hampton Index Screen HT.
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Yield Specific Activity
Protein (ng/ml) | (relative to RLuc)
1 RLuc8 528 4.8
2 RLuc8/K12A/E106A 392 5.0
3 RLuc8/K25A/E277A 312 6.1
4 RLuc8/E183A/K227A 418 5.6
5 RLuc8/K12A/K25A/E106A/E277A 140 4.0
6 RLuc8/K25A/E183A/K227A/E277A 40 3.0
7 RLuc8/812A/E106A/E183A/K227A 232 34
8 RLuc8/K12A/K25A/E106A/E183A/K227A/E277A 20 4.0

Table 4.1: Yield and specific activity of cytoplasmically expressed RLuc8 and the surface muta-
tion constructs. Yield represents ug of recovered protein per ml of culture. Note that the yield
of cytoplasmically expressed RLuc8 is ~10-fold greater than the yield from a similar culture
size of periplasmically expressed RLuc8 (Section[2.2.4). Specific activities were measured using
coelenterazine, and are reported as relative to that of periplasmically expressed, C-terminal
6xHis tagged RLuc (Table[2.1).

At this point, it was noticed that a minor band was appearing in denaturing gels under non-
reducing conditions performed on proteins 5-8 (Table [4.I). This minor band ran at almost the
same position as the major band, and disappeared under reducing conditions. This observation
was taken to indicate that these particular proteins had some propensity to form intramolecu-
lar disulfide bonds between the two cysteines remaining in the sequence. The proteins RLuc8
and RLuc8/K25A/E277A were carefully checked as well, but no such indications of oxidation
were seen. In any case, a Hampton Index Screen HT was set up with RLuc8 and RLuc8/K12A/-
K25A/E106A/E277A at 20 mg/ml in the presence of 2 mM TCEP, pH 7. This additional screen
failed to yield crystals. Additional screens of the proteins in Table were done around the
diammonium phosphate condition with and without 2 mM TCEP, but with no success.

As discussed in Section below, crystals were eventually obtained from RLuc8/K25A/-
E277A and the structure is presented in Section Interestingly, the surface mutations
(K25A, E277A) were not involved in the contacts between the proteins in this crystal.

4.2.5 Cocrystallization with RrGFP

As the green fluorescent protein from Renilla reniformis (RrGFP) is known to associate with
RLuc, it was hoped that a combination of RrGFP and RLuc8 would crystallize under condi-
tions in which RLuc8 alone would not. Additionally, it was hoped that a cocrystal of RLuc8 and
RrGFP would elucidate the details of the bioluminescence resonance energy transfer (BRET)

that is known to occur between these two proteins. Further details on RrGFP and its role in
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(a) 1 day, 0.2 M magnesium (b) 3 days, 0.1 M MES (c) 3 days, 0.1 M HEPES (d) 3 days, 0.1 M HEPES
acetate tetrahydrate, 0.1 M pH 6.5, 12% w/v PEG 20,000 pH 7.5, 10% w/v PEG 6000, pH 7.5, 10% w/v PEG 8000,
sodium cacodylate pH 6.5, 5% v/iv MPD 8% v/v ethylene glycol

20% PEG 8000

Figure 4.3: Results of screening RrGFP/RLuc8 for crystallization conditions. RLuc8 and
freshly purified RrGFP were combined in a 2:1 molar ratio (one RrGFP dimer per RLuc8),
with the resulting concentration of 38 mg/ml RrGFP and 26 mg/ml RLuc8. Screening was with
the Hampton Crystal Screen and Crystal Screen II at 20°C. The length of time following set
up before crystals were noticed, along with the mother liquor condition, is shown below each
photograph. MPD - 2-methyl-2,4-pentanediol.

BRET are given in Appendix [B| along with details of the expression, purification, and struc-
tural determination of RrGFP. As things turn out, RrGFP crystallizes amazingly easily in a
number of different conditions, yielding crystals of high quality.

The combination of RrGFP and RLuc8 (cytoplasmically expressed) has been more problem-
atic. The Hampton Screen and Hampton Screen II were utilized for identifying the conditions
shown in Figure and running these crystals on denaturing gels indicated that the needles
did indeed contain both RrGFP and RLuc8. However, none of these crystals were of sufficient
size to achieve diffraction below 5 A, and further crystallization trials around these conditions,
including macro seeding, have failed to improve upon the size of the crystals. The Hampton
Additive Screens 1-3 were attempted on the 0.1 M MES pH 6.5, 12% w/v PEG 20,000 condition,
but only pure GFP crystals were achieved. The 0.1 M MES pH 6.5, 12% w/v PEG 20,000 was
also tried with various proteins discussed later (e. g. RLuc8/K25A/E277A) taking the place of

RLuc8, but to no avail.

4.2.6 N and C-terminal Truncated Variants

At this point, a total of 3 crystal structures had been obtained. From a comparison of these
different structures, a feature that stood out was the variability in placement of the first ~10-15

amino acids of the protein’s N-terminus. A representation of this variability can be observed



CHAPTER 4. THE CRYSTALLOGRAPHIC STRUCTURE OF RENILLA LUCIFERASE 95

Yield Specific Activity
Protein (ug/ml) | (relative to RLuc)
S3RLuc8 60 11.9
K12RLuc8 14 6.5
I15RLuc8 34 3.1
S3RLuc8A5 37 4.3
I15RLuc8A5 ~4 ND

Table 4.2: Yield and specific activity of cytoplasmically expressed N and C-terminal truncation
variants of RLuc8. Yield represents ug of recovered protein per ml of culture. All constructs
had N-terminal cleavable 6xHis tags. Specific activities were measured using coelenterazine,
and are reported as relative to that of periplasmically expressed, C-terminal 6xHis tagged
RLuc (Table[2.1). ND - Not determined.

in Figure As the N-terminal’s placement seemed to vary considerably, it was thought
that removing portions of the N-terminus might aid in crystallization by making the resultant
protein more structurally homogeneous. For this reason, a series of N-terminal truncation
mutants of RLuc8 were pursued.

Following the favorable yields of the cytoplasmically expressed RLuc8 construct, it was de-
cided to pursue cytoplasmic expression for the truncation mutants as well. Additionally, these
constructs were designed to have an N-terminal cleavable 6xHis tag, and a number of them
included a deletion of the last 5 amino acids of the protein. In total, 12 plasmids were made
to express the following proteins: S3RLuc8, S3RLuc8A5, Y6RLuc8, Y6RLuc8A5, E9RLuc8,
E9RLuc8A5, K12RLuc8, K12RLuc8A5, I15RLuc8, I15RLuc8A5, P18RLuc8, and P18RLuc8A5.
Screening bacterial plates containing the constructs showed that the proteins P18RLuc8 and
P18RLuc8A proteins were not capable of emitting light. Only four of these proteins were ac-
tually purified, and the results are given in Table No signs of oxidation were seen with
these constructs (K12RLuc8, I15RLuc8, S3RLuc8A5) on denaturing gel electrophoresis under
reducing and non-reducing conditions.

No crystallization conditions were revealed using a Hampton Crystal Screen HT at 20°C
with S3RLuc8A5 at 25 mg/ml and 6 mg/ml, I15RLuc8 at 25 mg/ml and 6 mg/ml, and I15RLuc8
at 25 mg/ml with 2 mM TCEP pH 7. A Hampton Index Screen, similarly unproductive, was
performed at 20°C with S3RLuc8A5 at 25 mg/ml and 6 mg/ml, K12RLuc8 at 12 mg/ml and
6 mg/ml, and I15RLuc8 at 25 mg/ml and 6 mg/ml. A Hampton Crystal Screen Classics Light
HT was used at 20°C with S3RLuc8A5 (25 mg/ml) and I15RLuc8 (24 mg/ml), but failed to
produce any crystallization conditions. The previous diammonium phosphate (Section [4.2.1)

and potassium thiocyanate (Section [4.2.1) were tried as well with no success.
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(a) Diammonium phosphate, (4-308) (b) Potassium thiocyanate, (4-308)

(c) n-Decyl-B-D-thiomaltoside - 1, (4-309) (d) n-Decyl-B-D-thiomaltoside - 2, (10-308)

Figure 4.4: Cartoon representations of the B-factors for several of the structures. In theory,
the B-factor (or temperature factor) indicates the mobility of a residue. In reality, the B-factor
can also indicate errors in model building. The diammonium phosphate structure is from
Figure The panels labeled N-Decyl--D-thiomaltoside are the two proteins in the unit cell
of the structure described in Figure The potassium thiocyanate structure is described in
Section The residues visible in each structure, out of a total of 311 possible, are given in
parenthesis.
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K12RLuc8 was screened using the Hampton Crystal Screen HT at 20°C and a protein con-
centration of 12 mg/ml. Following, a number of days, needle crystal clusters were seen in
the following condition: 0.1 M HEPES pH 7.5, 10% v/v isopropanol, 20% w/v PEG 4000 (Fig-
ure[4.5a)). As this condition contained a solvent that was amenable to dissolving coelenterazine,

extensive further screens were pursued as described in the following section.

4.2.7 Polyethylene Glycol/Isopropanol Condition

The needle clusters of K12RLuc8 that formed in the condition 0.1 M HEPES pH 7.5, 10%
v/v isopropanol, 20% w/v PEG 4000, 20°C, proved difficult to duplicate. A sequence of further
grid screens around this condition and utilizing the various other previously purified luciferase
constructs were done. Through these trials, the following condition was found to give highly re-
producible crystals in a ~2 day time period: RLuc8/K25A/E277A at 21 mg/ml in 0.1 M HEPES
pH 7.5, 10% isopropanol containing 6 mg/ml benzyl-coelenterazine, w/v 15% PEG 3350, at
20°C. Both benzyl-coelenterazine and coelenterazine were tested with this condition, with
benzyl-coelenterazine giving more consistent results. As shown in Figure this condition
produced long (~100 um) rectangular crystals that were planar and rather thin. While the
Hampton Additive Screens 1-3 were unsuccessful in improving the quality of these crystals,
macroseeding was able to improve the thickness of the plates. For crystal freezing, the cry-
oprotectant used was the mother liquor condition with 35% MPD (2-methyl-2,4-pentanediol).
The structure resulting from this condition is presented in Figure [4.10

A similar condition was found to yield crystals from cytoplasmically expressed RLuc8 after
about a month as shown in Figure with the corresponding structure presented in Fig-
ure Again, 35% MPD in the mother liquor condition was used as the cryoprotectant.
This condition was identical to the condition found for RLuc8/K25A/E277A, with the exception
that coelenterazine was found to yield better crystals then benzyl-coelenterazine. Crystals ob-
tained using these conditions were squarish, planar, and somewhat more consistent in size and
quality than the RLuc8/K25A/E277A crystals. Microseeding of this condition was successful in

reducing the length of time required for crystallization.

4.2.8 Additional Cytoplasmic Constructs

A series of additional constructs, presented in Table have been expressed for further
screening. Interestingly, the variants of RLuc and RLuc8 with cleavable 6xHis tags (S3RLuc
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(a) 5 days, 0.1 M HEPES (b) 1 day, 0.1 M HEPES
pH 7.5, 10% v/v isopropanol, pH 7.5, 10% v/v isopropanol

20% w/v PEG 4000 with 6 mg/ml benzyl-
coelenterazine, 15% w/v
PEG 3350

(e) 1 day, 0.1 M HEPES
pH 7.5, 10% v/v isopropanol
with 6 mg/ml benzyl-
coelenterazine, 15% w/v
PEG 3350, microseeded

(f) 1 day, 0.1 M HEPES
pH 7.5, 10% v/v isopropanol
with 6 mg/ml benzyl-
coelenterazine, 15% w/v
PEG 3350, microseeded

(¢c) 2 days, 0.1 M HEPES
pH 7.5, 10% v/v isopropanol
with 6 mg/ml coelenter-
azine, 15% w/v PEG 3350,
microseeded

(g) 2 days, 0.1 M HEPES
pH 7.5, 10% v/v isopropanol
with 6 mg/ml benzyl-
coelenterazine, 15% w/v
PEG 3350, microseeded

(d) 2 days, 0.1 M HEPES
pH 7.5, 10% v/v isopropanol
with 6 mg/ml benzyl-
coelenterazine, 15% w/v
PEG 3350, microseeded

(h) 1 day, 0.1 M HEPES
pH 7.5, 10% v/v isopropanol
with 6 mg/ml benzyl-
coelenterazine, 15% w/v
PEG 3350, microseeded

Figure 4.5: Photographs of crystals produced under various PEG/isopropanol conditions. All
conditions were at 20°C. Panel [(@) used K12RLuc8 at a concentration of 12 mg/ml. Panel [(b)]
used RLuc8/K25A/E277A at a concentration of 18 mg/ml Panel [(c)jused RLuc8 at a concentra-
tion of 21 mg/ml. Panel [(d) used S3RLuc8/K25A/E277A at 23 mg/ml. Panel [(e) used S3RLuc8/-
K25A/D120A/E277A at 21 mg/ml. Panel |(f) used S3RLuc8/K25A/E144A/E277A at 20 mg/ml.
Panel [(g)] used S3RLuc8/K25A/E144Q/E277A at 22 mg/ml. Panel [(h) used S3RLuc8/K25A/-
E277A/H285A at 18 mg/ml. The length of time following set up of the tray that the image
was taken, along with the mother liquor condition, is shown below each photograph. With the
exception of Panel all photographs were acquired with the aid of a polarizer to highlight

the crystals.
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Yield Specific Activity
Protein (ug/ml) | (relative to RLuc)
S3RLuc 10 4.0
S3RLuc8 60 11.9
S3RLuc8/C24S 60 6.8
S3RLuc8/K25A/E277A 60 7.1
S3RLuc8/K25A/D120A/E277A 24 0.002
S3RLuc8/K25A/E144A/E277A 4 7.0x107¢
S3RLuc8/K25A/E144Q/E277A 5 0.01
S3RLuc8/K25A/E277TA/H285A 7 0.1

Table 4.3: Yield and specific activity of additional proteins expressed for crystallography
screening. All constructs were cytoplasmically expressed, and had N-terminal cleavable 6xHis
tags. Yield represents ug of recovered protein per ml of culture following nickel affinity purifi-
cation. Specific activities were measured using coelenterazine, and are reported as relative to
that of periplasmically expressed, C-terminal 6xHis tagged RLuc (Table[2.1). Data for S3RLuc8
is repeated from Table

and S3RLuc8) were several fold more active than previous periplasmically expressed 6xHis
tagged RLuc and RLuc8 (Table [2.1)), although the relative ratio between RLuc and RLuc8 ac-
tivity remained relatively constant. S3RLuc was set up in a Hampton Index HT Screen at 20°C
and 21 mg/ml, but no crystals resulted.

The protein S3RLuc8/C24S was expressed due to lingering concerns regarding the possi-
bility that the preceding constructs may occasional incur a disulfide bond between C24 and
C73 and therefore be structurally heterogeneous. A Hampton Index HT Screen done with
this protein at 24 mg/ml and 20°C failed to produce any crystallization conditions. The pro-
tein S3RLuc8/K25A/E277A was expressed with the hope that it would produce better quality
crystals in the PEG 3350/isopropanol condition than RLuc8/K25A/E277A. Microseeding this
protein from the RLuc8/K25A/E277A crystals proved successful, and visually better quality
crystals were formed (Figure [4.5d).

Finally, SSRLuc8/K25A/E277A based constructs containing the catalytic triad mutations
(D120A, E144A, E144Q, H285A) were produced. This work was done with the hope that these
potentially inactivating mutations would allow crystallization of the protein in complex with
the substrate rather than the product. All these proteins were initially microseeded from the
RLuc8/K25A/E277A condition in the PEG 3350/isopropanol condition containing 0.6 mg/ml
benzyl-coelenterazine, and then successfully microseeded off themselves in later crystallogra-
phy setups. However, neither substrate nor product was observed in the diffraction data from

the D120A, E144A, or E144Q mutation containing crystals. The H285A crystals, in turn, have
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not yet been used successfully for X-ray diffraction.

For the D120A, E144Q, and H285A mutations, the color of the hanging-drops could be ob-
served to change from a deep yellow to a pale yellow color within approximately one day. As
benzyl-coelenterazine is a strong absorber at blue wavelengths (resulting in a yellow color) but
coelenteramide is not [86], the observed color change was taken to indicate that sufficient en-
zymatic activity remained with these mutants so that coelenterazine was still being degraded
to coelenteramide. The E144A drops, however, remained a deep yellow color during the crys-

tallization process.

4.3 Structure of RLuc8 from the Diammonium Phosphate

Condition

The structure derived from the RLuc8 crystal grown in the diammonium phosphate condition
is presented in Figure with the corresponding statistics presented in Table Residues 4-
308 of the protein were successfully identified in the electron density data. Not identified were
two residues from the N-terminus, along with 3 residues on the C-terminus and the 6xHis tag.

Interestingly, two imidazole molecules, apparently from the mother liquor, were located in
the presumptive catalytic pocket of the molecule. A close up of these imidazoles and associ-
ated water present in the active pocket are shown in Figure Previous reports [137] have
reported enhanced enzymatic activity of RLuc in the presence of imidazole, with a maximal ac-
tivity enhancement of 2-fold at ~4 mM. While the reason for this potentiation remains unclear,
a plausible explanation is that imidazole maintains the enzymatic pocket in a conformation ap-
propriate for the binding of coelenterazine.

Much like the similar bacterial haloalkane dehalogenase enzymes [82l, Renilla luciferase
has a characteristic a/B-hydrolase fold sequence at its core [166]. A topological map of the
RLuc8 a/B-hydrolase fold is shown in Figure along with the locations of the presumptive
catalytic residues D120/E144/H285A within this diagram. o/f-hydrolases have their nucle-
ophile (D120 in RLuc) immediately after the fifth 3-sheet (85) in what is termed the “nu-
cleophile elbow”. The sequence pattern for this elbow is generally G-X-Nuc-X-G [75], and
corresponds to GHDWG (residues 118-122) in Renilla. For unknown reasons, many of the
haloalkane dehalogenases that RLuc is most similar to do not contain the first glycine in the
nucleophile elbow sequence (Figure [2.4).

The most interesting feature observable in Figure that was not apparent in the pre-
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RLuc8 RLuc8 S3RLuc8 RLuc8/K25A/E277A  RLuc8
diammonium KSCN thiomaltoside = PEG/isopropanol PEG/isopropanol
Cell Parameters
space group P 6, P 6, P22 2 P2, P2,
protomers/asymmetric unit | 1 1 2 2 2
dimensions (&)
a 119.468 119.443 81.178 51.776 51.329
b 119.468 119.443 82.279 75.672 74.473
c 47.995 48.048 90.379 89.185 89.249
angles (degrees)
o 90.00 90.00 90.00 90.0 90.00
B 90.00 90.00 90.00 76.48 103.45
Y 120.00 120.00 90.00 90.00 90.00
Data Collection Statistics
number of reflections 76,992 12,067 117,436 60,992 58,532
possible reflections 77,128 13,522 119,443 62,054 60,685
completeness (%) 99.8 89.2 98.3 98.3 96.5
Model Statistics
resolution range (&) 50-1.4 50-2.5 50-1.4 50-1.8 50-1.8
R free (%) 18.3 32.4 30.5 22.9 22.4
Rivorking (%) 16.5 27.2 28.7 19.7 19.2

Table 4.4: Statistics for the crystallographic structures of RLuc8 and related proteins.
RLuc8:diammonium corresponds to the structure presented in Figure RLuc8:KSCN is the
potassium thiocyanate condition discussed in Section S3RLuc8:thiomaltoside is the crys-
tal shown in Figure note that refinement of the diffraction data from this condition was
not completed. RLuc8/K25A/E277A:PEG/isopropanol is the structure presented in Figure[4.10
RLuc8:PEG/isopropanol is the coelenteramide containing structure presented in Figure |[4.12
The cross-validation statistic R, was computed from a randomly chosen subset (5%) of the
diffraction data that had been excluded from the model refinement process [26]. R, ing Was
calculated as Y ||Fobs| — [Featcll/ Xt | Fobs| -
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Figure 4.6: A cartoon representation of the structure of RLuc8 crystallized in the diammonium
phosphate condition. Residues 4-308 of RLuc8 are shown, with the N-terminus (N) in blue
and the C-terminus (C) in red. The presumptive catalytic triad residues of D120, E144, and
H285 are marked, along with the two imidazole molecules IMD1, IMD2) that were present
in the structure and the location of I15. The condition was 0.3 M NaCl, 1.25 M diammonium
phosphate, 0.1 M imidazole pH 8.0, 20°C, and the corresponding photograph of the crystal can
be seen in Figure The orientation of the structure here has been matched with that of
Figure to facilitate comparisons with the Swiss-Model derived homology model.
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Figure 4.7: A cartoon representation of the imidazoles and water molecules within the active
pocket of RLuc8 crystallized in the diammonium phosphate condition. The red balls represent
water molecules, the yellow dashed lines represent predicted hydrogen bonds, and the two
imidazoles are marked as in Figure
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cap domain

Cap Domain

o/B —hydrolase domain

| 1]

B -sheet: 8 7 6 5 4 3
(a) Topology Diagram (b) RLuc8 Domains

Figure 4.8: The domains and o/B-hydrolase fold topology of RLuc8. Panel |(a)|shows the topol-
ogy of RLuc8’s a/B-hydrolase fold domain. a-helices are shown in blue, and 3-sheets are shown
in red. Numbering/lettering of the sheets/helices is done with respect to the standard for o/f-
hydrolases [166], and the locations of the presumptive catalytic residues are marked. The cap
domain is an excursion from the fold pattern from residues 146-230. Panel|(b)|shows the loca-
tion of the cap domain (in gray) and a/fB-hydrolase fold domain (blue to red) in the context of
the crystal structure.

vious homology model (Figure [2.5), is the wrapping of the N-terminus around the front of the
presumptive enzymatic pocket. As demonstrated in Table[4.2] clipping the N-terminal up to po-
sition I15 is tolerated, indicating that this N-terminal region is not required for enzymatic ac-
tivity of the protein. It has been observed in our laboratory (unpublished data) that fusion pro-
teins created by attachments to the N-terminus of RLuc invariably lead to very low luciferase
activity of the resulting protein. Based on the structural data and the non-essentialness of the
N-terminal region, it can be hypothesized that this drop in activity is simply a matter of steric

hindrance to the active pocket of RLuc.

4.4 Structure of RLuc8 from the Potassium Thiocyanate

Condition

The resultant structure from the potassium thiocyanate condition was identical to that al-
ready obtained from the diammonium condition shown in Figure with the sole exception

that only one of the imidazoles (IMD1 in Figure was observable in the data. The corre-
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sponding crystallography statistics are presented in Table Interestingly, the mother liquor
for this condition did not include imidazole. This would seem to indicate that the imidazole is
retained with the protein during the nickel affinity purification, and is bound tightly enough to
remain attach through at least one additional step of chromatography and a buffer exchange

procedure.

4.5 Structure of S3RLuc8 from the n-Decyl-3-D-thiomal-
toside condition

The structure for the condition containing the detergent n-Decyl-3-D-thiomaltoside is shown
in Figure and the corresponding crystallography statistics are presented in Table This
crystal was in a different space group than the previous diammonium phosphate and potas-
sium thiocyanate conditions, containing two protomers in the asymmetric unit. Interestingly,
the N-terminal (residues 4-13) of one of the two proteins in the unit cell (the right protein
in Figure [4.9) interacts with its neighboring protein. This is a shift in placement for the N-
terminus from the previous structures, and the finding was taken to imply that this N-terminal

region of RLuc8 is structurally flexible.

4.6 Structures from the PEG 3350/Isopropanol Condition

The initial crystal structure obtained from the PEG 3350/isopropanol crystallization condition,
shown in Figure4.10] was for the protein RLuc8/K25A/E277A. The corresponding crystallogra-
phy statistics are presented in Table A relatively large region of the cap domain (residues
153-162) could not be identified in the electron density data, and this may indicate that this
region of the protein can exist in a number of different conformational states. In addition to
these missing residues, neither substrate nor product could be identified in the data.

The second structure obtained from the PEG 3350/isopropanol condition utilized cytoplas-
mically expressed RLuc8. This structure is presented in Figure[4.11] and the associated statis-
tics can be found in Table Notably, electron density corresponding to coelenteramide was
present in the data.

The main conformation changes in this structure, compared to the previous diammonium
phosphate condition (Figure [4.6), were a slight outward shift of the residues F261/F262/S263

and a larger outward movement of residues from W153 to A163. Residues 153-163 are within
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Figure 4.9: A cartoon representation of the structure of S3RLuc8 crystallized in the n-Decyl--
B-D-thiomaltoside condition. There are two proteins in the unit cell. Residues 10 to 308 were
visible for the protein on the left, and residues 4 to 309 were visible for the protein on the
right. The N-termini (N) are in blue, and the C-termini (C) are in red. The condition was
0.4 M sodium acetate, 20% w/v PEG 3350, 1.8 mM n-Decyl-3-D-thiomaltoside, 20°C, using
periplasmically expressed S3RLuc8 at 30 mg/ml. The corresponding photograph of the crystal
can be seen in Figure
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Figure 4.10: A cartoon representation of the structure of RLuc8/K25A/E277A crystallized in
the PEG/isopropanol condition. Residues 1-152 and 163-310 are shown. The locations of
residues 153-162 could not be determined in the electron density data and have not been mod-
eled in. Electron density for neither benzyl-coelenterazine nor the reaction product (benzyl-
coelenteramide) was seen in the diffraction data. The N-terminus is in blue, the C-terminus is
in red, and the residues of the presumptive catalytic triad of D120, E144, and H285 are shown.
The gray protein at bottom is the second molecule in the crystallographic unit. The condi-
tion was 0.1 M HEPES pH 7.5, 10% v/v isopropanol with 6 mg/ml benzyl-coelenterazine, 15%
w/v PEG 3350, and used cytoplasmically expressed protein at 18 mg/ml. The corresponding
photograph of the crystal can be seen in Figure
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153-16

Figure 4.11: A cartoon representation of the structure of RLuc8 in complex with coelenter-
amide crystallized in the PEG/isopropanol condition. Residues 3-152 and 155-310 are shown.
The locations of residues 153-154 could not be determined in the electron density data and have
not been modeled in. The N-terminus is in blue, the C-terminus is in red, and the molecule
of coelenteramide is in orange. The portion of the enzyme corresponding to residues 153-163
has been marked. The residues of the presumptive catalytic triad of D120, E144, and H285 are
shown. The gray protein at bottom is the second molecule of RLuc8 in the crystallographic unit.
The condition was 0.1 M HEPES pH 7.5, 10% v/v isopropanol with 6 mg/ml coelenterazine, 15%
w/v PEG 3350. The corresponding photograph of the crystal can be seen in Figure w
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the cap domain (Figure of the enzyme, a domain that has been suggested to be flexible
for the purposes of substrate binding in the haloalkane dehalogenases [183]]. It can be ex-
pected that portions of the cap domain in Renilla luciferase, specifically residues 153-163, are
similarly flexible for the same purpose. The finding of flexibility is further supported by the
high B-factors found for the 153-163 residues (Figure[4.4), and the outward movement of this
portion of the enzyme may indicate conformational changes in response to binding of the coe-
lenteramide.

It was observed during the screening process that crystallization was more successful uti-
lizing coelenterazine with RLuc8, and benzyl-coelenterazine with RLuc8/K25A/E277A. A pos-
sible explanation for this can be proposed based on the interactions of coelenteramide with the
protein’s residues as shown in Figure (a corresponding electron density map is shown in
Figure [4.13). This closeup shows that a hydroxyl group in coelenteramide is interacting with
E277 through a predicted hydrogen bound. In RLuc8/K25A/E277A, this glutamate has been
mutated to alanine and this predicted hydrogen bound cannot form. Benzyl-coelenterazine,
however, lacks this particular hydroxyl group, and presumably there is a hydrophobic interac-
tion between A277 and the hydroxyl-lacking benzene ring.

Several lines of evidence indicate that the observed location for coelenteramide in this struc-
ture is not its location during the enzymatic reaction and resultant emission of the biolumi-
nescence photon. First, if the coelenteramide location shown in Figure [4.12| was the catalytic
location, it would seem to indicate that two monomers of RLuc are involved in the enzymatic
reaction. The reaction rate of RLuc, however, is first order with respect to enzyme concentra-
tion (Figure indicating that only one protein unit is involved in the reaction. Second, the
residue N309 can be truncated out with little change in enzymatic activity (Table[4.2). Third,
the K25A/E277A mutations resulted in only a 40% drop in activity (Table 4.3). One might
expect a much larger drop in activity if E277 was actually involved in the enzymatic activity.
Finally, many of the residues in the putative active pocket identified as being important for
activity (Table would be rather distant from the substrate/product if the observed location
was correct.

It has been previously noted that the fluorescent emission spectrum of RLuc mixed with
coelenteramide does not reconstitute the recorded bioluminescence emission spectrum [138].
Coelenteramide, however, is known to strongly inhibit the enzymatic reaction [139]] so it must
be able to bind to RLuc tightly. The explanation for this phenomenon has been that the chem-

ical environment coelenteramide experiences changes immediately after emission of the bio-
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Figure 4.12: A close-up cartoon representation of the structure of RLuc8 in complex with coe-
lenteramide crystallized in the PEG/isopropanol condition. Coelenteramide is shown in orange,
the luciferase molecule binding the coelenteramide is shown in gray, and the neighboring lu-
ciferase is shown in yellow. The red balls represent water molecules, and the yellow dashed
lines represent predicted hydrogen bonds.
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Figure 4.13: A view of the electron density associated with coelenteramide bound to RLuc8.
Coelenteramide is shown in orange, the luciferase molecule binding the coelenteramide is
shown in gray, and the neighboring luciferase is shown in yellow. The electron density in-
formation is shown as a mesh surrounding the atoms. The surrounding residues are identified

in Figure[4.12]
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luminescence photon [137]. This in turn leads us to the hypothesis that the coelenteramide
location changes immediately after the enzymatic reaction and emission of the biolumines-
cence photon, with the coelenteramide sliding partially out of the presumptive active pocket
due to a conformational change in the luciferase’s structure. In this hypothesis, the location
of coelenteramide in the crystal structure represents this “secondary” binding position and not

the position of product/substrate during the enzymatic reaction.

4.7 Conclusions

At this point, the elucidated structures of RLuc8 beg as many questions as they offer answers.
While the coelenteramide bound structure of RLuc8 is fascinating, it seems quite likely that
the product is not bound in the location at which it undergoes enzymatic processing. To fur-
ther elucidate the enzymatic reaction of Renilla luciferase, additional studies need to be done.
A number of mechanism-based coelenterazine analog inhibitors have been previously synthe-
sized [154] and may prove useful for both future crystallography work and for the study of the
luciferase’s enzymatic kinetics. Additionally, further work is ongoing in attempts to crystallize

RLuc8 under anoxic conditions.



Chapter 5

AMIDE - Software for
Multimodality Medical Image
Analysis

In the molecular and medical imaging community today, there is a paucity of software tools
available for volumetric image analysis that are freely available, modifiable, and relatively
feature complete. While a number of packages exist, few of these packages encompass all the
features that a researcher may desire, and only a subset of these can be freely modified by the
researcher for her or his needs (see Table [5.1). For a researcher wishing to do multimodality
image analysis, the choices are further constrained as the majority of packages are restricted
to strictly orthogonal or planar processing of data sets. This particular limitation has become
more pronounced as the role of multimodality imaging has increased in importance [135].

In light of this need, AMIDE [124] (Amide’s a Medical Image Data Examiner) has been de-
veloped to provide the research community with a relatively full-featured, freely available,
and open source solution for single and multimodality volumetric medical image analysis.
AMIDE, licensed under the GNU General Public License GPL [61l], is freely modifiable and
redistributable, and is not dependent on any proprietary underlying packages.

In addition to being open source, AMIDE is unique in that it has been designed to avoid
specific constraints of previous software packages. Data sets (e. g. PET, CT, MRI) and regions of

interest (ROI’s) are logically organized within a tree structure so that an unlimited number of
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Package | Free Source Code Interface Fusion Platform Compatibility URL

AMIDE Yes Open Non-orthogonal Yes ‘Windows, Mac OS X, Unix amide.sf.net

CAPP No No Orthogonal No Solaris ‘www.cti-pet.com/www/products.nsf/pages/ecat.htm’
Hermes No No Non-orthogonal Yes Solaris ‘www.nuclear- ics 'proc/processing.shtml
Mediman Yes No Slice Based No Unix ‘www.topo.ucl.ac.be/iv-mediman.html

MIM No No Non-orthogonal Yes Windows, Mac OS www.zalen.com'

MRIcro Yes No Orthogonal Overlap only Windows, Linux www.psychology.nottingham.ac.uk/staff/cr1/mricro.html
NucMed Image Yes No Slice Based No Mac OS nucmed.sluh.edu/NucMed_Image/NucMed_Image.html
OSIRIS Yes 300€ Slice Based Limited ‘Windows, Mac, Unix www.expasy.org/www/ULN/html1/projects/osiris/osiris.html
3D-Doctor No No Orthogonal Yes ‘Windows ‘www.ablesw.com/3d-doctor/3ddoctor.html

Syngo No No Non-orthogonal Yes ‘Windows WWW.Syngo.com

Table 5.1: A list comparing AMIDE with several available molecular imaging software pack-
ages circa 2003. The “non-orthogonal” interface designation indicates that the program does
not need to reslice the entire data set when showing a non-orthogonal viewing plane.

these items can be displayed, modified, and analyzed simultaneously. Furthermore, data sets
in AMIDE are not restricted to processing along orthogonal directions. Instead, information
is continuously interpolated as needed from the original data to allow for non-destructive and
non-orthogonal reslicing of anisotropic data sets. This ability facilitates manual alignment and
fused viewing of multiple medical images within an AMIDE session, and allows for seamless
handling of data sets with differing voxel sizes and dimensions.

Another key design goal of AMIDE was to avoid encumbering it with an overly complex
user interface. With the recent extension of medical imaging modalities into the realm of
small animal research (e.g. microCAT, microPET), there has been a steady increase in the
number of basic science researchers using these technologies who have not trained in medical
imaging science. One of the major hurdles encountered by these researchers has been negative
experiences with existing software packages. With this in mind, development has aimed at
providing a consistent and intuitive interface for the casual research user. As one step in this
process, AMIDE abstracts away the underlying digital representation of the medical data set
whenever possible. For instance, the user is not presented with a fixed image plane and voxel
based dimensions. Instead, slices of data are automatically extracted from the volumetric data
sets at any user specified angle and thickness. Additionally, dimensions are handled in terms
of real world units, and image units and statistics can be presented in terms of Percent Injected
Dose per gram tissue (%ID/g) or Standardized Uptake Value (SUV) metrics.

AMIDE provides a variety of additional features useful to the molecular imaging researcher,
including fully three dimensional ROI drawing and analysis for static and dynamic images, two
and three way linked viewing (dual cursor mode), rigid body registration using fiducial mark-
ers, filtering and cropping of data sets, movie generation, series viewing, volume rendering,

and the generation of line profiles.
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5.1 Description

5.1.1 Underlying Concepts

The data hierarchy within AMIDE is built around a tree abstraction composed of a succession
of objects such as data sets and ROI’s (described below). Conceptually, any object type can be
the child of any other object type, although not all pairings are necessarily logical. Generally,
data set objects will be the children of the study object, and ROI objects will be the children of
either the study object or a specific data set object. The tree based hierarchy allows operations
performed on an object, such as shifts and rotations, to be successively mapped down to all of
that object’s children.
The following object types have been implemented in AMIDE:

Study The root object in AMIDE, this object is used for grouping a set of related medical
images and ROI’s into a logical unit, and keeps track of parameters that affect the whole

study.

Data Set Used for encapsulating volumetric medical images, this object contains the raw im-
age data along with information needed for interpreting that data (voxel sizes, color table,

thresholds, patient weight, injected dose, calibration factors, etc.).

ROI Region of interest objects specify a volume of space over which statistics are to be calcu-
lated. Statistics include mean/median/max/etc., and can be calculated using all the voxels
in the ROI or a defined subset [111]]. Currently implemented ROI types are ellipsoid, box,
cylinder, isocontour (2D or 3D), and freehand ROIs.

Fiducial Marker Fiducial reference markers encode only a location in space and are used for

rigid body registration of data sets.

Each object in AMIDE is assigned its own Euclidean space, and the location of this local
coordinate frame is defined with respect to the global coordinate frame. When information
from one object is needed by another object, AMIDE automatically handles the requisite affine
(linear plus translation) transformations between the spaces, as shown in Figure This
approach allows the rotation or movement of a data set object to be accomplished by a simple
alteration of the parameters specifying the object’s local coordinate frame, rather than the

destructive reslicing of the image data.
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Figure 5.1: Diagram of coordinate transforms done by AMIDE. Each object in AMIDE (1) is
defined with respect to its own Euclidean space, with transformations between different spaces
performed as needed. When the user clicks on the display (2), a slice request is formed for each
data set (3). The program then translates each slice request into the local coordinate frame of
the appropriate data set (4), and fills the slice with interpolated data (5). The extracted data
is thresholded, colored, and fused (6) into a single image for display to the user (2). Similarly,
to calculate statistics for an ROI, the three dimensional ROI geometry is transformed into the
Euclidean space of the data set (7), and the voxels enclosed in this volume are iterated over to
tabulate the statistical values.
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5.1.2 Implementation

The C programming language was chosen for the coding of AMIDE for several reasons, the
three most important being the general familiarity of most researchers with this language,
the ready availability of high performance C compilers on current operating systems, and the
desire to avoid burdening the program with requirements on underlying proprietary packages
such as Matlab or IDL. The specific compiler used in this work was GCC (GNU Compiler
Collection, |gcc.gnu.org) [198]l.

Version 2 of the GTK+/GNOME toolkit (www.gnome.org) was used for the user interface and
object model. This toolkit was chosen for a combination of portability, a C language interface,
and free licensing. Much of the core functionality of AMIDE has been written as an extension
to this toolkit in order to provide a convenient interface for using AMIDE functionality in
separate pieces of code.

Raw data in AMIDE is stored in the data format (8/16/32 bit integer, 32/64 bit float) and
with the voxel size (isotropic or anisotropic) of the imported data file. The original data is never
altered, rather, the program interpolates directly from the original data set as needed. This
approach makes data set movements, scalings, and rotations computationally trivial as only
the associated coordinate information is altered for these operations. The trade-off is that slice
viewing is computationally more expensive compared to standard orthogonal data viewing.
Zero order (nearest neighbor) and first order (trilinear) interpolation algorithms have been im-
plemented for speed and image quality, respectively. Higher order interpolation methods [208]
have not been employed since successive interpolations are never performed and because these
interpolators become computationally prohibitive in three dimensions.

AMIDE saves studies in an XML (eXtensible Markup Language) based format using either
a directory based or flat file structure. For the directory based version of the format, each
object’s parameters and data format information are saved as XML data in a text file, with the
raw image data saved as a separate binary file. This approach allows data files to be easily
manipulated externally to the program if the need ever arises. The flat file version of the
format, which is the default, is similar to the directory based version except that the binary
and text data are saved as different segments in a single file. This XML based format helps
guard against endian incompatibilities (incompatibilities due to the inconsistent ordering of
stored data between different processor architectures), and makes backward and forward file
compatibility easy to maintain between different versions of the program.

File formats that can be used for importing of data include DICOM, ECAT 6.4/7.2, Acr/-
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Nema 2.0, Analyze (SPM), InterFile 3.3, and Concorde. Support for these file formats is
achieved primarily through the use of the (X)MedCon image conversion library [158]. Addi-
tionally, the DCMTK (DICOM Toolkit) libraries [104] are used to allow importing of clinical
DICOM data files. Raw data importation in big, little, and PDP endian formats is handled
natively for both integer and floating point data.

Volume rendering in AMIDE is performed using the VolPack [106]] volume rendering library,
which accelerates rendering using a shear-warp factorization algorithm. This software library
based approach is portable and provides for true volume rendering capability, as opposed to the
surface rendering approaches provided by many libraries and hardware accelerators. Series of
rendered images, along with series of slices (“fly throughs”), can be encoded into MPEG-1 video
files using the fame MPEG encoding library (fame.sf.net).

Rigid body registration is implemented inside of AMIDE through the use of fiducial refer-
ence markers and the Procrustes rigid body alignment algorithm without scaling [80]. Briefly,
the transform needed to minimize the least squares error between a set of fixed and a set of
movable fiducial marks is calculated. This transform is then applied to the coordinate space of
the data set to be aligned.

Filtering is implemented using a “wizard” interface. Currently, Gaussian and median filters
have been implemented, although any finite impulse response (FIR) filter would be a trivial
extension. FIR filters are implemented using an overlap+add method with a 643 point fast
Fourier transform. Median filters are of variable kernel size, and can be run as separable 1D
or a single 3D filter. In the interest of algorithmic simplicity, spatial coherence is ignored and

the median filter is implemented using a partial sort median finding algorithm [100].

5.1.3 Validation

The validation animal data set, consisting of PET and CT scans, was acquired as follows: A
nude mouse (Charles River Laboratories), anesthetized with pentobarbital, was injected with
200 uCi ['®F]-fluoro 2-deoxy-glucose (['*F]JFDG). One hour was allowed for tracer uptake and
clearance. The mouse was then placed on a plastic bed and 4 fiducial reference markers were
affixed. Fiducial markers consisted of 200 ul PCR tubes containing 1 uCi of ['*FIFDG and
10 pul Omnipaque (iohexal) nonionic iodinated contrast solution. The mouse was scanned on
a microPET scanner built at UCLA [34] using 7 bed positions at 4 minutes/bed. Immediately
after, a two bed position CT scan with 196 views/bed was acquired using an ImTek microCAT

scanner [170] with the X-ray tube at 50 KVp, 300 mA, and 1.0 mm Aluminum filtration. All
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‘ AMIDE CAPP Mediman MRIcro CRIIISP
cylinder | 0.46+0.093 0.46+0.097 0.46+0.10 0.47+0.084 0.47+0.096
heart 5.54+0.73 5.940.55 5.64+0.83 5.24+0.58 52+1.0
brain 1.9+0.19 2.0+£0.10 1.9+0.18 1.8+0.18 1.9+0.13

bladder 48+ 14 5011 45+ 14 454+11 47+ 14

Table 5.2: ROI statistics generated for similarly placed and sized ROI’s using five different
image analysis programs. The first entry is from a calibration cylinder, with the remaining
three entries from an ['*FIFDG PET Scan. Values expressed as 1000 * Mean Image Units+SD.

animal care and euthanasia was performed with the approval of the University of California
Animal Research Committee. The validation cylinder consisted of a 37 mm diameter polysul-
fone cylinder filled with 262 pCi of ['8FIFDG in 70 ml water, and was scanned in a single bed
position for 4 hours.

MicroPET scans were reconstructed using the MAP reconstruction algorithm [175] with a
beta value of 0.5, and multiple beds were combined into a single image. MicroCAT scans were
reconstructed using the company supplied 3D-filter back projection reconstruction software.
ImTek’s file format was converted to ECAT 6.4 format using the imtk_conv program supplied
with (X)MedCon, and the two beds were combined into a single image. The resolutions of the
data sets were 1.5 mm and 0.4 mm for the PET and CT, respectively.

After loading the data sets into AMIDE, the four fiducial reference markers were located
for each of the two scans, and the data sets were aligned using a rigid body alignment. Results
of this alignment are shown in Figures [56.3|and The calculated fiducial reference error for
this alignment was 0.2 mm/reference point.

For validation of the ROI statistics, similar ROI’s were drawn in AMIDE, CTI’s Clinical Ap-
plications Programming Package (CAPP), Mediman [44], MRIcro, and CRIIISP, an IDL based
image package developed previously in our laboratory. The results are shown in Table[5.2] The
values generated by AMIDE were not significantly different from any of the other packages

when compared using a two tailed paired t-test at a significance level of p<0.2.

5.1.4 Availability/Requirements

All required source code and installation instructions can be found through the AMIDE web
site (amide.sf.net), along with binaries for Linux, Macintosh OS X [Apple Computer, Inc., Cu-
pertino, CA], and Microsoft Windows [Microsoft Corporation, Redmond, WA] operating sys-

tems. The Macintosh version relies on the freely available Fink (fink.sf.net) add-on distribu-
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Function Time (s)
Extract transverse slice of data 0.01
Extract coronal/sagittal slice of data 0.04
Calculate statistics for 7500 voxel ROI | 0.3/frame
Initial setup for volume rendering 4.8
Volume rendering a data set 0.06

Table 5.3: Times needed for performing various functions in AMIDE. These functions were
performed utilizing a 128x128x159 PET image on a 750 MHz 1686 class computer with 384 MB
RAM.

tion.

There are no strict hardware requirements for running AMIDE, but the computer will need
to have at least as much memory available as the cumulative size of the loaded data sets.
Additionally, since the continuous reslicing approach is computationally expensive, a modern
processor (>500 MHz) is recommended when working with larger (5123) data sets. Represen-

tative computational times needed for various functions are shown in Table

5.1.5 Walk-through

Figure[5.2| points out the most important elements of the AMIDE user interface. A brief walk-

through follows to explain how to use the program.

1. On program startup, the user is presented with a blank study, and can then import the
requisite medical images into the program. Most medical image formats are correctly
detected by the program (e.g. DICOM, Analyze, Concorde, ECAT 7, InterFile). If the
format cannot be determined, the user is allowed to explicitly specify the import file type.
After importing data, the entire study can be saved in AMIDE’s native file format for

direct loading in subsequent sessions.

2. The data sets will now appear as objects in the study’s tree. Left clicking on an object
will select it for appearance in the three orthogonal views, and a check will appear in the
corresponding checkbox. Right clicking on any object in the tree will bring up a dialog
for changing parameters relevant to that object, such as voxel sizes, scale factors, and
thresholds. Note that one of the data sets in Figure is highlighted, which indicates
that this data set is the “active” object. When operations are performed that can logically

apply to only one data set, the active object is the one chosen. For instance, pressing the
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- Thresholding Tool = Zoom Field of View Slice Thickness Setting

Linked Viewing

Gate Selector
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View Selector \ %

Tree View of Study Data
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Figure 5.2: Salient user interface elements of AMIDE. A standard AMIDE session is shown,
with the most important elements of the user interface labeled.
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thresholding tool button will bring up the thresholding dialog for the active object. The

middle mouse button can be used for switching the active object.

3. Context sensitive help is displayed in the lower left corner of the application to explain
what the different mouse buttons and key strokes will do at any given point. Complete

documentation is also available from the help menu.

4. Moving through the data set is accomplished by directly clicking on any of the orthogonal
views. For instance, clicking on the transverse view will update the coronal and sagittal
views to correspond to the chosen point. In Figure all three orthogonal views are
shown, although the viewer can select fewer views by toggling the view selector buttons
on the toolbar. The active data set can be shifted or rotated with respect to the other
objects in the study by using the shift key together with the left or middle mouse buttons,

respectively.

5. The zoom and the thickness of the viewed slices can be altered by using the corresponding
entries on the toolbar. For dynamic studies, clicking the “frame selector” button will pop-
up a dialog for frame selection purposes. Also on the toolbar is a set of toggle buttons
for switching between single and multiple (linked) cursor mode viewing. An example of

three cursor mode is shown in Figure|5.3

6. ROTI’s are added to the study either from the menu, or by directly clicking in the tree. After
an ROI has been added to the tree, the next mouse click on any of the views will initiate
the process of drawing an ROI, with the left button initiating edge-to-edge drawing and
the middle button initiating center-out drawing. Subsequent modifications of the ROI
can be done by clicking on the ROI in any of the views. Shifting, rotating, and scaling
are accomplished by the left, middle, and right mouse buttons, respectively. Statistics for

ROTI’s are generated by selecting “ROI Statistics” underneath the tools menu.

7. Underneath the view menu are options for generating series of slices and volume ren-
derings of the currently selected data sets. Both of these options will pop up separate
windows for the corresponding purpose. Series of slices can be displayed over space or
time. From the volume rendering dialog, animated movies can be generated and saved as
MPEG-1 files. An example of a stereoscopically rendered fusion data set generated inside

AMIDE is shown in Figure|5.4
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Figure 5.3: Main window of AMIDE shown in three cursor mode with two aligned data
sets loaded and displayed on coronal views. The right view shows an ['*F]FDG image
of a mouse centered around the left ventricle in an inverted hot metal color scale. The
left view displays the corresponding CT scan in gray scale. The center view shows the
fused images. The heart is on the left because the animal was scanned in the prone
position. The spots of activity exterior to the mouse are fiducial reference markers. The
PET data set has a voxel size of 0.4x0.4x0.7 mm, while the CT data set has a voxel size
of 0.2x0.2x0.2 mm.
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Figure 5.4: Example of fused data sets rendered stereoscopically by AMIDE using the
VolPack volume rendering library. The CT scan is shown in gray scale with the ['*FIFDG
PET scan shown in inverse hot metal.
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8. Entries under the tools menu start wizards for various functions such as filtering, rigid
body alignment, cropping of data sets, and fly through movie generation. Examples of
both fly through and rendered movies can be found at the AMIDE web site (amide.sf.net/-
output.html).

5.2 Discussion

With the increasing prevalence of multimodality imaging in the research community, a need
has arisen for new, more sophisticated software tools that can handle and analyze these in-
creasingly complex data sets. AMIDE provides such a tool, and AMIDE’s capability for manip-
ulating multiple, non-orthogonal data sets will become increasingly critical as multimodality
image analysis becomes more common.

While a handful of proprietary tools exist that provide relatively comparable feature sets,
to our knowledge, AMIDE is the only freely available and open source software package in its
class. Since the source code is available, researchers are not only free to use the program but
can also study and expand upon the program as fits their needs and interests. Furthermore, as
the code is unencumbered by restrictive licensing users are free to redistribute both the code
and any modifications made to it, although modified versions must be appropriately marked
as such.

For the novice user, additional advantages of AMIDE are the simplified interface and unit
handling. Continuous beta testing and feedback over the last two years from three basic sci-
ence researchers with minimal imaging experience has been incorporated into the development
of the user interface in order to make program interaction as intuitive as possible. Units in the
program are, whenever practicable, specified in terms of real world values and the underlying
digital representation of the data is, to a great extent, divorced from the user. For instance,
in the slices viewed from the data set, the thickness is not restricted to integer multiples of
the voxel size. As another example, given the correct conversion constants the program can
present data and statistics to the user directly in terms of %ID/g or SUV’s.

The continuous reslicing approach adapted by AMIDE has proven itself to be flexible from a
development aspect and crucial for the arbitrary image fusion abilities of the package. It makes
movement, scaling, and rotation of data sets essentially free from a computational standpoint
while avoiding destructive interpolation of the original data set. The trade-off is that the com-

putational expense of slice generation is greatly increased compared to an orthogonal slice
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based approach. In practice, it has been found that modern processors (>500 MHz) are pow-
erful enough that the added computational expense of this approach does not impact the user
experience for standard sized data sets (< 5123)

AMIDE now encompasses the core set of features needed for bringing multi-modality med-
ical image analysis to the molecular imaging research community. Further work is shifting
towards extending upon these core facilities, particularly in providing interactive “wizard” in-
terfaces for making advanced medical imaging algorithms (e. g. factor analysis, cardiac polar
maps) more accessible to the casual research user. It is hoped that not only will the pack-
age be a valuable addition to the molecular and medical imaging software toolkit, but that
other research groups will seize upon the availability and extensibility of the package’s source
code, and choose AMIDE as a platform upon which their ideas and algorithms can be readily

disseminated to the molecular and medical imaging research community as a whole.



Chapter 6

A Bioluminescent Imaging Probe

for EGFR

The overlying element that remained for this dissertation, was an actual demonstration that
a bioluminescently labeled imaging probe could work in an in vivo imaging context. The ap-
proach taken here was to create a genetic fusion of epidermal growth factor (EGF) and a lu-
ciferase, and to use the resulting protein as an imaging probe to study epidermal growth factor
receptor (EGFR). The rationale behind the choice of the EGF/EGFR system is explained in
Section In hind sight, targeting a receptor using its native ligand is a poor choice for the
reasons outlined in the conclusion section of this chapter. The choice of EGF/EGFR as the
model system is particularly problematic, due to the lack of protein ligand antagonists for this
receptor system.

For an example of a working bioluminescently tagged imaging probe, the interested reader
is encouraged to skip ahead to Section The work presented in this chapter does clearly
illustrate one major difference between using a bioluminescent label versus a radioisotope or a
small molecule fluorophore. Namely, that the bioluminescent label is a protein, and is therefore
subject to degradative processes that do not effect fluorophores and radioisotopes.

Mature human EGFE] (also known as B-Urogastrone), is a 6.2 kDa, 53 amino acid protein
that is formed by proteolytic cleavage from a large membrane bound precursor [31]. It induces
proliferative effects on epithelial cells through binding of its intended receptor, EGFR (also

known as ErbB-1 or HER). EGFR, in turn, is known to be overexpressed in a large number of
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cancers [150].

EGFR is a membrane bound tyrosine kinase and a member of the ErbB family of receptors.
Binding of EGF to the extracellular domain of EGFR induces dimerization, with resultant
autophosphorylation of the intracellular component of the receptor along with phosphorylation
of other intracellular substrates [94]]. The combination of dimerization and ligand binding also
leads to an order of magnitude acceleration in clathrin mediated receptor internalization [234]
as well as increasing the fraction of internalized activated receptor that traffics from the early
endosome to the late endosome and subsequent degradation in the lysosome. The fraction of
activated EGFR that is sorted to the lysosomes varies between 20-80% [62]], with the remaining
EGFR recycling to the cell membrane where it is again available to undergo internalization.

The exact nature of EGF/EGFR dimerization has been debated in the field. Many other pro-
tein ligands (e. g. vascular endothelial growth factor, interferon-y) first dimerize, and it is the
bivalent binding of the dimerized ligand that brings together two receptors leading to activa-
tion of the receptor’s cytoplasmic component. Current evidence for EGF, however, conclusively
indicates that the dimerization interface is on the receptor, and that binding of EGF to EGFR
induces a conformational change so as to allow this interface to dimerize with a similarly EGF
bound EGFR [130] 66, (162, [116]. EGFR can also heterodimerize with the other receptors in
the ErbB family. Interestingly, ErbB-2 (also known as HER2, or neu) does not bind a ligand,
and is in fact constitutively posed for dimerization [65]].

The crystal structure of the EGF/EGFR complex was examined to ascertain the most ap-
propriate orientation of an EGF-luciferase fusion. The complex structure (Figure would
seem to indicate that either the N or C terminus of the peptide would be amenable for fusing to
another protein. This is consistent with a previous report [244] that found EGF tolerated both
N and C-terminal fusions, with or without linkers, without any impact on binding to EGFR.

An important element to keep in mind when expressing EGF or an EGF containing fu-
sion protein, is that the mature 53 amino acids have 3 disulfide bonds that need to be linked
correctly in order to produce an active ligand. Recombinant EGF produced in E. coli is gen-
erally expressed in inclusion bodies within the reducing environment of the bacterial cyto-
plasm [56] [131]], purified, and then refolded to obtain the active disulfide bond containing lig-
and. For the purposes of producing an RLuc-EGF fusion, however, cytoplasmic expression in
inclusion bodies was not pursued as a successful RLuc refolding protocol has not been devel-

oped despite many attempts to do such (personal communication, Dr. Bruce Bryan).

1In this manuscript, “EGF” will always refer to the mature human protein, unless otherwise indicated.
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Figure 6.1: Crystal structure of mature human EGF and the extracellular domain of human
EGFR. EGFR is shown in gray. EGF is in the center and shown in a rainbow color scheme with
the N-terminus (N) in blue and the C-terminus (C) in red. The data set is PDB ID: 1ivo [162].
The first 4 residues on the N-terminal and the last 2 on the C-terminal of EGF were not
resolved in this structure.
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As an alternative production strategy, expression into the bacterial periplasm was pursued.
The periplasm more readily allows for the correct formation of disulfide bonds due to its ox-
idative environment [12] and the presence of the DsB (Disulfide-Bond) machinery (Dsb is a
family of proteins that catalyzes the formation of disulfide bonds as well as rearranges exist-
ing ones [39]).

Expression into the periplasm can be accomplished by making use of any one of a num-
ber of signal peptides that have been identified through their ability to make the protein to
which they are attached to traffic to the bacterial periplasm. The most studied signal pep-
tides (e. g. PelB, OmpA, PhoA) share many structural features and lead to export of the protein
through the energy dependent Sec pathway [39]. These signal peptides are N-terminal se-
quences, generally 20-30 amino acids in length, that lead to the binding of SecB and other
chaperone proteins. The chaperones are involved in directing the translated protein toward
the translocation machinery, as well as maintaining the protein in an unfolded state prior to
translocation across the inner cell membrane [47, [39]. During entry into the periplasm, the
signal peptide is cleaved from the protein.

Note that the bacterial Sec system exports fully translated protein. This is in contrast to
the generic eukaryotic secretion system, where binding of the translated signal peptide by the
appropriate binding partner (Signal Recognition Particle) halts translation of the remaining
protein. The complex is then situated such that translation can continue directly into the
endoplasmic reticulum.

In addition to a more appropriate environment for disulfide bond formation, periplasmic
expression has some additional advantages over cytoplasmic expression [13]. 1) Bacterial pro-
teins begin with a formylmethionine, so periplasmic expression can be used to obtain protein
with an authentic N-terminus due to the cleavage of the N-terminal signal peptide. 2) The
periplasm has fewer proteases than the cytoplasm [39]. 3) Only ~4% of total cellular protein
is found in the periplasm [159], so the use of an initial periplasmic separation step leads to a
substantially purer starting point than whole cell lysis.

Several disadvantages are also present with periplasmic expression. The use of a periplas-
mic fractionation step leads to a large and dilute volume to begin purification with, although
this is not so detrimental when the protein in question contains an affinity tag. A more im-
portant limitation is that, besides the signal peptide, poorly understood structural features
of the protein itself are involved in the translocation across the membrane [35, [131]. Many

proteins will not express at satisfactory levels in the bacterial periplasm. For proteins that do



CHAPTER 6. A BIOLUMINESCENT IMAGING PROBE FOR EGFR 131

express well into the periplasm, only a couple mutations can drastically alter the efficiency of
this secretion (as seen for the A2T mutations in Section [2.2.5] and for the surface mutations in
Section [4.2.4).

Recombinant EGF has previously been expressed periplasmically in bacteria using the
OmpA signal peptide [244], 213]. Although effectiveness of secretion into the periplasm can
depend on the combination of signal peptide and protein [18], the PelB signal peptide was
chosen for use here simply because we were more familiar with it.

There has been at least one previous report in the literature that tried to use EGF ligand
as an imaging agent [180]. In that study, the authors used !''In labeled EGF, and found that
radiolabeled anti-EGFR monoclonal antibodies were a more effective approach for imaging
EGFR. These results were probably due to the short 8 minute circulation half-life of EGF [32]
that would have severely limited the amount of probe available to accumulate in the tumor of
their animal model. In the approach here, the RLuc-EGF fusion imaging probe will be much
larger due to the presence of the luciferase moiety, and circulation times should be long enough
for adequate accumulation in the tumor to take place.

This chapter on generating an imaging probe for EGFR will progress in a roughly chrono-
logical order. It begins with the first generation luciferase/EGF fusion proteins based on RLuc,
and switches to the use of variants more resistant to inactivation as these luciferases became
available. The second generation consisted of RLuc/C124A fusions [119], and the third gen-
eration were fusions based on RLuc8 [126]. Within each generation, an iteration of protein

production, in vitro validation, and the occasional in vivo study is presented.

6.1 Methods

Several of the methods used in this chapter, such as the luciferase assay and western blotting,
are identical to what has already been described in the methods section of Chapter [2l These
methods are not repeated here.

When values in terms of RLUs are used below, they refer to the RLUs of a Turner 20/20.

Conversion factors between RLUs and absolute values are given in Appendix [A]

6.1.1 Materials

Recombinant human EGF was from PreproTech (Rocky Hill, NJ). This EGF was reconstituted

at 1 mg/ml in H,0 and stored in small aliquots at -20°C prior to use. Bafilomycin A; and
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Phenylarsine Oxide (PAO) were from Sigma. Bafilomycin A; was dissolved as a 50 uM stock
in DMSO and stored at -20°C. PAO was dissolved as a 25 mM stock in DMSO and stored at
-20°C.

6.1.2 Constructs

The constructs shown in Figure |6.2| were assembled via PCR cloning. The plasmid CMV-hRL
(Promega) was used as the initial template, and the DNA sequence encoding the 53 amino
acids of mature human EGF was extended onto either the 5’ or 3’ end of the Arluc gene with
the inclusion of single glycine spacers. The pelB leader sequence was then appended to the 5
end to provide a signal for protein export to the bacterial periplasm. The final fusion genes
were cloned into the pBAD/Myc-His A plasmid (Invitrogen), using the Ncol/HindIII sites, such
that a Myc epitope and a 6 histidine tag (6xHis) were attached to the 3’ end of the fusion
construct. Constructs with a C124A mutation in the luciferase sequence were created using a
QuikChange mutagenesis kit (Stratagene).

To make RLuc8 based constructs, PCR was used to add an Mfel site to the 3’ end of rluc8.
PCR was also used to add an Mfel site to the 5’ end and a Sall site to the 3’ end of egf. The
plasmid pBAD-pelB-RLuc8-L-EGF was then constructed by three-way ligation. The plasmid
pBAD-pelB-RLuc8-L(G4S);-EGF was made similarly, but with a primer to attach the (G4S);
linker to the 5’ end of EGF. Note that in referring to the proteins expressed from the various
plasmids, the names of spacers have been dropped (e.g. RLuc8-EGF was produced from the
pBAD-pelB-RLuc8-L-EGF plasmid).

The plasmid pET15b_DT_51E,148R, which contains the full length Diphtheria toxin gene
with a disabled catalytic domain due to K51E and E148R mutations [64]], was graciously pro-
vided by Dr. R. J. Collier (Harvard Medical School, Boston, MA). The translocation domain
(TDT: residues 201 to 378) and the arginine-rich loop with the TDT (RL-TDT: residues 186 to
378) were obtained by PCR from this plasmid with appropriate primers to add 5 Mfel sites, and
3’ Xmal or Sall sites. EGF had Xmal attached to its 5’ end via PCR. Appropriate restriction
digests and ligations were then done to make the plasmids pBAD-pelB-RLuc8-L-RL-TDT-G-
EGF, pBAD-pelB-RLuc8-L-TDT-G-EGF, pBAD-pelB-RLuc8-L-RL-TDT, and pBAD-pelB-RLuc8-
L-TDT.

A pET32 version of RLuc8-EGF was made by using PCR to replace the second and third
codon of rluc8 (arginine-serine) with a BamHI site (glycine-serine), and add a HindIII site 3’ to

the fusion gene’s stop codon. The PCR product was then BamHI/HindIII digested, and ligated
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AA’s Size (kDa)
RLuc 335 38.8
EGF-RLuc 389 45.0
RLuc-EGF 390 45.1
RLuc8-EGF 372 43.3
RLuc8-TDT-EGF 550 62.6
RLuc8-RL-TDT-EGF | 566 64.2
S3RLuc8-EGF 371 43.2

Table 6.1: Length and predicted sizes for several of the luciferase/EGF fusion constructs. The
values are calculated assuming the signal peptides (or cleavable thioredoxin fusion domain, in
the case of S3RLuc8-EGF) have been removed.

to the backbone fragment of a BamHI/HindIII digested pET32-trx-6xHis-s-thr-tGLuc plasmid
(from Section [C.1.3). The final plasmid was entitled pET32-trx-6xHis-s-thr-S3RLuc8-L-EGF-
6xHis, where trx indicates a thioredoxin gene, s indicates an s affinity tag that was unused
here, and thr indicates a thrombin protease site. Note that in addition to the C-terminal 6xHis
tag, a redundant 6xHis sequence is located in the N-terminal portion of the construct. A KDEL
version of this construct was made as above, by using a 3’ primer in the PCR step that included
codons coding for the amino acid sequence KDEL immediately preceding the stop codon.

All constructs were confirmed by sequencing. The predicted molecular weights for several

of these constructs, after removal of the pelB leader sequence, are as given in Table

6.1.3 Protein Production and Purification

Protein production and nickel affinity purification of the periplasmically expressed constructs
were done almost identically to as described in Section[2.1.5] The differences for the RLuc and
RLuc/C124A based constructs were that following induction culture times were 2 h, Luria-
Bertani Broth (LLB) was used instead of TB, and purified proteins were stored for later use in
20% glycerol at -80°C. The difference for the RLuc8 based constructs was that culture times
following induction were 6 h.

Protein production and nickel affinity chromatography of the cytoplasmically expressed
pET32 based constructs was performed similarly to what is described in Section[C.1.3] The only
difference was that instead of being digested off the nickel affinity chromatography medium
with calf a-thrombin, the protein was first eluted and then digested. Anion exchange chro-
matography was then done using an 8 ml Source 15Q column to separate the S3RLuc8-EGF,

the trx-6xHis-s-thr fragment, and the thrombin. The gradiant for anion exchange was from
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Figure 6.2: Protein sequences for several of the EGF/luciferase fusion constructs. The pelB
leader sequence is cleaved during export into the periplasm and is absent in the mature pro-
tein. The RLuc/C124A based constructs discussed later are identical to the RLuc constructs
shown here with the exception of the C124A mutation in the luciferase. TDT stands indicates
the translocation domain of Diphtheria toxin. RL indicates the arginine rich loop of Diphthe-
ria toxin. HindIII/PspOMI, Mfel, Sall, and Xmal are amino acids corresponding to restriction
enzyme sites. Green boxes indicate additional spacers. Numbering is with respect to RLuc.



CHAPTER 6. A BIOLUMINESCENT IMAGING PROBE FOR EGFR 135

10 mM to 250 mM NaCl in buffer containing 30 mM Tris pH 8.0, with the S3RLuc8-EGF
protein eluting around 200 mM NacCl.

Inactivation rates for the RLuc and RLuc/C124A based constructs were assessed by adding
5 ul of purified protein to 25 ul of freshly harvested mouse serum and incubating in a 37° C wa-
ter bath. 1 ul samples were taken at intervals over the course of the experiment and measured
for luciferase activity. Inactivation in serum for the RLuc8 constructs was assayed identically
to the protocol already described in Section [2.1.6]

All protein intended for use in animals was desalted into phosphate buffered saline (PBS)

using PD-10 columns (GE Healthcare Life Sciences).

6.1.4 Cell Culture

A431 human epidermoid carcinoma cells (ATCC Number CRL-1555) were obtained directly
from ATCC (Manassas, VA) to use as high EGFR expressing target cells. These cells vastly
overexpress EGFR at levels on the order of 2x10° receptors/cell [102]. NIH 83T3 murine fi-
broblasts were obtained from the laboratory of Dr. Harvey Herschman (UCLA) as low EGFR
expressing controls. These cells have ~3000 EGF receptors/cell [52,[167].

Both cell types were cultured in high glucose Dulbecco’s modified Eagle medium (DMEM)
with pyridoxine HCI, L-glutamine, 110 mg/L Na-pyruvate, and supplemented with 10% fetal
bovine serum (FBS), 100 U/ml penicillin-G, and 100 pg/ml streptomycin. The cells were cul-
tured in a 5% CO, environment at 37°C. For pulse-chase experiments, medium without phenol
red was used.

For all cell culture experiments, cells were plated at 1 x 10°/well in 24-well plates and al-
lowed 24 h to attach before use. 24 h corresponds to approximately one doubling time for A431
cells [[144]].

When needed, conversions between luminometer units (RLUs) and the IVIS imaging sys-

tems units (photons/s/cm?/steradian) were made using the calibration factors described in Sec-

tion of Appendix [A]

Cell Binding

Cell binding experiments for RLuc and RLuc/C124A based fusion proteins were performed on
both A431 and NIH 3T3 cells. 8000 RLUs/well of either fusion or control protein was applied
in 500 pul/well of medium without FBS. Following an incubation (0-320 minutes), the medium

was aspirated, the cells washed twice with PBS, and the wells refilled with 500 ul/well room
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temperature PBS. 0.5 ug/well coelenterazine was added and the plate was imaged for 60 s in

an IVIS 100 imaging system (Xenogen, Alameda CA).

Competitive Binding

Competitive binding experiments for RLuc and RLuc/C124A based fusion proteins were per-
formed on A431 cells using recombinant human epidermal growth factor as the competitor. For
competitive binding, 8000 RLUs/well of fusion protein was applied in 500 ul/well of medium
without FBS along with escalating amounts of recombinant human EGF. Following a 20 min
(RLuc based fusions) or 40 min (RLuc/C124A based fusions) incubation at 37°C, the medium

was aspirated and the cells washed and imaged as above.

Pulse-Chase

For pulse-chase experiments, cells were exposed to either fusion or control protein (100,000
RLUs/well) for 60 min in medium without phenol red and with either 10% FBS or 1% hu-
man serum albumin (HSA). Following the 60 min pulse, the medium was aspirated and re-
placed with fresh medium without protein for the chase. After the variable time chase interval
(0 minutes to 2 days), the medium was again replaced with fresh, 37°C medium, 0.5 ug of
coelenterazine/well was added, and the plate was imaged for 60 s using an IVIS 50 imaging
system.

A control plate containing medium with protein but without cells was set up in parallel and
stored at 37°C. Following the 1 hr pulse, 0.5 ug of coelenterazine/well was added and the plate
was imaged for 10 s. The values from this control plate were then used to normalize the values
from the experimental plates.

In experiments using bafilomycin A, the final concentration used was 200 nM. In experi-

ments using PAQ, the final concentration was 100 uM.

6.1.5 Animal Models

All animal work at UCLA was approved by UCLA’s Animal Research Committee (ARC). All
animal work at Stanford was approved by Stanford University’s Administrative Panel on Lab-
oratory Animal Care (APLAC).

Tumor models were constructed by injecting 1 x 10° A431 cells subcutaneously into the right

shoulder of athymic (nu/nu) mice. The tumors were allowed to grow until palpable (~10 days)
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prior to use. In some cases, 1 million NITH 3T3 cells were similarly injected into the contralat-
eral shoulder with the intention of creating a control tumor. The NITH 3T3 cells however never
grew into tumors, so no mention of them are made in the results.

For imaging, either fusion or control protein was injected intravenously (i.v. ) using the
tail vein. Scans were then performed with the mouse in the prone position at various time
points following the injection of protein, with an i. v. injection of coelenterazine into the tail
vein contralateral to the one used for protein injection immediately preceding each scan. The
injected coelenterazine consisted of 10 ul of 1 ug/ul coelenterazine in ethanol mixed with 90 ul
of PBS. The acquisition time of the scans was 60 s. In some instances, after acquisition of
the prone image, the mouse was flipped over and a supine image was acquired. These supine
images were acquired without the injection of an additional dose of coelenterazine. On the

following day, the imaging protocol was repeated with a different protein.

6.2 Results and Discussion - EGF Fusions Using RLuc

6.2.1 Protein Production

Several periplasm fractionation protocols were tested, including protocols from Qiagen [176l,
Epicentre (PeriPreps Periplasting Kit), and Ames et al. [3]. In the end, a slightly modified
osmotic shock protocol based on the publication from Neu and Heppel [156] (described in Sec-
tion [2.1.5) gave the best results (data not shown) and was used for the work presented here. A
comparison of protein production at 32°C and 37°C showed that the cooler temperature yielded
5-fold greater activity (data not shown). 32°C was tried as it is the temperature at which RLuc
is maximally active [138]]. A time course study of protein expression in bacteria showed that
recovered activity was greatest 2-4 h following induction of the culture (data not shown).

For RLuc, 75% of the activity was found in the periplasmic fraction following osmotic shock,
with the remainder in the cell pellet. For the RLuc fusions, only 10-20% of the total activity
was found in the periplasmic fraction, with the majority of the activity remaining associated

with the cell pellet.

6.2.2 Cell Binding Time Course

Specificity of the EGF-RLuc and RLuc-EGF fusion proteins was assessed by comparing binding
of the different proteins on A431 and NIH 3T3 cells. In these studies, the fusions proteins were
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applied to the cells for a specified time. The wells were then washed, and imaged immediately.
As shown in Figure[6.3a] the RLuc-EGF fusion protein performed better with respect to binding
on high EGFR expressing A431 cells than the EGF-RLuc construct. A further study of RLuc-
EGF (Figure showed that RLuc-EGF was specific for A431 cells, showing no appreciably
binding to NIH 3T3 cells that express very low levels of EGFR.

The poor binding result for EGF-RLuc, is a result that will be repeated often in this chapter
for constructs containing N-terminal EGF fusions. This could potentially indicate that EGF
disfavors large fusions on its C-terminus. More likely, it is an artifact of having the 6xHis tag
on the C-terminus of the fusion proteins. If the EGF domain of EGF-RLuc is cleaved during
expression or purification, the luciferase portion of the construct will still be purified in the
nickel affinity chromatography step. This will result in the “EGF-RLuc” condition actually
being a mixture of intact EGF-RLuc and RLuc, with a resulting drop in the percentage of the
condition that is retained on the cells in binding experiments. The RLuc-EGF construct does
not suffer from this same effect, as if proteolysis occurs between its two domains, the RLuc will

be lost in the Ni-NTA step and will not lead to aberrant activity in the in vitro assays.

6.2.3 Competitive Binding

A competitive binding experiment, as shown in Figure[6.4] further demonstrated the specificity
of the RLuc-EGF fusion protein for EGFR. Some instructive calculation can be made to verify
that this data meets expectations. The dissociation constants for the EGF ligand (Kp) and the
RLuc-EGF (Ky) probe can be stated as:

Kp = IL]IR] (6.1)

[LR]
Ky = [[ngf}] (6.2)

Where [L] and [LR] represent the concentrations of free ligand and ligand bound to receptor,
and [L'] and [L'R] represent the concentrations of free probe and probe bound to receptor. Let
[TL], [Ty/], and [Tg] be defined as the total EGF, the total probe, and the total receptor concen-
trations, respectively. The value of [T] is given as the abscissa of the graph in Figure [6.4] [T}/
can be estimated to be on the order of 0.1 nM based on the amount of activity. Given that
100,000 cells were plated, one cell doubling time has occurred, and an A431 cell has ~2x10°
EGF receptors [102], [7z] can be estimated as ~1 nM. In the limit of low concentrations of EGF
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Figure 6.3: Time course studies of EGF-RLuc and RLuc-EGF fusion protein binding to A431
and NIH 3T3 cells. In Panel[(a)] A431 cells in 24-well plates were exposed to protein (RLuc,
EGF-RLuc, RLuc-EGF) or nothing (control) for the given periods of time, washed, and imaged.
In Panel A431 or NIH 3T3 cells in 24-well plates were exposed to protein (RLuc or RLuc-
EGF) for the given periods of time, washed, and imaged. Error bars represent standard error.



CHAPTER 6. A BIOLUMINESCENT IMAGING PROBE FOR EGFR 140

ligand, the following assumption can be made.

[Tr] = [R] + [LR] + [L'R] =~ [R] (6.3)

This assumption is valid as [LR] < [T] < [Tg] and [L'R] < [Ty] < [Tg]. With this simplification,
algebra quickly yields:

7k

S — 6.4
Kpy + [Tx] (6.4)

Fraction Probe Bound =

From Figure it can be seen that the maximum percent of probe bound is ~3%. Solving
the above equation gives a value for the dissociation constant of the RLuc-EGF fusion of Ky <
35 nM. This value is expressed as an upper limit, because probe degradation has not been
taken into account (see Section[6.2.4) and the affinity may in fact be tighter (lower value).

For the case of high EGF concentrations, the following approximations can be made:

[Tz] = [R] + [LR] + [L'R] ~ [R] + [LR] (6.5)

[To] = [L]+ [LR] ~ [L] (6.6)

The first assumption is sound, as [L'R] < [T/] < [Tg]. The second assumption is weaker and
can be expected to be invalid at some of the concentrations of EGF used, but the calculations
here are only meant to be illustrative. The expected fraction of bound probe can be derived

from Equation [6.2] and stated as:

[7&]
Kpy + [Tr] + (Kp/Kp/)[T1.]

Assuming a previously published binding affinity of Kp =5 nM for EGF on A431 cells [95I,

Fraction Probe Bound =

6.7)

this equation gives an inflection point at 5 nM. This matches closely with the inflection point of
~4 nM that can be estimated from the data in Figure The inflection point of Equation (6.7
is fairly insensitive to the value of Kjy if it is greater than Kp, so consideration of the curve
shape yields the inequality K,y > 5 nM. Combining this calculation with the previous limit
gives 5 nM < Kpy < 35 nM.
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Figure 6.4: Competitive of RLuc-EGF versus EGF on A431 cells. A431 in 24-well plates were
exposed to a fixed amount of RLuc-EGF and varying levels of recombinant human EGF for
20 min. The wells were then washed and imaged. Error bars represent standard error.

6.2.4 Stability under Culture Conditions

An experiment was done to evaluate how quickly RLuc-EGF degrades under the conditions
used in the in vitro assays. The results shown in Figure indicate that inactivation of the
luciferase moiety in this probe is occurring at a very fast rate (1;/; ~20 min), and that this
inactivation is independent of whether cells are present or not.

One thought was that some of this activity loss could be due to adsorption of the luciferase
onto the polystyrene of the 24-well cell culture plates with subsequent denaturation of the
enzyme. To assess this, an experiment was performed to compare RLuc-EGF incubated in
polystyrene and polypropylene containers, both in the presence and absence of a carrier pro-
tein (1% HSA). The results shown in Figure indicate that some of the activity loss can
be attributed to the polystyrene of the 24-well plates, and this loss can be prevented by the
presence of a carrier protein. However, the majority of the activity loss could not be prevented
by the use of polypropylene or the presence of a carrier protein, pointing to known issues with
the stability of RLuc [120] as the primary cause of inactivation.

Interestingly, the HSA containing conditions initially showed less activity. The reason for

this is not entirely clear, but it may have to do with interactions of the coelenterazine and HSA.
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Figure 6.5: Inactivation of the RLuc-EGF fusion protein under cell culture conditions and
exposure to plastic containers. In Panel A431 cells were exposed to RLuc-EGF in medium
without FBS for the given amounts of time. The cells were then washed and imaged, with
spent medium samples taken and measured in the luminometer. Additionally, an empty plate
was set up with RLuc-EGF in medium or PBS, and incubated identically to the cell containing
plate. In Panel [(b), RLuc-EGF was diluted in PBS with our without 1% HSA and exposed to
polystyrene or polypropylene containers at 37°C. At the indicated time points, aliquots were

removed and assayed. Error bars represent standard error.
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Specific ug protein
Activity | per ml culture
RLuc/C124A 1.2 7.5
EGF-RLuc/C124A | 0.05 1.1
RLuc/C124A-EGF | 0.07 0.7

Table 6.2: Protein production values for EGF-RLuc/C124A and RLuc/C124A-EGF. Specific ac-
tivity was measured using coelenterazine and is expressed as relative to that of RLuc (See
Table [2.1]for absolute values).

In assaying the medium for this experiment, 10 ul of medium was added directly to the sodium
phosphate buffer rather than the usual 1 ul of protein diluted in EB with 1% HSA. The end
effect is that medium conditions with the carrier protein had 10-fold more HSA in the assay

than usual, and the medium conditions without a carrier protein had no HSA in the assay.

6.3 Results and Discussion - EGF Fusions Using RLuc/-
C124A

The results with the RLuc based constructs have shown that inactivation of the probe’s lu-
ciferase moiety at 37°C is a major issue. This thermolability of Renilla luciferase’s activity has
been encountered by other authors [120]], and had lead to the identification of a C124A point
mutation [119] (listed as C152A in that publication) that greatly improves the resistance of
RLuc to inactivation. A more detailed discussion of this mutation is given in Chapter 2| Based
on the previously published success with the C124A mutation, it was decided to incorporate

this mutation into the EGF fusion constructs.

6.3.1 Protein Production and Stability

Production values for RLuc/C124A, EGF-RLuc/C124A, and RLuc/C124A-EGF are given in Ta-
ble The expression conditions used were 2 hr at 32°C following induction of the culture.
For EGF-RLuc/C124A and RLuc/C124A-EGF, ~25% of the activity was present in the periplas-
mic fraction after osmotic shock, with the remainder in the pellet. In total, for equal volumes of
culture ~50-fold more activity was recovered from the RLuc/C124A fusions than the previous
RLuc based constructs.

Both silver stained gels and westerns gave bands of appropriate sizes for nickel affinity

purified RLuc/C124A, EGF-RLuc/C124A, and RLuc/C124A-EGF, with the western shown in
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Figure 6.6: A western performed on purified RLuc/C124A, EGF-RLuc/C124A, and RLuc/-
C124A-EGF. The purified proteins were run on a Tris-HCI 10-20% gradient gel under reduc-
ing conditions, transferred to a PVDF membrane, and blotted using a monoclonal antibody to
RLuc. Lanes are 1: RLuc/C124A, 2: EGF-RLuc/C124A, 3: RLuc/C124A-EGF.

Figure The secondary band present in the EGF-RLuc/C124A lane of the western was
present in the silver stain gel as well (not shown), and indicates that some amount of clipping is
occurring between the EGF and RLuc/C124A domains of this fusion. No band corresponding to
EGF-6xHis was observed in the lane of RLuc/C124A-EGF on the silver stained gel (not shown).
As these constructs had not yet been buffer exchanged on a PD-10 gel filtration column, low
molecular weight fragments (<10 kDa) should have appeared if present and the absence of an
EGF-6xHis band indicates that interdomain clipping was not occurring with the RLuc/C124A-
EGF construct.

Serum stability for the RLuc and RLuc/C124A based fusion proteins was measured to assess
the effect of the C124A point mutation on the constructs. The results in Figure show that
this point mutation does enhance the protein’s resistance to inactivation, but also indicates
that the EGF fusion constructs are remarkably more labile than their correspond non-fused

luciferases.

6.3.2 Cell Binding

Specificity of the RLuc/C124A based fusion proteins was assessed by comparing binding of the
different constructs on A431 and NIH 3T3 cells. The results shown in Figure[6.8|indicate that
both the EGF-RLuc/C124A and the RLuc/C124A-EGF fusion proteins specifically bound to the
high EGFR expressing A431 cells. The EGF-RLuc/C124A fusion protein did not perform as

well as the RLuc/C124A-EGF construct, a result consistent with the known contamination of
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Figure 6.7: Resistance of RLuc, RLuc-EGF, RLuc/C124A, and RLuc/C124A-EGF to inactivation
in mouse serum at 37°C. The raw data (points) are shown superimposed on the results of
monoexponential non-linear curve fits (lines). The half-life for RLuc/C124A is from the data in
Table as insufficient data is present here to fit the exponential.

the EGF-RLuc/C124A sample with the cleaved RLuc/C124A fragment.

6.3.3 Stability under Culture Conditions

An experiment was done to test the benefit of the C124A point mutation constructs under
cell culture conditions. The results, shown in Figure indicate that both RLuc/C124A and
RLuc/C124A-EGF are far more resistant to inactivation under these in vitro conditions than
the corresponding RLuc based constructs (Figure [6.5a).

From these results, another estimate of the probe binding affinity can be made. Rewriting
Equation [6.2] with respect to the total concentrations of probe and receptor yields:

Ky = [LITBZ? R (6.8)

Based on the data in Figure [L'R] = 0.065[T;/]. Based on the RLUs of activity applied
to the cells and the specific activity of RLuc/C124A-EGF, [Ty/] can be estimated as roughly
1 nM. As before, the receptor concentration is ~1 nM. Substituting these into Equation
yields a value of K;y < 13 nM. This value is most likely more accurate than the estimation in

Section as the C124A based probe is more stable, but it is again an overestimation of the
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Figure 6.8: Study of EGF-RLuc/C124A and RLuc/C124A-EGF fusion protein binding to A431
and NIH 3T3 cells. Cells in 24-well plates were exposed to protein (RLuc/C124A, EGF-RLuc/-
C124A, or RLuc/C124A-EGF) for 40 min, washed, and imaged. Error bars represent standard
error.

dissociation constant as will be explained in Section |6.4.7

6.3.4 Competitive Binding

A competitive binding experiment was done using RLuc/C124A-EGF to further demonstrate
the specificity of RLuc/C124A-EGF for EGFR. The results shown in Figure |6.10| are almost

identical to the previous results for RLuc-EGF discussed in Section [6.2.3

6.3.5 Animal Experiments
Distribution of RLuc/C124A

The distribution and persistence of RLuc/C124A in vivo was assessed by injecting the protein
into non-tumor bearing athymic (nu/nu) mice. RLuc/C124A (~5 ug) was injected i. v. at t =0,
with additional i. v. injections of 10 ug coelenterazine using the contralateral tail vein immedi-
ately preceded each imaging time point. A representative mouse study is shown in Figure|6.11
The results demonstrated that imaging of i. v. injected C124A mutated RLuc is feasible over a
time scale of hours. Foci of activity along the flanks of the mice are presumably from luciferase

passing through the kidney, as the relatively small size of this probe (39 kDa) would lend it to
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Figure 6.9: Binding of RLuc/C124A-EGF to A431 cells and stability of RLuc/C124A and RLuc/-
C124A-EGF to culture conditions. In Panel A431 cells were exposed to RLuc/C124A-EGF
(50,000 RLU/well ~1 nM) or RLuc/C124A in medium without FBS for the given amounts of
time, the cells were then washed and imaged. Panel [(b)] shows the results from spent medium
samples that were taken and measured in the luminometer. Error bars represent standard
error.
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Figure 6.10: Competitive of RLuc/C124A-EGF versus EGF on A431 cells. A431 in 24-well
plates were exposed to a fixed amount of RLuc-EGF (~0.2 nM) and varying levels of recombi-
nant human EGF for 40 min. The wells were then washed and imaged. Error bars represent
standard error.

a low rate of glomerular filtration [129]]. This renal clearance of luciferase was confirmed in an
1241 1abeled RLuc8 study (described in Section [6.4.8). An interesting observation apparent in a
subset of the scans (not shown), is that bite marks present on the backs of some of the animals

show up very brightly in these studies.

Rluc/C124A-EGF in a Tumor Model

Following the distribution study, A431 xenograft models were set up in athymic mice. When
the tumors became palpable, an i. v. injection of either 45 ug of RLuc/C124A-EGF or 5 ug of
RLuc/C124A was made. Scans were then performed at approximately 5 min, 1 h, and 2.5 h by
i. v. injection of coelenterazine (10 pg) and imaging in the prone position. On the following day,
the study was repeated but with the alternate protein.

A representative study is shown in Figure The results show that at the early time
points examined, any amount of specific binding to the A431 tumor that may have occurred
with the fusion protein (RLuc/C124A-EGF) could not be distinguished from non-specific re-
tention as observed with the control (RLuc/C124A). The non-specific retention processes could

involve either protein extravasation through leaky tumor endothelium [142] and/or tumor hy-
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Figure 6.11: A representative mouse from a study of RLuc/C124A distribution in non-tumor
bearing mice. A 10 ug injection of coelenterazine was made immediately before each set of
prone/supine images. Image acquisitions were 60 s. As the supine images were taken imme-
diately after the prone images, the somewhat lower activity levels seen in these images are
expected.
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pervascularization and resultant increased blood pool signal. In either case, due the quick in
vivo kinetics with which the tumor associated activity fades, later time points at which non-
specifically retained probe might clear could not be imaged.

Of note for the in vivo work performed in this chapter using mouse xenograft models, al-
though there is ~70% homology between human and mouse EGF, they are known not to acti-
vate the receptor of the opposite species [31]]. As activation of EGFR is coupled to binding [184]],
their inability to cross-react presumably means they also do not bind the other species’ recep-

tor.

6.4 Results and Discussion - EGF Fusions Using RLuc8

At this point in the project, the stabilized variant of Renilla luciferase (RLuc8) described in
Chapter [2| had been developed. For the third time, EGF fusion constructs were made, and the
corresponding proteins expressed. One alteration in these constructs versus earlier ones was
that the RLuc8 based fusions did not contain the Myc epitope present in the previous probes.
Another alteration, is that some of the constructs were made with a (G4S); linker between the
domains. These linker constructs were pursued based on a previous report that a linker in an

EGF based fusion protein facilitated binding of the fusion to EGFR [226]].

6.4.1 Protein Production and Properties

Production values for the various RLuc8 based fusion proteins, along with some additional
constructs incorporating elements described in Sections and are summarized in
Table The half-lives reported were derived from the somewhat noisy data in Figure[6.13
As the data only went out 50 h in time, the half-lives are not fit with a high level of accuracy.
A silver stain gel on several of these proteins (Figure showed that after a single step
of purification, the proteins were essentially pure. Note that the gel was vastly over-developed
during the silver stain in an attempt to bring out the RLuc8-EGF band and this led to the

artifactual “tails” seen in the other lanes.

6.4.2 Pulse-Chase with RLuc8 Constructs

At this point in the project, the decision was made to begin using pulse-chase in vitro assays as

a more physiologically accurate way to assess the binding of the different fusion proteins. In
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Figure 6.12: A representative mouse from a study of RLuc/C124A versus RLuc/C124A-EGF
imaging in A431 tumor bearing mice. The tumor is located on the right shoulder. A 10 ug
injection of coelenterazine was made immediately before each image, and acquisition times
were 60 s.
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Specific | pg protein |Serum Inact.| Wavelength (nm)

Activity | per ml culture 7,75 (h) peak | mean | fwhm | %>600 nm
RLuc8 4.3+0.2 |82 281+49 486 503 94 4
EGF-(G4S);GS-RLuc8 0.66 4.4
RLuc8-EGF 0.33 1.1 42 484 502 92 4
RLuc8-(G4S);-EGF 0.20 1.9
RLuc8-TDT 4.2 33 190
RLuc8-TDT-EGF 1.3 4.8 36
RLuc8-RL-TDT 1.7 16 187
RLuc8-RL-TDT-EGF 1.1 6.9 89 482 499 98 4
RLuc8-RL-TDT-(G4S);-EGF | 1.0 4.6
S3RLuc8-EGF 2.2 0.6
S3RLuc8-EGF-KDEL 2.1 14

Table 6.3: Protein production values for various RLuc8 fusion proteins. Coelenterazine was
used for measuring the spectra and specific activity. Specific activity values are expressed as
relative to that of RLuc (See Table for absolute values). The TDT (Translocation domain
of Diphtheria Toxin) constructs are described further in Section: Except for S3RLuc8
and S3RLuc8-EGF, all proteins were periplasmically expressed. Blank entries were not deter-
mined.
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Figure 6.13: Stability of the RLuc8 based constructs in mouse serum at 37°C. The points show
the raw data, and the results of monoexponential non-linear curve fits are given by the lines.
The fitted half-life values are given in Table
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Figure 6.14: A silver stained gel of the RLuc8 fusion constructs. The purified proteins were
run on a Tris-HCI1 10-20% gradient gel under reducing conditions. The silver stain was over
developed to bring out the band in lane 2, and the contrast in this lane was additionally in-
creased in software. Lanes are 1: RLuc8, 2: RLuc8-EGF, 3: RLuc8-TDT, 4: RLuc8-RL-TDT, 5:
RLuc8-TDT-EGF, 6: RLuc8-RL-TDT-EGF.

the pulse-chase experiments, the protein was first allowed to bind for 1 hr to the A431 cells (the
“pulse”). The medium was then removed, and the cells were allowed a variable time “chase”,
before being washed again with medium and imaged. Essentially, the pulse-chase experiment
tries to emulate the bolus of probe that is given to an animal and the quick wash out of activity
that occurs thereafter.

As an additional change to better reflect in vivo conditions, either 10% FBS or 1% HSA was
included in the cell culture medium. This had the beneficial effect of reducing inter-experiment
variability as the albumin present acted as a carrier protein, but had the negative effect of
increasing background levels of luminescence. For all the pulse-chase results, a value of <0.5-
1% of the initially applied activity can be considered background.

A pulse-chase experiment with several of the RLuc8 fusion proteins is shown in Figure|6.15)
The first result that can be drawn from this experiment, is that the presence or absence of a
linker domain did not seem to alter the functionality of the C-terminal EGF fusion proteins.
This is in agreement with a previous report in the literature on an Angiogenin/EGF fusion
protein [244]], in which a single glycine, a G4S linker, and an absence of linker in both C and
N-terminal EGF fusion constructs gave binding results equivalent to recombinant EGF. As
an alternative hypothesis based on the structures presented in Chapter |4} it may simply be
because the C-terminus of RLuc extends away from the protein and a further flexible linker is
not required to make a successful fusion protein.

Another result from this pulse-chase experiment is that the N-terminal EGF fusion protein
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Figure 6.15: Pulse-chase experiment of the RLuc8 based fusion proteins on A431 cells. A431
cells were exposed to the indicated fusion proteins for 1 hr. For the EGF fusions, ~0.3 nM
of probe was used for each condition, while for the RLuc8 control condition only 0.03 nM was
used in order to keep the imaging system from saturating. The medium in the wells was then
replaced with fresh unlabeled medium (t=0). Following a variable incubation time, the medium
was again replaced, coelenterazine was added, and the plate was imaged. Error bars represent
standard error of the mean.
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performed poorly. As previously mentioned for the other N-terminal EGF fusions, this is most
likely due to contamination of the purified protein with protein that has had the EGF domain
clipped off. The final and most important result from this pulse-chase experiment, is that
following binding to EGFR the activity of the fusion protein is rapidly lost.

Pulse-chase experiments were also done with RLuc8, RLuc8-EGF, and RLuc8-(G4S);-EGF
on NITH 3T3 cells (data not shown). At all time points, the cell associated activity was less than

1% of the initial activity in the medium.

6.4.3 Pulse-Chase with Translocation Domain Constructs

The hypothesis generated from the pulse-chase experiments, was that binding of the EGF
fusion proteins to EGFR was leading to activation of the receptor, internalization, and subse-
quent degradation of the fusion protein/EGFR complex. As this is an internalization process,
it was hoped that the use of bacterial toxin translocation domain could potentially circumvent
this process.

Bacterial toxins generally consist of a binding, a translocation, and a catalytic domain. Fol-
lowing binding to a cellular receptor and subsequent internalization, the acidification of the en-
dosome triggers the translocation domain to go through a conformational change such that the
catalytic (toxin) domain is translocated into the cytoplasm. Fusion proteins based on bacterial
toxin translocation domains have seen some amount of success in directing payloads into the
cytoplasm, with examples in the literature including a Pseudomonas exotoxin A translocation
domain/TGF-« fusion [59], a Diphtheria toxin translocation domain/EGF fusion [186[121]], and
a Diphtheria toxin translocation domain/antibody fusion specific for ErbB2 [215]. An added
benefit of using a translocation domain based approach would be that it could enable the use
of reporter proteins that function optimally only in the cytoplasm. Firefly luciferase would be
particularly interesting due to its suitable emission spectrum for in vivo imaging, and its re-
quirement for ATP would ensure that it would only be able to emit light following translocation
into the cytoplasm.

The translocation domain of Diphtheria toxin, a protein produced by Corynebacterium diph-
theriae, was chosen for two reasons. First, it is the best understood of the various bacterial tox-
ins containing translocation domains [58]. Second, its primary structure, with an enzymatic
domain on the N-terminal side of the translocation domain and the binding domain on the
C-terminal end, matched the orientation of the RLuc8-EGF construct.

Only the translocation domain of Diphtheria toxin (TDT) is needed to form the channel
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through which the catalytic domain is translocated [163]. However, in the full length toxin the
arginine rich loop (RL) between the catalytic and translocation domains is cleaved following
endocytosis by the mammalian protease furin. This cleavage leaves the N-terminal catalytic
domain tethered to the rest of the toxin through a disulfide bond formed from the two cys-
teine residues flanking the arginine rich loop. This arrangement allows release of the catalytic
domain following its translocation by the reduction of the disulfide bond in the reducing envi-
ronment of the cytoplasm. As it was unclear whether the arginine rich loop would be absolutely
required for the purposes here, constructs were made both with and without this loop.

The protein production values of the luciferase/TDT/EGF fusion proteins are given in Ta-
ble and the results of a pulse-chase experiment performed with these constructs are shown
in Figure One result from this experiment was that the translocation domain by itself, as
in the RLuc8-TDT and RLuc8-RL-TDT constructs, did not increase background binding of the
fusion proteins. A less fortunate result was that the presence of the translocation domain led
to a decrease in the amount of probe initially bound to EGFR, and did not lead to a sustained
increase in luciferase activity associated with the A431 cells. A pulse-chase experiment was
also done with RLuc8-RL-TDT-(G4S);-EGF on NIH 3T3 cells. At all time points, cell associated
activity on these cells was less than 1% of the initial activity in the medium (data not shown).

The conclusion from this experiment, is that the Diphtheria translocation domain could
not successfully translocate the luciferase portion of these constructs into the cytoplasm of
the A431 cells. For Diphtheria toxin, the domain that is translocated can only pass through
the pore created by the translocation domain in an unfolded manner [57]. Unfolding of the
translocated domain may be a general requirement for all bacterial translocation toxins, and
is known to be required in at least Anthrax toxin [232] and ricin [9]. The lack of success
in this experiment may simply be that RLuc8 is unable to unfold in the acidified endosome,
or that RLuc8 is unable to refold correctly after it has entered the cytoplasm. In essence,
the catalytic domain of the Diphtheria toxin has evolved so that it can be translocated, while
reporter proteins have not. It would be interesting to see whether a translocation domain
from another toxin and/or use of another reporter protein (e. g. firefly luciferase) could lead to

successful translocation.

6.4.4 Pulse-Chase with Inhibition of Lysosomal Acidification

An experiment using bafilomycin A; was done in order to demonstrate that lysosomal mediated

degradation was leading to the loss of cell associated activity in the pulse-chase experiments.
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Figure 6.16: A pulse-chase experiment on A431 cells using RLuc8 based fusion proteins incor-
porating the Diphtheria translocation domain. A431 cells were exposed to the indicated fusion
proteins (at 0.1-0.3 nM) for 1 hr, and the chase begins at t=0. The data for RLuc8-EGF is du-
plicated from Figure for the purpose of comparison. Error bars represent standard error
of the mean.
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Figure 6.17: Pulse-chase experiments in the presence of bafilomycin A; to inhibit lysosomal
acidification. Bafilomycin A; was used at a final concentration of 200 nM. RLuc8-EGF was
used at 0.3 nM, and RLuc8-RL-TDT-EGF was used at 0.1 nM. The chase begins at t=0. Error
bars represent standard error of the mean.

Bafilomycin A, a macrolide antibiotic isolated from Streptomyces sp., is a specific inhibitor of
the endosomal proton pumps (vacuolar type H™-ATPases) and is active at nanomolar concen-
trations [23]. Bafilomycin-A; has previously been shown to inhibit EGF degradation following
internalization of the EGF/EGFR complex in A431 cells [245]], presumably because the increase
in pH inhibits activation of many lysosomal proteases.

The results shown in Figure help confirm that it is receptor mediated endocytosis
followed by lysosomal degradation that is leading to the loss of activity in the pulse-chase ex-
periments. The results also confirm that the Diphtheria toxin translocation domain constructs
are not working as had been hoped. If the translocation domains were functional, inhibition of
endosomal acidification would prevent activation of the translocation domain and reduce the

amount of cell associated activity with these constructs. This is contrary to what is seen.

6.4.5 Pulse-Chase using Coelenterazine Analogs

There has recently been interest in the coelenterazine analogs coelenterazine-cp and coelenter-

azine-n as, in contrast to the native substrate, they are not substrates for MDR1 P-glycoprotein
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Figure 6.18: Pulse-chase experiment on RLuc8 based fusion proteins using coelenterazine-cp.
The chase begins at t=0. Error bars represent standard error of the mean.

(Pgp) [173]. Although A4431 cells have Verapamil-sensitive efflux pumps and are not known
to overexpress Pgp [117]], these coelenterazine analogs were tested anyway.

Pulse-chase experiments using coelenterazine-n had major issues with background signal,
with an initial background luminescence rate due to this substrate that was 15% of the lu-
ciferase containing medium. This background signal actually increased as the chase continued,
with the rate of increase being roughly the same as the doubling time for A431 cells. Pulse-
chase experiments performed with coelenterazine-cp were more successful (Figure [6.18), but
still showed a background level of signal that was at least a 3-fold increase over comparable
experiments using the native substrate. The comparable trends between the results here (Fig-
ure|6.18) and the previous pulse-chase experiments confirm that the use of the native substrate

is not leading to complications in these experiments.

6.4.6 Pulse-Chase with EGF Mutants

Mutations of EGF were examined to determine whether they could lead to increased initial
binding on the A431 cells or enhance the retention of activity. Initially, a series of mutations

identified by Mullenbach et al. were examined [151]. The four mutations were G12Q, Y13W,
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Figure 6.19: A pulse-chase experiment on A431 cells using mutants of EGF identified by Mul-
lenbach et al. or Nandagopal et al. The chase begins at t=0, and uses each protein at a concen-
tration of 0.3 nM. Error bars represent standard error of the mean.

H16A, and H16D. G12Q, Y13W, and H16D had been reported to increase the affinity of EGF
to its receptor by a factor of 2-4, while H16A had been reported to maintain affinity while
making the binding more stable with respect to pH. Additionally, an L15A mutation that had
been reported to be a partial agonist of EGFR by Nandagopal et al. was examined [155]. The
authors had speculated that tyrosine kinase activation and EGFR dimerization are not neces-
sarily coupled, and it was hoped that this mutant might slow internalization of the complexed
receptor.

The results of applying these mutants to A431 cells in a pulse-chase experiment are shown
in Figure All 5 of the mutants actually performed worse than the native ligand in the
context of this assay. L15A in particular showed poor binding to the cells, a result that has
been reported previously in the literature [151]].

An additional set of EGF mutants were made based on variants of EGF identified by Dr.
Jennifer Cochran [42]E] These mutants were created by a combination of random mutagenesis
and DNA shuffling, with yeast display technology employed as the screening process for select-
ing the higher binding affinity variants. Compared to wild-type EGF, these mutants exhibited

higher binding affinities, increased EGFR down regulation, and led to increased chemotactic
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Figure 6.20: A pulse-chase experiment using mutants of EGF identified by the Cochran Lab-
oratory on A431 cells. The chase begins at t=0, and uses each protein at a concentration of
0.3 nM. Error bars represent standard error of the mean.

responses in various cell migration assays. Several of the mutations identified through this
selection process are actually found in the EGF homologs present in other species, this serves
as an interesting footnote to the consensus guided mutagenesis approach that had been used
in Chapter

In any case, it was hoped that the increases seen in the functional assays (e. g. chemotactic
response) indicated that the mutants might exhibit prolonged activation of the EGFR tyrosine
kinase. As the kinase domain of EGF bound EGFR is active while the complex is on the
cell surface and in the early endosome [234]], prolonged retention of kinase activation would
indicate a longer period between receptor binding and eventual degradation of the complex in
the lysosome.

The results of a pulse-chase experiment with these mutants (Figure showed that sev-
eral of these mutants increased the initial binding of the fusion construct to EGFR. Neverthe-
less, they all showed no long term gains compared to the native ligand, reaching background

levels of activity within 2 h of the chase period.

2The mutant 107W51E used here is mutant 107 in the reference with a W51E mutation to enhance its solubility.
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6.4.7 Pulse-Chase with Cytoplasmically Expressed Fusion Proteins, a
KDEL Tagged Protein, and an Inhibitor of Internalization

Following the success in cytoplasmically expressing Gaussia luciferase (GLuc) using Origami
strain E. coli cells and a pET32 based plasmid (Section|[C.5), it seemed logical to follow a similar
expression approach with RLuc8-EGF and see if this leads to any changes in the functionality
of the fusion protein. GLuc is thought to require 5 disulfide bonds to fold correctly, and the
hope was that this same expression system would correctly handle the 3 disulfide bonds of
EGF. The resultant fusion protein was entitled S3RLuc8-EGF as the introduced thrombin site
necessitated an A2G mutation in RLuc8, resulting in the parental sequence beginning at S3.

As an additional strategy, a KDEL sequence was added to the C-terminus of S3RLuc8-
EGF. The KDEL sequence is recognized by the KDEL receptor in the intracellular sorting
network, and it is normally used as a signal that a transcribed protein should be retained in
the endoplasmic reticulum (ER) [115]. But the KDEL receptor can also function as a scavenger,
moving KDEL tagged proteins in a retrograde fashion from later compartments in the sorting
network (e.g. the Golgi apparatus) back to the ER [58]. The hope was that an internalized,
KDEL tagged EGF/Luciferase fusion would be rescued from the lysosome directed pathway
and end up being retained in the ER.

Expression results for SSRLuc8-EGF and S3RLuc8-EGF-KDEL are given in Table and
demonstrated very high specific activities compared to the previous luciferase/EGF fusions.
Using denaturing gel electrophoresis, both of these fusion proteins were shown to run as single
bands of the correct size (Figure |[6.21).

Finally, following a suggestion from Jennifer Cochran, incubation with phenylarsine ox-
ide (PAO) was tried as an additional condition. PAO is an irreversible inhibitor of clathrin
mediated endocytosis [235, [77], and as a result it should inhibit the bioluminescently labeled
EGF/EGFR complex from trafficking to the lysosome.

The results shown in Figure indicate that cytoplasmically expressed S3RLuc8-EGF
performed no differently than the periplasmically expressed RLuc8-EGF used in previous ex-
periments (e. g. Figure [6.15). Furthermore, the KDEL sequence made no difference with re-
spect to retention of luciferase activity on the cells. The results did show that with inhibition of
clathrin mediated endocytosis (PAO condition), the activity associated with the cell increased
several fold at the initial time point and remained several fold over background levels for at
least 16 h.

Using the same mathematics as described in Section the dissociation constant for



CHAPTER 6. A BIOLUMINESCENT IMAGING PROBE FOR EGFR

Nonreducing
Kba M 1 2

163

Reducing
Kba M 1 2

220
160
120
100
90
80
70
60

50

40

30

25
20

15

Figure 6.21: Coomassie blue stained gels of SSRLuc8-EGF and S3RLuc8-EGF-KDEL. Lanes
are M: Marker, 1: S3RLuc8-EGF, and 2: S3RLuc8-EGF-KDEL. Both gels were 4-12% gradient

Bis/Tris gels.
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Figure 6.22: A pulse-chase experiment using cytoplasmically expressed RLuc8 based EGFR

probes and phenylarsine oxide (PAO) on A431 cells.

PAO was used at a concentration of

100 uM, while the fusion proteins were used at a concentration of 0.1 nM. The chase begins at

t=0. Error bars represent standard error of the mean.
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S3RLuc8-EGF can be calculated as Ky = 3 nM for the PAO treated case. This value of 3 nM is
very close to the reported Kp ~5 nM for EGF binding EGFR on A431 cells [95I].

The apparent dissociation constant for S3RLuc-EGF in the non-PAO treated case can be
calculated as 20 nM. Clearly this is incorrect, as the dissociation constant calculation is not
taking into account destruction of the probe. For this reason, 20 nM only serves as an upper

limit for the K;y value, and this explains the reason that previously calculated K;y values (e. g.

Section [6.2.3}[6.3.3) were given as inequalities.

6.4.8 Animal Experiments
Distribution of RLuc8

The in vivo distribution of RLuc8 was studied using '**I labeled RLuc8 and positron emission
tomography (PET). For this work, purified protein was sent to Dr. Anna Wu’s lab at UCLA
where it was iodinated and used for imaging in mice. The results shown in Figure[6.23]indicate
that the majority of the activity enters the renal system within 30 min of injection and clears
into the bladder within 1.5 hrs, consistent with the results in Section Further results
along with methodology are available in other publications [216] [219].

RLucS8 Based EGF Fusions in a Tumor Model

A431 xenograft models were set up in nude mice to study the effectiveness of the various RLuc8
based EGF fusion proteins for in vivo EGFR imaging. When the tumors became palpable, the
mice were imaged on subsequent days using the various proteins. Representative images from
these studies are shown in Figure|6.24

As with the previous in vivo tumor imaging studies (Section [6.3.5), the control luciferase
(RLuc8) was retained in the tumor for at least a matter of hours, reflecting non-specific re-
tention processes due to leaky vascular endothelium in the tumor blood vessels. At later time
points (>5 h), the output luminescence from the EGF fusion proteins became very weak, pre-
sumably from a combination of non-specific binding clearing from the tumor, and specifically
retained probe being degraded through a receptor mediated endocytosis process. The translo-
cation domain constructs did visibly “better” with respect to the length of time that they were
retained in the tumor. This result is expected, as the translocation domain constructs are
significantly larger than the RLuc8 and RLuc8-EGF proteins, and can be expected to have

prolonged circulation times along with slower clearance rates from tumors.
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Figure 6.23: PET images from a mouse injected with >*I labeled RLuc8. 141 uCi of radiola-
beled RLuc8 was injected via tail vein into the mouse (t=0), with scanning occurring during the
injection so as to acquire data for the initial blood curve. A CT image was acquired following
the scan and registered to the PET data to allow anatomical visualization [40]. Panels|(a)
show sagittal slices, with a slick thickness of 4 mm utilized so that multiple organs can be
visualized in a single slice. Panels [(f)f(j)] show the same time points as volume rendered im-
ages to allow visualization of the entire animal. Time intervals over which the data in a given

image were acquired is shown in the caption below each figure. All images were created using
AMIDE (Chapter [5).
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Figure 6.24: Example scans of mice injected with various RLuc8 based imaging probes in-
tended to target EGFR. Both mice carry an A431 tumor on the right shoulder, indicated by
an arrow in the figures. Injections of the various proteins were done on subsequent days,
and the time listed indicates the number of hours following administration of the given pro-
tein. For each image, the mouse was injected with 10 ug of coelenterazine immediately prior
to acquisition. The actual order of protein injections for the mouse in Panel [(a)] was RLuc8-
EGF, RLuc8-RL-TDT-EGF, and RLuc8. The actual order of protein injections for the mouse
in Panel [(b) was RLuc8-RL-TDT-EGF, RLuc8, and RLuc8-EGF. The amount of protein injected
was 5 ug, 7 ug, and 1.5 ug for RLuc8, RLuc8-RL-TDT-EGF, and RLuc8-EGF, respectively.
The number next to each luminescence image indicates the thresholding maximum level, in
photons/s/cm?/steradian. In Panel the bright spot on the top left of the 0.5 h RLuc8-EGF
luminescence image is the animal’s paw. What are likely lymphatic channels along the tail are
visible in several of the scans, and may indicate extravasated protein at the injection site.
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6.5 Conclusion

The end conclusion of the above experiments is that functional EGF/luciferase proteins have
been made, but due to rapid loss of the luciferase moiety’s activity following binding to EGFR
the fusion proteins are not useful as imaging probes. The presumption is that this activity loss
is due to receptor mediated endocytosis of the imaging probe followed by subsequent degrada-
tion in the lysosome, a hypothesis that is strongly supported by the results of the bafilomycin
A, and phenylarsine oxide pulse-chase experiments.

A native ligand based imaging probe is a difficult challenge in many imaging modalities and
is especially problematic when the probe’s imaging moiety is a protein. A further complication
here was the choice of the EGF/EGFR system. Without activation, EGFR internalizes with
a 7y, ~30 min [234], but is rapidly returned from the early endosome to the cell membrane.
Upon binding of ligand and receptor activation, the rate of internalization increases by an
order of magnitude. A rough estimate for the time between activated EGFR internalization
and arrival in the lysosome is 20 min [77], a number that does not bode well for imaging
studies that are likely to require clearance times on the order of hours before specific retention
can be discriminated from non-specific processes.

So what about using a variant of EGF that binds the receptor but does not lead to acti-
vation? With respect to the prevention of internalization, the real bugbear of the EGF/EGFR
system is that ligand binding is closely coupled to a conformational change in the receptor and
it is the receptor that undergoes the dimerization. To date, there have been no ligand based
antagonists of EGFR reported in the literature. In many other ligand systems, it is the ligand
that is dimerized, with the resultant bivalent binding of two receptors leading to activation of
the receptor system. Such ligand systems would have been more appropriate for the demon-
stration of a bioluminescently labeled imaging probe, as they allow the generation of protein
level receptor antagonists. For instance, protein ligand antagonists of vascular endothelial
growth factor (VEGF) have been constructed by creating heterodimers of the ligand in which
one of the monomers has an inactivated binding interface [193, [20]. Such a heterodimer can
bind to one receptor, but is unable to bind a second receptor and lead to activation.

In truth, a more tractable and generalizable approach would be to use a non-activating anti-
body specific for the receptor of interest rather than trying to make use of the receptor’s native
ligand. The main advantage of using a ligand is that its smaller size should allow for faster

clearance of background signal due to non-specific retention processes. However, in the case
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of bioluminescent labeling where a 36 kDa luciferase protein is being attached to the ligand,
it’s debatable how much one gains from the smaller size of a ligand based imaging probe, es-
pecially when engineered antibody variants such as single chain Fv fragments can be as small
as 28 kDa. Additionally, antibodies (engineered or otherwise) have well understood structural
properties, established pharmacokinetics, and known methods for producing them recombi-
nantly. An example of a functional RLuc8/engineered antibody fusion that is appropriate for

use as an imaging probe is presented in Section



Chapter 7

Conclusion

As mentioned in Chapter (1} in the context of small animal imaging bioluminescently labeled
imaging probes can be expected to exhibit better sensitivity than probes utilizing either ra-
dioactive or fluorescent labels. However, bioluminescent labels have the important limitation
that since the imaging moiety is a protein, the environments to which the imaging probe is
exposed must be tolerated by that protein. As an example of this limitation, Chapter [6|demon-
strated a bioluminescently labeled imaging probe targeted at EGFR that was ultimately un-
successful for in vivo imaging purposes, presumably due to degradation of the bioluminescent
moiety following internalization of the target receptor. As this particular probe was ultimately
ineffective, validation of the bioluminescent labeling concept has been pursued through three
different collaborations.

This chapter begins by discussing the first of these collaborations, an as of yet unsuccessful
attempt to create a bioluminescent imaging probe targeted at the vascular endothelial growth
factor receptor. The discussion then continues with two examples in which bioluminescent
labeling has been successfully utilized for small animal imaging. The first example involves a
luciferase/antibody fusion targeted at carcinoembryonic antigen, and the second demonstrates
the creation of bioluminescently labeled quantum dots optimized for in vivo imaging. Finally,
a few pieces of additional work are discussed that may be worth pursuing in order to advance

the technological state of bioluminescent labeling.

169
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7.1 Bioluminescent Labeling of VEGF

The vascular endothelial growth factor (VEGF) receptor, along with its related receptors, is
involved in tumor angiogenesis and has been more recently implicated as a tumor autocrine
survival factor [30]. Unsurprisingly, it makes for an interesting imaging target for the purposes
of following experimental animal cancer models [179]. Before the work on the EGF ligand
based imaging probe discussed in Chapter [6] had been completed, an additional project was
started focused on imaging VEGF receptor through the creation of a VEGF ligand/RLuc8 fusion
protein. This work was originally undertaken by Jinha Park, with additional work performed
by Olivier Gheysens and myself.

In many ways, the results of the bioluminescently labeled VEGF project have essentially
duplicated the conclusions reached with the bioluminescent probe for EGFR. While initial in
vitro experiments were successful [169], the animal imaging results were equivocal and later in
vitro pulse-chase experiments pointed to serious issues with probe internalization and degra-
dation. The lack of success for a probe based on native VEGF should have been expected, as
the half-life of internalization for activated VEGF receptor is 20-30 min [225]].

Further work on this project, however, may prove to be fruitful. As mentioned in Section[6.5]
it is possible to create a heterodimeric version of the VEGF ligand that is able to bind its
receptor without dimerizing and therefore activating the receptor. A bioluminescent imaging
probe based on such a VEGF heterodimer should be able to avoid internalization and may

eventually prove to be successful.

7.2 Bioluminescent Labeling of an Engineered Antibody

At the same time that the EGF/luciferase fusion proteins were being developed, a parallel
project was being worked on in the laboratory of Dr. Anna M. Wu (University of California, Los
Angeles). In this parallel project, the goal was to create a bioluminescently labeled antibody
specific for carcinoembryonic antigen (CEA). CEA, which is actually a number of related gly-
coproteins involved in cell adhesion, is upregulated in neoplastic tissues and as a consequence
has been the target of antibody mediated therapy and imaging [48),(239].

Using an antibody or an engineered antibody as the targeting moiety in a bioluminescently
labeled imaging probe is in many ways a much better choice than a native ligand. For one

thing, antibodies are extremely generalizable. The details of fusing and expressing an anti-
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body/luciferase fusion need to be worked out once. After this, altering the probe’s target recep-
tor can be as simple as swapping the particular antibody that is being utilized in the imaging
probe. In contrast, ligands show a great amount of sequence and structural variability. As
such, details of creating the fusions and successfully expressing the fusion proteins would
have to be worked out for each imaging probe. More importantly, unlike native ligand based
imaging probes, most antibodies do not activate their target receptors. Internalization may
still present an issue when targeting some receptors with fast non-activated receptor recycling
rates (e.g. EGFR [234]), but it should not be of the same magnitude a problem as internalized
non-activated receptors are often returned to the cell surface. As an example, although an-
tibody bound CEA internalizes rapidly (7, ~ 0.5 h), most of it is quickly returned to the cell
surface and the effective degradation half-life of the antibody/receptor complex is thought to
be more on the order of 24 h [238]].

The Wu laboratory has generated a genetic fusion between a CEA binding engineered an-
tibody (diabody) developed in their laboratory and the stabilized Renilla luciferase variant
(RLuc8) developed in this dissertation [217, [219] 216]]. This construct was successfully ex-
pressed in mammalian cells, purified, and shown to target CEA in a variety of in vitro studies.
Excitingly, a series of well controlled experiments utilizing mouse xenograft models showed
that this imaging probe could be used for imaging CEA levels in vivo. Representative im-
ages from these in vivo experiments, demonstrating specific retention of the engineered anti-

body/RLuc8 fusion in CEA positive tumors, are shown in Figure[7.1

7.3 Self-illuminating Quantum Dot/RLuc8 Conjugates

An interesting application of the stabilized Renilla luciferase variant (RLuc8) developed in
Chapter 2] has been the bioluminescent labeling of quantum dots in order to make these quan-
tum dots self-illuminating and therefore more useful for in vivo imaging [[194].

Quantum dots have generated considerable excitement in the molecular imaging commu-
nity, as several of their properties make them favorable for in vivo imaging purposes. Namely,
they have a high resistance to photobleaching and exhibit tunable, size dependent emission
spectra [145]. Detractions to the in vivo use of quantum dots include biodistribution issues
due to their size, as well as sensitivity limitations due to the autofluorescence background in-
herent in all fluorescence imaging modalities. While not much can be done in ameliorating

the size issue, the autofluorescence background problem could potentially be eliminated by
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Figure 7.1: Bioluminescence and PET imaging of CEA antigen using an engineered anti-
body/RLuc8 fusion protein. The athymic mouse bears a CEA-positive LS174T tumor (thick
arrow) on its left shoulder, and a CEA-negative C6 tumor on its right (thin arrow). Panel (a)
shows bioluminescence images acquired 4, 6, 8, and 24 hours after i. v. injection of the fusion
protein. Coelenterazine injections were done i. v. immediately prior to each image. An ROI
analysis of the CEA-positive tumor gave values of 9.7 x 10*, 7.0 x 10*, 6.4 x 10*, and 3.5 x 10*
photons/s/cm?/steradian for the 4, 6, 8, and 24 h images, respectively. Panel (b) shows a PET
image of a similar tumor bearing mouse that has been injected with the engineered antibody-
RLuc8 fusion protein labeled with >*I. Panel (c) shows a third tumor bearing mouse that has
been injected with RLuc8 as a control. The bioluminescence image was acquired at 4 h. This
data is from Venisnik et al. [219]]
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Figure 7.2: Schematic diagram of a quantum dot/RLuc8 conjugate. The RLuc8 is covalently
bound to the quantum dot through the coupling of amino groups on the protein to carboxylate
groups on the quantum dot’s polymer coating. On average, 6 Rluc8 molecules have been esti-
mated to attach to each quantum dot. When coelenterazine is added, the luciferase catalyzes
the oxidation of the substrate. The energy yielded from this reaction can be directly released
from the enzyme as a photon of blue light or passed via a resonance energy transfer mechanism
to the quantum dot and emitted as a red photon of light. Graphic by Jim Strommer.

removing the need for an excitation light source.

In order to improve on the capabilities of quantum dots for in vivo imaging, Dr. JiangHong
Rao’s laboratory has worked on making them self-illuminating by coupling RLuc8 directly to
the surface of polymer coated CdSe/ZnS core-shell quantum dots. A schematic diagram of
how these quantum dot/RLuc8 conjugates work is shown in Figure For the conjugation,
a couple of different strategies have been attempted, with the most successful so far being a
covalent bond between amino groups on RLuc8 and carboxylates present on the quantum dot
surface.

The ability of these quantum dots to self-illuminate through the conjugated RLuc8 is demon-
strated in Figure When coelenterazine is added to a conjugate, a large portion of the en-
ergy released by the enzymatic reaction is transferred to the quantum dot and emitted with
the dot’s emission spectrum. The spectrum in turn can be altered simply by changing the size
of the quantum dot used in the conjugate.

Figure[7.4]shows an application of these self-illuminating quantum dots in a mouse. The im-
portant thing to note from this figure, is that when the quantum dots are used for fluorescence
imaging the sensitivity is insufficient to detect those that have been injected intramuscularly.

When the self-illuminating quantum dots are imaged, however, the intramuscularly injected



CHAPTER 7. CONCLUSION 174

1.6e+06 ; | . |
" QD605-RLuc8
/' QD655-RLUCB ~~—--
i Pl QD705-RLuc8 ------- |
. i QD800-RLUC8 -+
- 1.2e+06 | :’ ‘l\ |
(2] | |
o | l\
o B
2 1e+06 |- L |
w0 I I
C I |
] I |
S L
) 800000 | | .I |
(&S] | |
C | |
[0} | I
? | |
Q 600000 F | \ |
£ |
: !
> 1
_I 1
400000 |- | |
200000 F | —
0 1

800

wavelength (nm)

Figure 7.3: Bioluminescence emission spectra for various quantum dot/RLuc8 conjugates. The
peak at 480 nm is due to photon emission directly from RLuc8, while the red-shifted emission
peaks are due to resonance energy transfer to the quantum dot with associated quantum dot
luminescence. The quantum dots are named according to their fluorescence emission peaks,
605, 655, 705, and 800 nm. The BRET efficiencies for the 605, 655, 705, and 800 nm quantum
dots were 41, 55, 79, and 57% respectively. Coelenterazine was used as the substrate, the spec-
trophotometer’s wavelength dependent sensitivity has been compensated for, and the curves
have been smoothed. This figure is based on data published in So et al. [194]
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Figure 7.4: In vivo bioluminescence and fluorescence imaging of RLuc8 and a 655 nm emis-
sion quantum dot conjugated to RLuc8. 30 pmoles of RLuc8 was injected subcutaneously (I)
or intramuscularly (III) into a mouse. Similarly, 5 pmoles of the quantum dot/RLuc8 conju-
gate were injected subcutaneously (II) or intramuscularly (IV). Following an i. v. injection of
coelenterazine, images were acquired without the use of a filter, shown in Panel (a), and with
the use of a 575-650 nm band-pass filter, shown in Panel (b). Panel (c) shows a fluorescence
image of the same mouse acquired using a Maestro Imaging System (Cambridge Research and
Instrumentation), in which spectral unmixing has been applied to reduce background autoflu-
orescence. The excitation filter for the fluorescence was 503-550 nm. This figure is from So et
al. [194]

conjugates are readily detectable. Additionally, the conjugates perform better than RLuc8 on
its own, as the emission spectrum of the conjugate is less attenuated by biological tissue and
therefore more conducive to in vivo imaging.

The potential this technology has for multiplex imaging was tested by injecting conjugates
made of RLuc8 and 655, 705, or 800 nm emission quantum dots. The different quantum dot
conjugates could be readily discriminated after imaging with emission filters (Figure [7.5), al-
though the spectra were not completely resolved due to the filters not being optimized for these

particular quantum dots.

7.4 Possible Human Interactions

An application of bioluminescently tagged imaging probes, proposed independently several
times but probably first by Dr. Bruce Bryan [28], [29], is their intraoperative use to aid in the
surgical resection of tumors. One can imagine a scenario where a bioluminescently labeled

antibody specific for the patient’s tumor is injected prior to surgery. The surgeon would then
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(a) Open Filter (b) 575-650 nm (c) 680-720 nm (d) 810-875 nm

Figure 7.5: A demonstration of multiplexed bioluminescence imaging using four different
quantum dot/RLuc8 conjugates. The following were injected subcutaneously, with the injec-
tion sites marked in Panel (I) 15 pmoles 800 nm emission quantum dot/RLuc8 conjugate,
(IT) 15 pmoles 705 nm emission quantum dot/RLuc8 conjugate, (III) 5 pmoles 655 nm emis-
sion quantum dot/RLuc8 conjugate, (IV) a mixture of the 3 conjugates. The animal was then
injected i. v. with coelenterazine and imaged using an IVIS 200 bioluminescence imaging sys-
tem. This figure is adapted from So et al. [194]

be able to visualize the extent of tissue to be resected during the operation through the use of
image intensifying goggles. Many hurdles remain before such an idea can become reality. Two
potential barriers are the unknown toxicity of coelenterazine and the possible immunogenicity
of the probe’s luciferase moiety.

Toxicity of coelenterazine has not been studied in any formal manner. At least in mice,
reports of toxicity concomitant to injection of coelenterazine have in hindsight always been due
to the solvent (e. g. methanol, ethanol) in which the coelenterazine is dissolved rather than the
substrate itself. Coelenterazine is present in the marine food chain [69]], and at least one source
of this compound appears to be crustaceans [212]. At least in small amounts, coelenterazine
is not overtly toxic as it is present in the sea food we eat. Whether the amounts used in biolu-
minescence imaging are toxic is another issue that needs to be addressed, although finding a
non-toxic solvent capable of dissolving mass amounts of coelenterazine will be a challenge. For
future researchers undertaking such toxicity studies, hydroxypropyl-3-cyclodextrin may be of
use, as this compound at a concentration of 50 mM can increase the solubility of coelenterazine
in aqueous solution by 280-fold [207].

As to the potential immunogenicity of the bioluminescent probe’s luciferase moiety, this
issue has never been assessed. The animal studies in this dissertation as well as the imaging
studies mentioned previously in this chapter have all been done using immunodeficient mice.

At some point, the potential for immunogenicity with a bioluminescent label will need to be
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addressed.

If immunogenicity is indeed an issue, a possible route around this problem could be the
transformation of a human enzyme into a functional coelenterazine using luciferase. As men-
tioned previously (Section [2.2.1)), Renilla luciferase exhibits a classic a/f-hydrolase fold, and
this fold pattern is found in all kingdoms of life. A quick BLAST search will reveal that the
most similar (41%) homo sapiens protein is the a/f-hydrolase fold domain of the soluble epox-
ide hydrolase EPHX2 (GenBank ID GI:1359739). To demonstrate the degree of structural
similarity, the tertiary folds of these two enzymes are shown in figure Transformation of
this human enzyme into a functional luciferase could plausibly be done by a combination of

rational design (e. g. loop grafting) and random mutagenesis.

7.5 Improved Coelenterazine Analogs

Chapter [3| described the creation of Renilla luciferase variants with green peaked emission
spectra. For the purposes of in vivo imaging, even further red-shifts of the emission spectrum
would be desirable, but it is unclear at this point whether continued mutagenesis of Renilla
luciferase could accomplish this. The coelenteramide pyrazine anion that is the presumptive
green emitter may represent the longest wavelength emitting state achievable within the con-
text of the luciferase.

An alternative and perhaps more accessible path to achieving further red-shifts for this
luciferin/luciferase system would be to alter the luciferin, with the idea that the red-shift from
the luciferin and the red-shifts from the mutants developed in Chapter [3| could potentially be
additive. An analog of coelenterazine called coelenterazine-v [191], [88]] (Figure has already
been synthesized, shown to exhibit a high level of bioluminescence with Renilla luciferase, and
shown to yield a ~35 nm red shifted emission compared to the native substrate. Although
this analog has been reported to be relatively unstable and difficult to synthesize (personal
communication with Dr. Bruce Bryan), its potential advantages for in vivo imaging indicate
that it should be examined further. Also worth investigation are several additional analogs
reported in the literature with equivalent red shifts to coelenterazine-v [241]]. Although these
analogs suffer from low levels of light output when used with the native luciferase, they may
exhibit acceptable levels of luminescence when used with the various mutants developed in

this dissertation.
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(a) RLuc8 (b) EPHX2

(c) Overlay

Figure 7.6: The cartoon structure of RLuc8 overlayed with that of the human soluble epoxide
hydrolase EPHX2. Only the a/B-hydrolase fold domain of EPHX2 is shown. The N-termini of
the proteins are at the top right, and the C-termini are at the bottom right. The catalytic triad
of D120/E144/H285 is shown for RLuc8, with the corresponding residues of D333/D495/H523
shown for EPHX2 [8]. The chemical complexed to the EPHX2 structure is N-cyclohexyl-N’-
(iodophenyl)urea (CIU). The PDB ID for EPHX2 is 1VJ5 [67].
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Figure 7.7: Chemical structure of coelenterazine-v.

7.6 Kinetics

Some kinetic work was done in Chapter [2]in an attempt to understand the effects that differ-
ent mutations had on the catalytic process of Renilla luciferase. A model was proposed that
might explain the observed kinetic data, but it was in no way rigorously tested and could quite
possibly be deficient.

Future researchers may be interested in returning to the study of Renilla luciferase’s enzy-
matic process, a full elucidation of which would be extremely interesting from a basic science
perspective. Additionally, the interpretation of the structural information from Chapter [4|in
the context of a full kinetic model would be quite illuminating. Some work on relating struc-
ture and enzymatics for coelenterazine based photoproteins has been done [122], but no such

work has ever been performed for the coelenterazine utilizing luciferases.

7.7 Outro

“I told him, sir, that fruit baskets is like life - until you’ve got the pineapple off of the

top you never know what’s underneath.” - From “Going Postal” by Terry Pratchet

In many ways, this dissertation has been as much about the journey as the end goal. Over
the course of this work many side projects have been undertaken that, while perhaps periph-
eral to the goal of bioluminescent labeling, are arguably of more relevance to the general re-
searcher. Such “dual use” technologies include: variants of Renilla luciferase optimized for use
as transient or constitutive reporter genes in mammalian cells (Chapter [2), red-shifted vari-
ants with improved emission spectra for in vivo imaging (Chapter [3), a better understanding of
Renilla luciferase at the structural level (Chapter [4), and software for viewing and analyzing
multi-modality imaging studies (Chapter [5).

The end goal of this dissertation was to develop the underlying technologies needed to make

bioluminescent labeling of molecular imaging probes a reality. In terms of this goal the disser-
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tation has been a success, as demonstrated by the engineered antibody/RLuc8 fusion as well
as the RLuc8 based self-illumination quantum dots discussed in this chapter. The hope is that
bioluminescent labeling proves to be a generalizable strategy for the construction of imaging

probes, and that it becomes an invaluable tool in the molecular imaging toolbox.



Appendix A

Calibration of the Luciferase

Assay

Whenever possible, the results in this dissertation have been presented in terms of abso-
lute units (e.g. photons/s/mole) or as relative to an absolute value (e.g. relative to the pho-
tons/s/mole of Renilla luciferase). This is in contrast to most contemporary publications mak-
ing use of bioluminescence data, in which values are simply presented in terms of relative
light units (RLUs). While the use of RLUs makes comparisons between different publications
close to impossible, there are very pragmatic reasons why most authors do not use absolute
bioluminescence values - calibration of equipment is difficult, and rarely do absolute units aid
in supporting the hypothesis at hand.

Over the course of this dissertation, seminal work done during the 1970’s in the labora-
tory of Dr. Milton Cormier was often referred to [86), (137, (138 [139, 228 229 [71]. One of the
main reasons this body of work has been so useful, is that much of their data was recorded
on equipment that had been calibrated in absolute units. While equipment has changed in
the past 30 years, the values they published remain accurate and useful for the purposes of
comparison.

The main focus of this appendix is to explain how the Turner 20/20 and 20/20n luminome-
ters (Turner Biosystems, Sunnyvale, CA) used in this work were calibrated from RLUs to abso-
lute units (photons/s). Both these luminometers make use of an R1924P photomultiplier tube
(PMT) as their light detectors. From looking at the quantum efficiency of this PMT with re-
spect to wavelength (Figure [A.T), it’s readily apparent that these luminometers have a strong

181
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Figure A.1: Quantum efficiency of the R1924P photomultiplier tube, along with the normalized
emission spectra of luminol in DMSO and RLuc8. The R1924P quantum efficiency is derived
from the Hamamatsu catalog [70]. The luminol chemiluminescence spectrum data is taken
from Lee and Seliger [109], and is for luminol dissolved in DMSO and activated using tert-
butoxide. The RLuc8 emission spectrum is repeated from Figure

spectral dependence to their sensitivity. For this reason, the decision was made to calibrate
using the luminol light standard performed in dimethyl sulfoxide (DMSO) [109, (110}, [165]].

This particular luminol based light standard was developed because in DMSO, the chemi-
luminescence emission spectrum of luminol (Figure[A.I) is very similar to the bioluminescence
emission spectra of many marine luciferases (e.g. Renilla luciferase). Because of this simi-
larity in emission spectra, a correction for the PMT’s wavelength dependent sensitivity is not
absolutely required in calculating an accurate calibration factor. An additional advantage of
this calibration method, is that the geometry of the standard luciferase assay (100 ul in an
Eppendorf tube) can be matched exactly when performing the calibration. Although the re-
fraction index of the DMSO/butanol solution is different than the aqueous solution used for
the luciferase assay, the proximate geometry employed in the Turner luminometers means
that the correction for refractive index is close to unity [165]].

This appendix also includes some additional information on the luciferase assay employed
through most of the text, as a guide for those who would like to replicate these results. Finally,

some additional calibration factors (e. g. conversions between a Turner 20/20 luminometer and
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an IVIS 100) that were made use of during the dissertation are also included, although these

are probably of little value beyond the current work.

A.1 Methods

A.1.1 Materials

Potassium tert-butoxide was ordered alternatively from Sigma, Aldrich, or Alfa Aegar. Lu-
minol (3-aminophthalhydrazide) and all other chemicals were from Sigma. In cases where
a luciferase was used for calibrations, the 8 mutation stabilized variant of Renilla luciferase
(RLuc8) described in Chapter [2] was used.

A.1.2 Equipment

Both a Turner 20/20, and later a Turner 20/20n luminometer (Turner Designs, Sunnyvale,
CA) were used in this dissertation. Both these units make use of a Hamamatsu R1924P PMT
operating in photon counting mode. The R1924P has a bialkali photocathode with a spectral
response range from 300-650 nm (Figure [A.1). Its peak quantum efficiency of 26% is reached
at 390 nm [[70].

A.1.3 Luminol Standard

The luminol standard performed here is closely based off of a previously published proto-
col [109, 110, [165]]. All solutions were made immediately before use, with great care taken
to ensure that they were maintained anhydrous. Please note that DMSO is especially hygro-
scopic.

To ensure dryness, anhydrous DMSO was incubated under argon with molecular sieves
(Type 4A) for 24 hrs before use. A small quantity of luminol was dissolved in this DMSO, the
0ODs59 5 was measured, and the solution was diluted to a final OD3595 of 0.0001. A saturated
solution of potassium tert-butoxide in warm, dry tert-butanol was made and kept under argon.

The injectors of the luminometer were well flushed with anhydrous DMSO immediately
prior to use to ensure that any traces of water in the injector lines were cleared. 2 ul of the
saturated potassium tert-butoxide/tert-butanol solution was pre-mixed with 50 ul of anhydrous
DMSO and placed in a tube inside the luminometer. An additional 50 ul of DMSO containing

the luminol was then injected into the tube, and the output of the luminometer was recorded
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for 17 min. A background reaction was also recorded by using DMSO without luminol for the
injection.

The calibration constant was derived by integrating the output of the luminometer (av-
erage RLUs multiplied by acquisition time), subtracting the equivalent value from the back-
ground recording, and making use of the knowledge that 1 ml of OD359 5=1 luminol should emit

9.75x10'* quanta [109].

A.1.4 Standard Luciferase Assay

Before assaying, all luciferases were diluted in nickel affinity chromatography elution buffer
(EB: 300 mM NaCl, 250 mM imidazole, 20 mM HEPES, pH 8) containing 1% human serum
albumin (HSA) in order to bring them into range of the luminometer. As the amounts of
protein being handled are extraordinary tiny, the presence of a carrier protein (e. g. 1% HSA) is
absolutely critical to prevent loss of luciferase from adsorption onto the surface of the dilution
containers.

Luciferase activity was measured by adding 1 pl of sample (diluted as necessary) to 100 ul
room temperature 100 mM sodium phosphate buffer (pH 7) [195, [68], adding 1 ul of 0.5 ug/ul
coelenterazine or analog, manually mixing, and reading for 10 s in the luminometer. Manual
mixing is more convenient than using the auto-injectors, and it has been found to give more
consistent results both here as well as for other authors [137]. The time between the addition
of the luciferin and the start of measurement was approximately 4 s. Samples were always
diluted in duplicate, with both dilutions measured and averaged. Obtained values were cor-
rected for background levels of luminescence (primarily due to albumin [33]]) unless otherwise
indicated. The use of sodium phosphate buffer for this assay is due to unknown historical
reasons in our laboratory. Note that after mixing the protein and sodium phosphate buffer the
final solution has 2.5 mM imidazole and 0.01% HSA, both of which are concentrations at which
Renilla luciferase shows maximum activity [137].

Imidazolopyrazine compounds, such as coelenterazine and its analogs, are photolabile and
readily oxidize [33, [178]]. As such, care should be taken in their handling and storage. Coelen-
terazine was dissolved at 0.5 mg/ml in propylene glycol and stored at -80°C in small, single use
aliquots. Propylene glycol proved much more repeatable than ethanol or methanol for in vitro
assay use, as due to the small volumes handled evaporation of the alcohols during pipetting

was a major problem.
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Figure A.2: An example of luminol calibration data. Preparation and injection of the solutions
was as described in the methods section. Background data was measured in triplicate, luminol
data was measured in quadruplicate, and error bars are standard error of the mean (SEM).

A.2 Results and Discussion

A.2.1 Calibration Factor for the Luminometers

The calibration factor determined for the Turner 20/20n was 12.940.9 (photons/s/Turner 20/-
20n RLU). By making use of the conversion factor described below in Section the cor-
responding calibration factor for the Turner 20/20 was calculated as 18000+1200 (photons/s/-
Turner 20/20 RLU). An example of the acquired data used to calculate this calibration factor
is shown in Figure

Since the chemiluminescence spectrum of luminol and the bioluminescence spectrum of
RLuc8 are so similar, no corrections were applied for the spectral sensitivity in determining
the calibration factor. Using the quantum efficiency data from Figure it can be estimated
that the difference from not including this information in the calibration factor calculation is
at most 3%.

As a side note, quantum efficiency in the context of a PMT actually refers to the ratio of
electrons released from the photocathode to photons that are incident on the detector. More
useful for luminometers is the concept of counting efficiency (also called detection efficiency),

which in a photon counting device refers to the ratio of recorded photons to incident photons.
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Mean Emission Peak (nm) Compensation Factor
RLuc8 with bisdeoxycoelenterazine 416 0.6
RLuc/A54P 482 0.9
RLuc 497 1.0
RLuc8 503 1.0
RLuc8/A123S/D162L/1163V 515 1.2
RLuc8/F261W 524 1.3
RLuc8/A123S/D162E/1163L 538 1.5
RLuc8/A123S/D162E/1163L/V185L 545 1.6
RLuc8/A123S/D154M/E155G/D162E/1163L/V185L 550 1.7
RLuc8/A123S/D154K/E155N/D162E/1163L/F261W 560 2.0
RLuc8/A123S/D154A/E155G/D162E/1163V/F262W 564 2.0

Table A.1: Compensation factors for the spectral sensitivity of the luminometer. These com-
pensation factors were estimated by assuming that the counting efficiency of the Turner lumi-
nometers is directly proportional to the quantum efficiency of their photomultiplier tubes. The
factors are expressed as multipliers to the reported specific activities.

Counting efficiency depends in part on the PMT characteristics (like quantum efficiency) as
well as the associated electronics. Sadly, Turner to date has not made counting efficiency data
available for their devices. In lieu of this information, the quantum efficiency has been used
instead as it is the primary factor in the device’s wavelength dependent sensitivity.

Many of the luciferases described in Chapter [3| have emission spectra significantly shifted
from that of RLuc. Additionally, some measurements in Chapters |2 and [3| were made using
bisdeoxycoelenterazine, a coelenterazine analog with an emission peak typically ~80 nm blue
shifted from that of the native substrate. Rough estimates of the compensations that would be
required in these cases are given in Table and are based on the PMT quantum efficiency
values in the absence of the more appropriate counting efficiency data. The reported bisdeoxy-
coelenterazine specific activity and quantum yield values in Chapters [2]and [3| make use of the
0.6 compensation factor for this substrate. The reported specific activity values for the various
color shifted mutants, however, do not.

Previous protocols [109, [110, [165] injected the DMSO/luminol solution directly onto the
potassium tert-butoxide/tert-butanol, as opposed to premixing the tert-butoxide/tert-butanol
with DMSO before the DMSO/luminol injection as was done here. The reason for this change
in protocol was that implementing the previously published methods yielded a brief but ex-
traordinarily high background of signal that overwhelmed the Turner 20/20n’s PMT. It was
suggested by Dr. Dennis O’Kane, that the effect may be due to a singlet oxygen produced by
the potassium tert-butoxide giving rise to a red light emission ~630 nm (personal communi-

cation). He has encountered a similar problem in his work, but was able to overcome it by
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Figure A.3: Conversion between the Turner 20/20 and 20/20n Luminometers. Serial dilutions
of RLuc8 were assayed in triplicate on both luminometers, and the data was fit using a linear
function. The lowest data point contained no luciferase, and represents background levels of
activity primarily from albumin. Error bars are SEM.

ordering several lots of potassium tert-butoxide from various manufacturers and identifying
a batch that did not give rise to this effect. All the lots ordered for the work here, however,
did give off this background signal, necessitating the premixing step as well as subtracting the

background chemiluminescence from the luminol chemiluminescence signal.

A.2.2 Conversion between the Turner 20/20 and 20/20n Luminometers

During the course of the dissertation, the Turner 20/20 luminometer in the laboratory was
upgraded to a Turner 20/20n. This switch necessitated a calibration between the two machines.
Serial 1:2 and 1:1 dilutions of RLuc8 were made and measured using the luciferase assay on
both the Turner 20/20 and the Turner 20/20n. This data was not corrected for background
levels of luminescence. By fitting the data, as shown in Figure the scaling factor was
determined to be 1400+18 Turner 20/20n RLUs/Turner 20/20 RLUs.

Note that in this dissertation, at times when values are expressed in RLUs, it is always
the Turner 20/20 RLUs that are being used. In cases where the measurements were actually
made on the Turner 20/20n, the units were first converted to those of the Turner 20/20 using

the above scale factor.
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A.2.3 Linearity of the Luciferase Assay on the Turner 20/20n

The linearity of both the luciferase assay and the Turner 20/20n was assessed by measuring
serial 1:2 dilutions of RLuc8, with the results shown in Figure The luciferase assay was
linear over the first 5 logarithmic decades, and only deviated from the expected value in the
highest decade of the luminometer’s range. In turn, linearity over the Turner 20/20’s smaller
range is implied by the data presented in Figure

The reason for the positive deviation in the Turner 20/20n’s highest decade is not under-
stood. As the luminometer is reporting more light than expected, it is not likely that this effect
is due to a problem with the luciferase assay at high concentrations of RLuc8. The deviation
could possibly arise if the Turner 20/20n electronics were inappropriately overcompensating
for the PMT dead time at this high flux level. In any case, all assays done for this dissertation
were diluted so as to avoid the last logarithmic decade of this luminometer’s range. Even with-
out this upper decade of range, the Turner 20/20n has almost two logarithmic decades greater

range than the Turner 20/20.

A.2.4 Conversion between the IVIS 100 and the Turner 20/20

Conversion factors, determined for translating between Turner 20/20 RLUs and the IVIS 100
units, are shown in Figure along with the data from which they were calculated. These
conversion factors were utilized for normalizing the results of the cell culture experiments per-
formed at UCLA (measured in the IVIS 100) to the initial amount of RLuc or RLuc/C124A
fusion protein present in the conditions (measured with the Turner 20/20). As the methods
used for calibrating the IVIS machines vary between institutions, and in fact at UCLA var-
ied between when the RLuc and the RLuc/C124A based studies were done, these results are
probably not applicable beyond the experiments in Chapter [6]for which they were used.

In the later experiments that utilized RLuc8 based probes, a separate control plate contain-
ing the different experimental media conditions was used. This plate would be imaged in the
IVIS system at the same time as the cell culture plates, and the resulting values were used to
control for the amount of protein applied to the cell culture plates. This method proved to be

much more reproducible than normalizing based on the luminometer measurements.
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Figure A.4: Testing the linearity of the luciferase assay on the Turner 20/20n luminometer.
Serial 1:2 dilutions of RLuc8 were assayed on the Turner 20/20n and measured in triplicate.
Background luminescence was subtracted from the values. After excluding the two highest
values, a fit was made between the amount of protein and the measurement. Panel [(a)] shows
the value obtained (in Turner 20/20n RLUs) versus the total amount of luciferase in the assay.
Panel shows the same information graphed as the fold deviation from the expected value
based on the fit. The range of protein assayed was from 85 zeptomoles (51,000 molecules)
to 410 femtomoles. At 85 zeptomoles, the value was significantly above background (p=0.03)
using a one-tailed ¢-test. Error bars are SEM.
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Figure A.5: Conversions between the Turner 20/20 luminometer and the IVIS 100 imaging
system. RLuc (Panel or RLuc/C124A (Panel was assayed in triplicate on the Turner
20/20, and serial dilutions were made. These dilutions were placed in triplicate on a 24 well
plate with 500 ul of PBS/well. 0.5 ug coelenterazine/well was added and the plate was imaged
for 60 s in the IVIS 100. A fit to the data was made using a linear function. Differences in
the calculated conversion factors between Panel|(a) and |(b)|are due to changes in the IVIS 100
setup between when the RLuc experiments were done and when the RLuc/C124A experiments
were performed. Error bars are SEM.
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A.3 Concluding Remarks

At this point, a couple comments are in order as to the quantitativeness of the values reported
in this dissertation. First, a systemic variation in the measurements of luciferase activity that
has not been taken into account is temperature variations encountered in the laboratory. The
laboratory in the James Clark Building is essentially a barn, with both seasonal and diurnal
variations in temperature present. However, based on previously published data [137], the
temperature fluctuations would not be expected to add a variability of greater than 15%.

The greater limitation is that the luminometers were only calibrated once, and these cali-
bration factors were used throughout the work presented in this dissertation. As the Turner
luminometers operate their PMT's in photon counting mode, the recorded values are relatively
more resistant to voltage fluctuations and changes in PMT sensitivity than if the PMTs were
operated in current mode [70]. However, changes in sensitivity of the PMT with age (called
“life characteristics”) and long term voltage fluctuations will still lead to some level of change
in the luminometer’s counting efficiency. Turner Biosystems in fact gives two reasons for not
calibrating their luminometers; individual PMTs exhibit significant variability that would ne-
cessitate a separate calibration of every machine produced, and the poor long term stability of
the PMT counting efficiency would make the calibration ineffective in the long run (Personal
communication from Emily Matheu, Turner Biosystems).

For future researchers, a better method that has been suggested several times before would
be to standardize the luminometer once with luminol, and then use a radioactive standard
for day to day calibration [223]. An appropriate radioactive standard could be made in the
lab [164], or alternatively purchased from a commercial supplier (e. g. Glowell Microplate Stan-

dards from LUX Biotech, Edinburgh, UK).
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Expression, Purification, and

Structure of Renilla Reniformis

GFP

The work presented in this appendix is the result of a collaboration with Dr. Timothy D. Fenn
and the laboratory of Dr. Axel Brunger. Dr. Fenn assisted with the crystallization screens,
acquired the X-ray diffraction data, and calculated the structures. Data interpretation was
done jointly.

Early studies on partially purified Renilla Luciferase (RLuc) showed that the biolumines-
cence emission spectrum measured in vitro (~480 nm peak) did not match what was observed
from the intact animal (~505 nm peak). A contaminant was found in some of these initial
RLuc purifications that could account for the observed in vivo bioluminescence emission, and
this contaminant was originally thought to be a luciferase bound chromophore [224]. Later
studies showed that this “chromophore” was in fact a separate, chromophore containing pro-
tein. This protein was named Renilla reniformis Green Fluorescent Protein (RrGFP), and it
was first fully purified and characterized in the late 1970’s [228) [229]].

Although RrGFP has not been studied as thoroughly as the GFP from Aequorea victo-
ria (AvGFP), it is safe to assume from the level of primary sequence similarity (50%) that
they function in essentially the same manner. The chromophore in these fluorescent pro-

teins, p-hydroxybenzylidene-imidazolidone, is produced by a post-translational modification

192
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of a serine-tyrosine-glycine sequence through an auto-catalyzed cyclization, dehydration, and
oxidation. For AvGFP at 22°C, this maturation process occurs with a time constant of ~4 h [76].

In Renilla reniformis, RLuc is always found in close cellular association with RrGFP [5,[196]
and it is the RrGFP that accounts for the observed ~505 nm peaked in vivo emission spec-
trum. This alteration of the RLuc emission spectrum is achieved through a radiationless pro-
cess called bioluminescence resonance energy transfer (BRET) [228]], in which the energy from
the luciferase catalyzed oxidation of coelenterazine is transferred to the RrGFP fluorophore.
BRET, a direct analog of the Forster resonance energy transfer [60] that can occur between
fluorophores, was originally identified in studies of the photoprotein from Aequorea victoria
and AvGFP [148].

Unlike a trivial transfer mechanism, where a photon of light released from the luciferase
would lead to excitation of the fluorescent protein, BRET involves a direct, radiationless trans-
fer of energy from the excited state coelenteramide to the fluorescent protein’s chromophore.
Resonance energy transfer is far more efficient than trivial transfer and can have efficiencies
of close to 100%, but requires close physical proximity (generally <50 A [202]) between the
energy donor (RLuc) and energy acceptor (RrGFP). In Renilla, there is evidence that this phys-
ical proximity is achieved via protein-protein interactions between a monomer of RLuc and a
dimer of RrGFP [228]. These observed interactions, however, are only strong in presumably
non-physiological low ionic strength (<100 mM NaCl) environments. It is debatable whether
the observed in vitro protein-protein interactions are the true mechanism whereby close prox-
imity between these two proteins is maintained in Renilla reniformis.

In any case, RrGFP was expressed and purified with the hope that it might aid in the crys-
tallization of RLuc. Use of RrGFP in attempts to cocrystallize RrGFP and RLuc are discussed
in Chapter[4] The work discussed in this appendix covers the bacterial expression, purification,

crystallization, and structural determination of RrGFP.

B.1 Methods

B.1.1 Construct

The gene for RrGFP was obtained from the plasmid pUC18-RrGFP (gift of Dr. Bruce Bryan,
NanoLight Technology). PCR was used to create an Ncol site straddling the initial methionine,
and to add a Sall site 3’ to the final codon in the gene. The PCR product was then Ncol/Sall
digested and ligated into a correspondingly digested pPBAD/Myc-His A plasmid (Invitrogen) to
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create the plasmid pBAD-RrGFP, in the process adding a C-terminal 6xHis tag and a stop
codon to the construct. The RrGFP protein expressed from this plasmid contains the amino
acid sequence VDHHHHHH (arising from the Sall site and 6xHis tag) C-terminal to the last

codon in the RrGFP sequence, and has an expected size of 27.1 kDa for the monomer.

B.1.2 Protein Production and Purification

Cytoplasmic expression and purification of RrGFP was done identically to the method used for
cytoplasmic expression of RLuc8 described in Section [4.1.3] with the exception that the culture

was grown at 24°C and the time after induction was increased to 24 h.

B.1.3 Structural Determination

A homology model of RrGFP was created using SWISS-MODEL [185] and the crystal struc-
tures of similar fluorescent proteins from the corals Montipora efflorescens, Favia favus, and a
Discosoma species (PDB IDs 1IMOV, 1IMOU, 1XSS, and 1GGX). The loop regions of this model
were then removed, and the resulting structure was used to bootstrap the phasing via molec-
ular replacement. Based on the expected molecular weight of RrGFP and the volume of the
crystal cell, Matthews calculations suggested 4 protomers in the asymmetric unit [136[]]. All
four were found during the molecular replacement search using Phaser [141].

All other computational methods used were identical to what has already been described
in Section although 4-fold NCS restraints were used in the case of RrGFP given the
presence of 4 protomers in the asymmetric unit

To appropriately model the chromophore in RrGFP, idealized coordinates for p-hydroxy-
benzylidene-imidazolidone were derived from HIC-Up database entry CRO [97, [98].

B.2 Results and Discussion

B.2.1 Protein Production

One nicety of RrGFP purification, is that the level of purity attained can easily be monitored
by the ratio of the protein’s OD4yg to OD,gy. Higher ratio values imply greater purity and/or a
greater percentage of RrGFP in which the fluorophore has matured. The previously reported
ratio for pure RrGFP is OD493/OD5gy=5.6 [229].
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An initial expression culture was attempted by incubating at 32°C for 16 h following induc-
tion. Nickel affinity purification of the lysed cell pellet under native conditions yielded 22 ug
protein/ml culture with an OD493/ODyg of 2.2. Later cultures utilized a 24 h incubation at 24°C
post-induction, and following nickel affinity purification yielded 100 ug protein/ml culture with
an ODy493/ODygy of 2.3. This protein was further purified by anion exchange chromatography,
with roughly 60% of the protein eluting as a single peak at a NaCl concentration of 100 mM.
This peak had an OD493/OD5g of 5.6. Most likely, the increase in the OD493/OD,gy ratio was
due primarily to maturation of the protein’s fluorophore, as only minor contaminant peaks
were noted in the chromatography trace. The protein was further purified by gel filtration
chromatography, and eluted at a position appropriate for the dimer species. 80% of the protein
was recovered from this gel filtration step, with an OD493/OD5g, of 5.8.

Bioluminescence resonance energy transfer with RrGFP was checked by mixing the protein
with purified luciferase in 10 mM NaCl, 10 mM HEPES pH 7.4, and observing the wavelength
of light emitted following the addition of coelenterazine (Figure[B.I). At the 4 M concentration
of RrGFP dimer used, the dimers are on average separated by 750 A. As BRET requires short
distances (generally <50 A), the emission spectra observed could only occur if the luciferase
and RrGFP were interacting. Note that the RLuc8+RrGFP spectrum contains a larger shoul-
der in the blue wavelengths than the S3RLuc+RrGFP spectrum. This is presumable due to a
weaker interaction between RLuc8 and RrGFP, and may be due to the mutations introduced
into RLuc8. Alternatively, it may simply be the 6xHis tag present on this construct (absent on

S3RLuc) interfering with the interaction.

B.2.2 Crystallography

RrGFP was screened for crystallization conditions, and found to crystallize easily in a number
of different mother liquors. The results of these crystallization trials are shown in Figure
Interestingly, in many of these conditions the crystals appeared extremely rapidly. As an ex-
treme example, the 0.1 M MES pH 6.5, 12% w/v PEG 20,000 condition formed crystals before
the setting up of the crystallization tray had been completed.

RrGFP will in fact slowly crystallize on its own when stored in 10 mM NaCl, 10 mM HEPES
pH 7.4. After a matter of months, a precipitate that forms in the storage tube can be shown
to consist of small, poorly formed crystals capable of polarizing light. Because of this tendency
to crystallize, freshly prepared protein is best for crystallography. If older protein is used, too

many nucleation sites are present and the crystals grown will be of small size. The 0.1 M MES
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Figure B.1: Bioluminescence emission spectra of luciferase and luciferase mixed with RrGFP.
A mixture of 2 uM luciferase (cytoplasmically expressed RLuc8 or S3RLuc) and 4 uM of
RrGFP dimer (a 2 fold excess) in 100 ul 10 mM NaCl, 10 mM HEPES, pH 7.4 was mixed
with 0.5 g coelenterazine. The emission spectrum was recorded as described in Section [2.1.6]
Both luciferases are described in Chapter [4} The peak for SSRLuc+RrGFP is at 505 nm. The
RLuc8+RrGFP peak is at 501 nm.
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(a) 0 days, 0.1 M MES (b) 1 day, 0.1 M HEPES (¢c) 1 day, 0.1 M HEPES (d)2 days, 2.0 M ammonium
pH 6.5, 12% w/v PEG 20,000 pH 7.5, 10% w/v PEG 8000, pH 7.5,20% w/v PEG 10,000 sulfate, 5% v/v isopropanol
8% v/v ethylene glycol

(e) 4 days, 0.1 M HEPES (f) 4 days, 25% v/v ethylene (g) 1 week, 0.1 M bicine (h) 2 weeks, 0.1 M HEPES
pH 7.5, 10% w/v PEG 6000, glycol pH 9.0, 2% v/v dioxane, 10% pH 7.5, 70% v/v MPD
5% v/v MPD w/v PEG 20,000

(i) 2 weeks, 0.1 M sodium (j) 1.5 months, 0.1 M tri- (k) 4 months, 2.0 M ammo- (1) 6 months, 1.5 M ammo-

acetate trihydrate pH 4.6, sodium citrate dihydrate nium sulfate nium sulfate, 0.1 M Tris
2.0 M ammonium sulfate pH 5.6, 20% v/v isopropanol, pH 8.5, 12% v/v glycerol an-
20% w/v PEG 4000 hydrous

Figure B.2: Results of screening RrGFP for crystallization conditions. Freshly purified RrGFP
(48 mg/ml) was used for screening of crystallization conditions using Crystal Screen and Crys-
tal Screen II (Hampton Research) at 20°C. The mother liquor condition and the length of time
between set up of the tray and taking of the image are shown below each photograph.
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Cell Parameters

space group P22, 2
a, b, ¢ dimensions (A) 73.744, 85.416, 158.433
a, B, y angles 90.00, 90.00, 90.00

Data Collection Statistics

number of reflections 135,330
possible reflections 145,458
completeness 93%
Model Statistics

resolution range A) 50-1.55
Rree (%) 35.2
Rworking (%) 30.7

Table B.1: Statistics for the crystallographic structure of RrGFP. The crystallographic con-
dition was 0.1 M HEPES pH 7.5, 10% w/v PEG 6000, 5% v/v MPD, and the corresponding
structure is shown in Figure The cross-validation statistic Ry, was computed from a
randomly chosen subset (5%) of the diffraction data that had been excluded from the model
refinement process [26]. R,y Was calculated as Y || Fobs| — [Featell/ Xt [Fobs|-

pH 6.5, 12% w/v PEG 20,000 condition was particularly sensitive to this effect.

Crystals from several of the conditions were tried for X-ray crystallography. Although the
2.0 M ammonium sulfate, 5% v/v isopropanol condition gave excellent appearing crystals (Fig-
ure , the particularly long C axis of the crystal cell (~250 A) required a significant loss of
diffraction resolution in order to keep the diffraction spots properly separated for the purposes
of peak integration. In the end, the best diffraction data was obtained with the 0.1 M HEPES
pH 7.5, 10% w/v PEG 6000, 5% v/v MPD condition (Figure using an additional v/v 35%
MDP as the cryoprotectant. The resulting structure from this data is presented in Figures|B.3]
with the corresponding statistics given in Table A comparison of RrGFP and AvGFP is
shown in Figure

In the obtained structures of RrGFP, the initial 6 and last 7 amino acids of the primary
sequence could not be located in the electron density. The tertiary fold pattern seen is the
classic f-barrel characteristic of the fluorescent proteins (e. g. AvGFP).

RrGFP is known to exist as a dimer [229], and through accessible surface area (ASA) cal-
culations this dimerization interface can be demonstrated between the protomers A and B
(equivalently C and D) in Figure This calculation was made using the Protein-Protein

Interaction Server [93] [92], which utilizes an implementation of the algorithm of Lee et al.
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Figure B.3: Cartoon representation of a single unit cell of the RrGFP crystal. The four pro-
tomers in each unit cell are labeled A-D. For each protomer, its N-terminus (N) is shown in
blue and its C-terminus (C) is shown in red. The mother liquor for this condition was 0.1 M
HEPES pH 7.5, 10% w/v PEG 6000, 5% v/v MPD (Figure [B.2€). Residues from 7-226 (of 233
total) were identified in the data.
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(a) AvGFP (b) RrGFP

Figure B.4: Cartoon representations of the GFPs from Aequorea victoria and Renilla reni-
formis. The N-termini (N) are shown in blue, with the C-termini (C) shown in red. The
molecule at the center of the -barrel is the fluorophore. The primary sequences of the two
GFPs are 28% identical and 50% similar.
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to calculate accessible surface area [108] and the program HBPLUS to calculate hydrogen
bonds [143]. The results were that the A-B (or C-D) interface contained an interface ASA of
1316 A? and 14 hydrogen bonds, appropriate values for a dimerization interface [93]. In con-
trast, the other interface in the crystallographic unit (A-C, or B-D) had an interface ASA of
151 A? and no hydrogen bonds.

B.3 Conclusion

In conclusion, RrGFP was readily expressed, purified, and crystallized. Unsurprisingly, due to
the close primary sequence similarity between RrGFP and AvGFP, the resultant structure for

RrGFP is very similar to the previously known structure for AvGFP.



Appendix C

Bacterial Expression and

Analysis of Gaussia Luciferase

Gaussia princeps, shown in Figure is a marine copepod (a shrimp-like crustacean). It
resides at a depth of ~800 m in the daytime, and migrates vertically in the water column to
~300 m at night. When disturbed, the animal ejects a bolus of brilliant blue bioluminescence
that is most likely used as a glowing decoy when fleeing predators. The luciferase from Gaussia
responsible for this bioluminescence was first cloned in 1999 [205], and is now commercially
available from NanoLight Technologies as well as in a mammalian codon optimized form from
New England Biolabs.

Recently, a closely related luciferase (68% similar) has been described from the copepod
Metridia longa [134]. This is not surprising, as both Metridia longa and Gaussia princeps
are from the Metridinidae family. Interestingly, a luciferase from a species of Pleuromamma
(GenBank ID GI:12621056), also in the Metridinidae family, does not appear to be related.

Gaussia luciferase (GLuc) has attracted interest as a reporter gene in mammalian cell stud-
ies as it may be a more sensitive reporter than firefly or Renilla luciferase [206]. Its use as a
reporter gene for in vivo imaging purposes, however, may be limited as GLuc is a secreted
protein.

For the purposes of a bioluminescent label, GLuc would appear to have many favorable
properties. At 20 kDa (18 kDa for the mature protein) it is the smallest currently known
luciferase [205], and it is resistant to inactivation from heat as well as acidic and basic condi-

tions [11]. This stability may be due to the number of cysteines in the molecule, which likely

202
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Figure C.1: A photograph of Gaussia princeps. Actually size of the animal is ~1 cm. This
photograph is courtesy of Dr. Bruce Bryan.

form disulfide bonds [205]].

As things turn out, GLuc is extremely challenging to produce in bacterial expression sys-
tems. This recalcitrance to bacterial expression is the primary reason it was not utilized for the
bioluminescent labeling experiments done in this dissertation (Chapter|[6). As one can imagine,
with 10 cysteine residues in the mature protein there are many possible combinations of disul-
fide bonds that are incorrect. Another annoyance with GLuc, as will be encountered below, is
that it is much more sensitive to the composition of the reaction buffer than Renilla luciferase.

This appendix contains some analysis of the GLuc primary sequence, and details the var-
ious techniques that were attempted for expressing the protein in bacteria. As a review of
bacterial protein expression techniques is not covered here, the interested reader is referred
to review articles by Makrides [131]] and Baneyx [12], as well as the product manuals from

Qiagen’s nickel affinity resin [176] and Novagen’s pET expression system [160].

C.1 Methods

C.1.1 Materials

M9 minimal medium was made using the standard protocol [182] with the carbon source con-

sisting either of glucose or arabinose.
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C.1.2 Periplasmic Constructs

The gene for Gaussia luciferase was a generous gift from Dr. Bruce Bryan. This construct
had been partially codon optimized for the purposes of mammalian expression. The construct
also had the predicted N-terminal signal peptide domain (first 17 amino acids) replaced with a
single methionine, and as a consequence is referred to as truncated GLuc (tGLuc) in the text.

PCR was used to replace the methionine codon of tgluc with two codons (met/ala) containing
an Ncol site, and to add a HindIII site to the 3’ end of the gene. The Ncol/HindIII digested PCR
product was then inserted into the backbone from an Ncol/HindIII digested pBAD-pelB-RLuc
(Section [2.1.4), to create pBAD-pelB-tGLuc-Myc. The Myc epitope, along with a C-terminal
6xHis tag and stop codon, were added by the ligation into the expression plasmid. The pBAD-
pelB-tGLuc construct, which does not contain the Myc epitope, was similarly made by using
the pBAD Sall site instead of the HindIII site. The construct pBAD-pelB-GLuc was made by
using PCR to reattach a DNA sequence corresponding to the missing signal peptide.

Using PCR, an N-terminal 6xHis tagged, thrombin cleavable version was made by replacing
the initial methionine codon of ¢gluc with a sequence containing an Ncol site, an alanine, a
6xHis tag, and a thrombin site (LVPR/GS). A Pmel site and stop codon were added 3’ to the
gene as well. The PCR product was Ncol/Pmel digested, and ligated into a correspondingly
digested pBAD-pelB backbone to create pBAD-pelB-A-6H-thr-tGLuc.

In the hopes of pursuing NMR studies of GLuc, additional constructs based on the pET42
vector (Novagen, Darmstadt, Germany) were made, as the pBAD based system is not practical
to use for stable isotope labeling experiments. This is due to a combination of two reasons.
First, 13C labeled L-(+)-arabinose is not available commercially so the minimal media exper-
iments would need to be done with a different carbon source and a E. coli strain deficient in
arabinose utilization. Second, all E. coli strains that are deficient for arabinose metabolism
are unable to grow on minimal media.

PCR was used on pBAD-pelB-A-6H-thr-tGLuc to add an Ndel site 5’ to the pelB, and switch
the Pmel site C-terminal to the stop codon to an AvrlI site. The product was then Ndel/AvrIl
digested and ligated into a similarly digested pET42 backbone to make pET42-pelB-A-6H-
thr-tGLuc. The constructs pET42-pelB-A-6H-3C-P2tGLuc, pET42-pelB-A-tGLuc-thr-6H, and
pET42-pelB-A-thr-tGLuc-thr-6H were made in similar fashion by appropriate use of PCR. The
“3C” indicates a protease site (LEVLFQ/GP) for the HRV-3C protease. P2tGLuc indicates that
the initial residue of tGLuc (K1) has been replaced, in this case by a glycine, and the native

sequence begins with P2.
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C.1.3 Cytoplasmic Constructs

An initial cytoplasmic expression plasmid, pBAD-tGLuc, was made by using PCR to replace
the pelB sequence in pPBAD-pelB-tGLuc with a methionine codon.

Additional plasmids based on the pET32 vector (Novagen) were constructed in order to
express GLuc cytoplasmically. The pET32 plasmids are designed to allow fusing the protein
of interest to a thioredoxin (Trx) protein. The purpose of the Trx is two fold. First, Trx is
highly soluble, and this can lead to enhanced solubility of the fusion partner. Second, Trx
appears to catalyze disulfide bond formation when used in E. coli strains that have an oxidizing
cytoplasmic environment due to mutations in thioredoxin reductase (trxB) and glutathione
reductase (gor) [174], 1200, [160]. The ability to catalyze disulfide bonds is presumably of benefit
for the expression of GLuc.

Using pET42-pelB-A-6H-thr-tGLuc and pET42-pelB-A-6H-3c-P2tGLuc as templates, PCR
was used to add a BglII site 5’ to the protease restriction site and a HindIII site 3’ to the stop
codon in these constructs. Following BglII/HindIII digestion of the PCR product, the constructs
were ligated into a correspondingly digested pET32b(+) plasmid. The resulting plasmids were
titled pET32-trx-6H-s-thr-P2tGLuc and pET32-trx-6H-s-3¢c-P2tGLuc, where “s” designates an
s affinity tag that was not used.

C.1.4 Protein Production

Protein production was done in either LMG194, BL-21, or Rosetta-gami B (DE3) cells (No-
vagen). The Rosetta-gami cells are K-12 derivatives that have oxidizing cytoplasmic envi-
ronments due to mutations in both trxB and gor [174]. Negative mutations of the trxB/gor
genes generally reduce the growth rate of the cells considerably. Rosetta-gami cells, however,
are derivatives of the FA113 strain that was developed to incorporate the trxB/gor mutations
and still maintain a considerable growth rate [19]. In addition to the oxidizing environment
in their cytoplasm, the Rosetta-gami cells also have supplemental tRNAs for codons that are
rarely used in E. coli.

The medium used for protein expression was always Terrific Broth (TB) unless otherwise
indicated. The medium contained the appropriate antibiotics for the given plasmid/cell line
combination (e. g. ampicillin for pPBAD/LMG194, ampicillin/kanamycin/chloramphenicol/tetra-
cycline for pET32/Rosetta-gami B). The cells were grown in the medium at 37°C until the

culture obtained an ODgy of 0.7. At this point, the cells were induced (0.2% arabinose for
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pBAD based vectors, 1 mM IPTG for pET based vectors) and generally grown for 24 hr at 32°C
unless stated otherwise.

For periplasmic expression of the pelB containing plasmids, the cells were centrifuged and
submitted to the osmotic shock/nickel affinity chromatography steps that have already been
described in Section In some cases in which minimal media was used for the culture,
protein was purified directly from the culture supernatant. In these cases, following centrifu-
gation to remove the cells, the supernatants were brought to 20 mM imidazole from a 400 mM
stock, 0.2 um filtered, and then purified by nickel affinity chromatography.

For cytoplasmic expression plasmids (pET32 constructs), the cells were centrifuged and
frozen, with the pellets submitted to lysis and nickel-affinity chromatography as has already
been described in Section Following nickel-affinity chromatography, the protein was
cleaved using the appropriate protease (1 ug calf a-thrombin per mg protein, or 10 U HRV-3C
per mg protein) overnight at 4°C, and further purified by gel filtration chromatography on a
Sephacryl S-100 column (GE Healthcare) using 10 mM NaCl, 10 mM HEPES pH 7.4 as the
running buffer. Anion exchange chromatography was attempted, but GLuc has insufficient
surface charge to bind the Source 15Q resin (GE Healthcare) that was used.

MALS on purified protein was done as explained in Section [4.1.4]

C.1.5 Assay

The luciferase assay was performed as described in Section with the exception that a
different assay buffer was used. GLuc activity was found to be highly buffer dependent. The
buffer originally used for assays was Buffer D (10 g/L Roche blocking reagent in 0.1 M maleic
acid, 0.15 M NaCl, 1 mM EDTA, pH7.5) [220]. The assay was later switched over to using
phosphate buffered saline (PBS) with 0.01% Tween-20, as this yields ~7-fold more light than
the use of Buffer D.

Bioluminescence spectrophotometry was measured as described in Section

C.2 Results

C.3 Primary Sequence Analysis

A sequence alignment between GLuc and Metridia longa luciferase (MLuc) is shown in Fig-

ure A signal peptide sequence along with its corresponding cleavage site were predicted
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at a high level of confidence for both luciferases through the use of the SignalP 3.0 server [17].
As an aside, the luciferase from Pleuromamma was not predicted to have a signal peptide.

In addition to the signal peptide prediction, the sequences were also checked for internal
duplications using the Radar server [74]. The results, as indicated in Figure pointed to a
likely region of duplication in both GLuc and MLuc. Each of these duplicated domains contains
5 cysteines, 4 of which line up exactly to cysteines in the corresponding domain. An alignment

of the duplicated domain from GLuc is shown in Figure

C.4 Periplasmic Constructs

For the periplasmic expression constructs, the thought was that replacing the eukaryotic signal
peptide sequence with a prokaryotic version would allow efficient expression of the protein into
the oxidative environment of the bacterial periplasm. However, recovered activity from the
periplasmic expression of the pBAD-pelB-tGLuc construct was low. The emission spectrum of
this protein was recorded, and is shown in Figure

To test the effects of the missing eukaryotic signal peptide, a construct was created con-
taining the full length GLuc sequence and the pelB sequence preceding the eukaryotic signal
peptide. Expression of this plasmid (pBAD-pelB-GLuc) resulted in recovered activity values
an order of magnitude worse than from the corresponding tGLuc construct.

With the idea that inappropriate or incorrect disulfide bond formation may be limiting the
activity of the periplasmically expressed tGLuc, a series of 10 tGLuc point mutants were cre-
ated with each containing a single cysteine to alanine mutation. All these variants led to large
drops in the recovered activity from the bacterial periplasm, with the exception of the C76A
mutation that only led to a ~50% reduction. Interestingly, C76 is the only cysteine in its do-
main that does not have a cysteine at the corresponding location in the duplicated domain
(Figure[C.3).

It was noticed that a majority of the activity from the pBAD-pelB-tGLuc expressions was
appearing in the culture supernatant, probably indicating that expression of this plasmid was
to some extent toxic to the cells [197]. As proteins cannot easily be purified by nickel affinity
chromatography from rich media (e. g. TB), due to chelators present in these media stripping
the nickel from the resin, the decision was made to try expression in a minimal medium. The
LMG194 cells that had been used previously cannot, however, grow in minimal media. For

this reason, BL21 E. coli cells were used for the minimal medium (M9) protein expression. As
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Figure C.2: Aligned sequences for the luciferases from Gaussia princeps (GLuc) and Metridia
longa (MLuc). The signal peptide region and duplicated domains (dup.) were predicted as de-
scribed in the text. GenBank identifiers for GLuc and MLuc are GI:12621054 and GI:38326874,

respectively.
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GLuc-1 43 REKEEE K $Ar KEMER AG RGC IC 76
GLuc-2 114 IPERREF|N. PMEQEF T)S GCLJN | 147
GLuc-1 77 K =y KK PERCEIT 97
GLuc-2 148 I§ KK PORC T 168
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Figure C.3: Putative duplicated domain in Gaussia princeps luciferase. The duplicated domain
was identified using the Radar server as described in the text. GLuc-1 is residues 43-97. GLuc-
2 is residues 114-168.
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Figure C.4: Normalized bioluminescence emission spectrum for Gaussia luciferase. The emis-
sion spectrum for Renilla luciferase (RLuc) is included for comparison. Gaussia luciferase
(tGLuc) had a peak emission at 488 nm, and its mean emission wavelength was 506 nm. Coe-
lenterazine was used for the emission spectra, and the curves are normalized such that the
total area under the curve is equal.
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these cells can utilize arabinose as an energy source, arabinose was used as the carbon source
in these experiments instead of glucose. These cultures generated 17 ug luciferase/ml culture,
with a specific activity (averaged over 10 s) in Buffer D of 4.1 x 10*> photons/s/mole enzyme.
Denaturing gel electrophoresis under reducing conditions of the protein purified from these
cultures showed two bands, presumably corresponding to protein with and without proper
removal of the pelB signal peptide.

The above experiment was retried with the pBAD-pelB-A-6H-thr-tGLuc construct, in which
the pelB and 6xHis tag are separated from tGLuc by a thrombin cleavage site. Expression of
this construct was worse (1 ug luciferase/ml culture) and the specific activity was reduced
(1.1 x 10??> photons/s/mole enzyme in Buffer D). Additionally, the thrombin site did not appear
to be available for cleavage as assessed by gel electrophoresis.

With respect to generating protein labeled with stable isotopes for NMR, the pBAD based
protein expression methods are inappropriate, as !3C labeled L-(+)-arabinose does not appear
to be commercially available. Even if an isotopically labeled version of this sugar was available,
its price would likely be prohibitively expensive. For this reason, it was decided to switch to an
IPTG inducible expression plasmid (e.g. pET42) so that '>C labeled glucose could be used as
the carbon source.

A total of four pET42 based vectors were created. These constructs were grown in BL-21
cells using M9 minimal medium with glucose as a carbon source at 24°C. Following induc-
tion with IPTG, the cultures were grown for 3 days, at which point the activity in the culture
supernatants plateaued and the cultures were ended. The results following purification from
the culture supernatants are shown in Table For both the N-terminal 6xHis tagged con-
structs, only ~10% of the total activity bound onto the nickel affinity resin, with the remainder
coming through on the flow through fraction. For the C-terminal 6xHis tagged constructs, two
isoforms were present on denaturing gel electrophoresis under reducing conditions, most likely

indicating the presence of protein both with and without the pelB signal peptide.

C.5 Cytoplasmic Constructs

The soluble protein fraction from the pBAD based cytoplasmic construct (pBAD-tGLuc) yielded
only ~0.1 ug of tGLuc/ml culture. This protein had a specific activity of 3.3 x 10! photons/s/-
mole as measured in Buffer D. Performing the cell lysis step in the presence of 8 M urea

improved yield to 6.5 ug tGLuc/ml culture, with a specific activity of 5.2 x 10! photons/s/mole
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Plasmid | Yield (ug/ml) | Specific Activity (photons/s/mole)
pET42-pelB-A-6H-tGLuc 1.3 1.3x 107
pET42-pelB-A-6H-3c-P2tGLuc 0.1 2.0x 105
pET42-pelB-A-tGLuc-thr-6H 8.4 2.2 %107
pET42-pelB-A-thr-tGLuc-thr-6H 1.0 1.3x 103

Table C.1: Yield and specific activity of the pET42 based Gaussia constructs. Yield represents
ug of recovered protein per ml of culture following nickel affinity chromatography. Specific
activities were measured in Buffer D.

Yield | Specific Activity
Plasmid Step (ug/ml) | (photons/s/mole)
pET32-trx-6H-s-thr-tGLuc  nickel affinity 28 2.4 %105
gel filtration 5 3.8 x 107
pET32-trx-6H-s-3c-P2tGLuc nickel affinity 36 1.8 x 105
gel filtration 5 4.6 x 10?3
(3.2x10%* %)

Table C.2: Yield and specific activity of the pET32 based Gaussia constructs. Yield represents
ug of recovered protein per ml of culture following the given step of purification. Protease
digestion of the luciferase from the trx fusion was done between the nickel affinity and gel
filtration chromatography steps. Specific activities were measured in Buffer D, except for the
entry marked with 1 that is a remeasure of the gel filtration purified P2tGLuc using PBS with
0.01% Tween-20 as the assay buffer.

in Buffer D. Using 2-mercaptoethanol in place of the 8 M urea led to a further increase in yield
to 16 ug tGLuc/ml culture, with a specific activity of 1.4 x 10?> photons/s/mole in Buffer D.

At this point, protein production was switched over to the pET32 based expression plas-
mids. As explained in the methods, these experiments made use of Rosetta-gami B (DE3) cells
allowing cytoplasmic expression in an oxidizing environment. Results for these constructs us-
ing TB medium and purifying from the soluble protein fraction are given in Table The
overnight protease digestion at 4°C, as assessed by gel electrophoresis, gave complete cleavage
between the luciferase and the trx fusion.

Gel filtration chromatography was performed following protease digestion of the constructs
and showed a large amount of protein coming through the column in the void fraction. This
protein showed very little luciferase activity, but ran at the correct size for tGLuc on denaturing
gel electrophoresis under reducing conditions and most likely represents incorrectly disulfide
bonded oligomers of the luciferase. The main peak eluted from the Sephacryl S-100 column at

a point earlier than would be expected for a monomer of the luciferase, but was confirmed to
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be the monomer for the P2tGLuc condition by light scattering (see below). In addition, a small
peak eluted, at a point appropriate for the dimer species, intermediate to the void fraction and
the major peak. A bioluminescence emission spectrum was recorded for P2tGLuc, and showed
a peak wavelength of 488 nm, a mean wavelength of 503 nm.

Protein size and monodispersity of the P2tGLuc monomeric fraction were confirmed using
a Shodex 802.5 gel-filtration column followed by in-line multi-angle light scattering (MALS)
and refractive index detectors (DAWN EOS and Optilab DSP, Wyatt Technologies, Santa Bar-
bara, CA). A dn/dc value of 0.185 ml/g was assumed in all calculations, and all processing was
performed using the ASTRA software package (Wyatt Technologies). P2tGLuc eluted from the
Shodex column at a point appropriate in size for the monomer species. The calculated mass
based on the MALS data was 19.6 kDa (actual expected mass 18.1 kDa).

Crystallography screens at 20°C were set up for P2tGLuc at a protein concentration of
13 mg/ml in the presence and absence of 0.1% Tween-20. The screens used were the Index
Screen HT and Crystal Screen HT from Hampton Research. An additional Index Screen HT
was set up for P2tGLuc at a protein concentration of 32 mg/ml with and without 0.1% Tween-
20. After 6 months of observation, none of the conditions produced a protein crystal.

When stored for 3 months at 4°C in 10 mM NaCl, 10 mM HEPES pH 7.4 and at a protein

concentration of 13 mg/ml, P2tGLuc was observed to lose 90% of its activity.

C.6 Discussion

Previous attempts at expressing the luciferase from Gaussia princeps in both bacterial and
yeast expression systems have met with disappointing results (personal communication, Dr.
Bruce Bryan). Unsurprisingly, given the sequence similarity, the related luciferase from Metri-
dia longa also expresses poorly in bacteria cells [134]]. In an attempt to successfully produce
Gaussia luciferase from bacteria, two expression systems were tried where the protein would
be exposed to an oxidizing environment.

The first method tried was expression of GLuc into the bacterial periplasm through the use
of the pelB leader sequence. The conclusion from this work, is that the protein is in some way
toxic to the cells with the result that the expressed protein ends up being located in the culture
supernatant [197]. By purifying from the culture supernatant, small amounts of active protein
were recovered, but this protein was heterogeneous due to inconsistent cleavage of the pelB

signal peptide.
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The second method attempted was intracellular expression in a host strain that presents
an oxidizing environment in the cytoplasm. This technique was successful in producing small
amounts of homogeneous, highly active GLuc. Work is currently ongoing to isotopically label

the protein and obtain an NMR structure of the luciferase.
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