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Abstract
Due to its ability to emit light, the luciferase from Renilla reniformis (RLuc) is widely employed in
molecular biology as a reporter gene in both cell culture experiments and small animal imaging. To
accomplish this bioluminesce, the 37 KDa enzyme catalyzes the degradation of its substrate
coelenterazine in the presence of molecular oxygen, resulting in the product coelenteramide, carbon
dioxide, and the desired photon of light. We successfully crystallized a stabilized variant of this
important protein (RLuc8), and present the first structures for any coelenterazine-using luciferase.
These structures are based on high resolution data measured to 1.4 Å and demonstrate a classic α/β-
hydrolase fold. We also present data of a coe-lenteramide bound-luciferase, and reason that this
structure represents a secondary conformational form following shift of the product out of the primary
active site. During the course of this work, the structure of the luciferase’s accessory green fluorescent
protein (RrGFP) was determined as well and shown to be highly similar to that of Aequorea GFP.
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Introduction
Luciferases have become important research tools over the last two decades, due to their ability
to emit light and therefore be monitored externally to the milieu they reside in. This ability has
seen these bioluminescent proteins utilized widely as reporter genes in cell culture experiments
and more recently in the context of small animal imaging [1]. The two main classes of
luciferases employed as research tools are the beetle and coelenterazine luciferases. The beetle
luciferases (e. g. firefly) use D-luciferin as their substrate, are highly similar (≥ 45% [2]), and
have been extensively studied including structurally [3].
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In contrast, no similarity is seen between most of the coelenterazine using luciferases identified
so far (e. g. Gaussia, Renilla, Pleuromamma, Oplophorus) [4], even when the luciferases
originate from species within the same family (Gaussia versus Pleuromamma). This has been
taken to indicate that coelenterazine utilizing luciferases have emerged multiple times
throughout the course of evolution. Of the coelenterazine luciferases, the luciferase from
Renilla reniformis (RLuc) has been the most extensively studied [5] and the most widely
employed for research use. To date, however, no structure has been elucidated of any of the
coelenterazine using luciferases, including RLuc.

In Renilla reniformis, RLuc is found in membrane-bound intracellular structures within
specialized light emitting cells [6,7] along with two other proteins, a closely interacting green
fluorescent protein (RrGFP) [8], and a Ca++ activated luciferin binding protein (RrLBP) [9]
(the almost identical luciferin binding protein from Renilla mülleri has recently been
crystallized [10]). The chemical reaction that transpires in RLuc mediated bioluminescence
involves the catalytic degradation of coelenterazine and proceeds through a dioxetane (also
called dioxetanone or cyclic peroxide) intermediate step [11]. In vitro the reaction yields blue
light (480 nm peak), but in vivo it is not RLuc that is the light emitter but rather RrGFP. The
energy released by the luciferase catalyzed oxidation of coelenterazine is passed via resonance
energy transfer to the fluorophore of RrGFP and emitted as a green photon [12], explaining
the 505 nm peaked bioluminescence observed from the animal.

Since the cloning of the gene for RLuc [13] this luciferase has been widely used in molecular
biology, mainly as a reporter gene. More recently the gene has been incorporated into reporter
applications of increasing complexity, including fusion reporter genes [14–16], split-reporter
complementation systems [17], and resonance energy transfer based sensors [18,19]. Work has
also emerged utilizing variants of Renilla luciferase to create novel imaging probes by fusing
the luciferase to engineered antibodies [20] and to generate self-illuminating quantum dots by
attaching the luciferase as an internal light source [21]. In the development of these and other
applications, the tertiary structure of the protein would be helpful in understanding the most
effective way to employ the luciferase. For instance, structural data would allow assessment
of potential steric hindrance issues prior to the creation of fusion protein constructs involving
RLuc, and to assess which residues are available for site-specific conjugation reactions.
Structural data would also be helpful in guiding rational alteration of the enzyme in pursuit of
beneficial modification of its spectral and enzymatic properties [22,23].

The current work has focused on an 8 mutation variant of RLuc (RLuc8) in lieu of the native
enzyme, as this variant is both more stable and more easily expressed than the native enzyme
[22]. The protein’s structure was successfully determined from crystals grown under a number
of different conditions, with a product bound structure highlighting residues that had previously
been found important for determining the enzyme’s emission spectrum [23]. As RrGFP is
known to physically associate with RLuc in vitro, work with RrGFP was pursued as well.
RrGFP was found to be structurally very similar to the green fluorescent protein from Aequorea
victoria (AvGFP) with the exception of containing a much stronger dimerization interface.

Results
Protein Characterization

Periplasmically expressed and purified RLuc8 was characterized by light scattering and
MALDI-TOF mass spectrometry to assess the oligomeric state and mass of the protein. Light
scattering results indicated that RLuc8 existed as a monomer in solution, as molar mass moment
calculations 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, the
periplasmically expressed RLuc8 was measured as 36.8 kDa - within error of the expected size
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of 36.9 kDa. A minor peak around 38.5 kDa was noticed on some preparations, and may
indicate that the PelB signal peptide was not consistently processed and removed. This potential
issue was addressed by moving to the N-terminal cleavable 6xHis tag periplasmic expression
construct (S3RLuc8) as well as cytoplasmic expression constructs. Following thrombin
digestion and purification, mass spectrometry of the S3RLuc8 protein showed the desired
single peak.

One nicety of RrGFP purification, is that the level of purity attained can easily be monitored
by the ratio of the protein’s OD498 to OD280. 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 extracted from Renilla reniformis is OD498/OD280=5.6 [8]. Following
purification, the recombinantly produced RrGFP produced here had an OD498/OD280 ratio of
5.8. The ability of this 6xHis tagged RrGFP to interact and allow resonance energy transfer
with the 6xHis tagged RLuc8 was confirmed by combining the two proteins in 10 mM NaCl,
10 mM HEPES pH 7.4 at protein concentrations that precluded trivial transfer mechanisms
from playing a large role in the emission, and observing a green-peaked emission spectrum
matching the emission spectrum of RrGFP following the addition of coelenterazine (data not
shown, see [24]).

Crystallization Condition Screening
A large number of conditions as well as RLuc8 variants were evaluated, a full detailing of
which is available elsewhere [24] and only a pertinent synopsis follows. Conditions which led
to crystals used for X-ray diffraction are given in Table 1. Photographs of these crystals, along
with crystals from other conditions, are shown in Supplemental Figure 1. The initial
crystallization conditions identified, RLuc8:diammonium, RLuc8:KSCN,
S3RLuc8:thiomaltoside, led to high quality crystals. However, the growth time of the crystals
was on the order of 3–6 months, which microseeding failed to accelerate. Additionally,
coelenterazine and its analogs are sparingly soluble in aqueous solution, and a crystallization
condition was desired containing an organic component to allow an appreciable amount of
substrate to be included in the crystallization.

One semi-rational method employed to aid in crystallization is to switch a small number of
charged surface residues to alanines [25], with the rationale that removal of hydrophilic
residues reduces the desolvation associated entropy loss from formation of protein-protein
contacts. Generally, these mutations are done without knowledge of the tertiary structure of
the protein [26]. In our case, a structure had already been solved, so mutations were chosen
“intelligently” based on known crystal contacts. The residue pairs chosen were: K12A/E106A,
K25A/E277A, and E183A/K227A. All possible permutations of these pairs were expressed,
purified, and shown to retain at least 60% of the parental protein’s activity (Supplemental Table
1). This work led to crystallization conditions (RLuc8/K25A/E277A:PEG/isopropanol,
RLuc8:PEG/isopropanol)) that allowed inclusion of appreciable amounts of substrate.

RrGFP was found to crystallize readily in a number of different mother liquors within time
scales of minutes to days. RrGFP will in fact slowly crystallize over several months when
stored in 10 mM NaCl, 10 mM HEPES pH 7.4. The best diffraction data was obtained with
the RrGFP:PEG/MPD condition.

Screening of RrGFP and cytoplasmically expressed RLuc8 in a 2:1 molar ratio (one RrGFP
dimer per RLuc8) produced co-crystals as demonstrated by gel electrophoresis. These crystals
were needle-like and of insuffcient size to achieve diffraction below 5 Å. Molecular
replacement using the RrGFP and RLuc8 structures on this low resolution co-crystal diffraction
data was unsuccessful.
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Structures of RLuc8
The structure derived from the RLuc8:diammonium condition is presented in Figure 1a, with
statistics for this as well as structures discussed later given in Table 2. Residues 4–308 (of 311
total) 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. The resultant
structure from the RLuc8:KSCN condition was almost identical to that from
RLuc8:diammonium (Cα root mean square deviation 0.2 Å), with the sole exception that only
one of the imidazoles (corresponding to IMD1 in Figure 1a) was observable in the data.

The crystals from the S3RLuc8:thiomaltoside condition were in an orthorhombic setting (rather
than the hexagonal lattice observed for the diammonium phosphate and potassium thiocyanate
conditions), and contained two protomers in the asymmetric unit. Interestingly, the N-terminal
(residues 3–13) of one of the protomers in the asymmetric unit interacted with its neighboring
protein, turning away from the presumptive active site in doing so, contrary to the observation
in the diammonium phosphate structure. A superposition of the two monomers from this
condition with the previous RLuc8:diammonium structure, shown in Figure 1b, highlights this
change, as well as that the loop region containing residues 153–163 opened toward solvent.
These findings were taken to imply that these regions of RLuc8 are structurally flexible.

The crystal structure obtained from the RLuc8/K25A/E277A:PEG/isopropanol condition
lacked sufficient electron density to allow placement of a portion of the cap domain (residues
153–162), which again would be consistent with flexibility in this region of the protein. In
addition to these missing residues, neither substrate nor product could be identified in the
electron density. Unexpectedly, the surface mutations (K25A, E277A) made in this construct
with the intention that they would aid in crystallization were not involved in contacts between
proteins in this crystal.

Further screening led to RLuc8:PEG/isopropanol, which successfully yielded electron density
for the reaction product coelenteramide in difference maps of the active site (Figure 1c),
although the density in parts of the coelenteramide structure appear weak suggesting disorder
of either static or dynamic nature. The locations of residues 153–154 were disordered as well
and were not included in the model.

A possible explanation for the preference of benzyl-coelenterazine in crystallizing RLuc8/
K25A/E277A versus coelenterazine in crystallizing RLuc8, can be proposed based on the
interactions of coelenteramide with the protein’s residues as shown in Figure 1c. This closeup
shows that a hydroxyl group in coelenteramide interacts with E277 through a predicted
hydrogen bond. In RLuc8/K25A/E277A, this glutamate has been mutated to alanine and the
predicted hydrogen bond cannot form. Benzyl-coelenterazine lacks this hydroxyl group;
presumably there is a favorable hydrophobic interaction between A277 and the hydroxyl-
lacking benzene ring.

Variants of the protein RLuc8/K25A/E277A were created containing alanine substitutions at
the presumptive catalytic triad residues D120, E144, or H285 [22], with the hope that these
potentially inactivating mutations would allow crystallization of the protein in complex with
substrate rather than product. However, neither coelenterazine nor coelenteramide was
observed in the resulting electron density maps derived from these crystals.

Structure of RrGFP
The resulting structure from X-ray diffraction of the RrGFP:PEG/MPD crystallization
condition is presented in Figure 2a, with the corresponding statistics given in Table 2. In the
obtained structure of RrGFP, the initial 6 and last 7 amino acids of the primary sequence could
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not be located in the electron density. Although the electron density maps were of very high
quality, the R factors were unusually high (~30%), suggesting some type of disorder or
deviation from ideality that could not be modeled using translation/libration/screw (TLS)
models for each protomer [27] - one such possibility is the high solvent B factor (~69) and low
Wilson B (~14), suggesting a significant amount of solvent disorder relative to protein.

The tertiary fold pattern seen is the classic β-barrel characteristic of the fluorescent proteins,
and the expected fluorophore of p-hydroxybenzylidene-imid-azolidone was readily apparent
in the electron density data (Figure 2c) [28,29]. A comparison of RrGFP and AvGFP is shown
in Figure 2b. Unsurprisingly given the close primary sequence similarity between RrGFP and
AvGFP (50% similar, 28% identical), the resultant structure for RrGFP is analogous to the
previously known structure for AvGFP (Cα root mean square deviation 1.4 Å).

RrGFP is known to be a dimer [8]. Accessible surface area (ASA) calculations for the interface
between the protomers I and II (equivalently III and IV) in Figure 2a yield an interface interface
ASA of 1316 Å2 and 14 hydrogen bonds, appropriate values for a dimerization interface
[30]. In contrast, the other interface in the crystallographic unit (I–III, or II–IV) had an interface
ASA of 156 Å2 and 1 hydrogen bond. For comparison, AvGFP, which is known to weakly
dimerize [31], has an ASA of 848 Å2, and 8 hydrogen bonds on the interface corresponding
to the dimerization interface of RrGFP.

Discussion
Much like the similar bacterial haloalkane dehalogenase [32], Renilla luciferase has a
characteristic α/β-hydrolase fold sequence at its core [33] and shares the conserved catalytic
triad of residues employed by the dehalogenases [22]. The level of primary sequence similarity
is somewhat surprising given that the dehalogenases are hydrolases while the luciferase is an
oxidase, and hypotheses on how this situation may have came to be from an evolutionary
standpoint have previously been discussed [22]. Now with the structure of the luciferase, the
high level of tertiary structure similarity to the haloalkane dehalogenases can be noted as well
(Cα root mean square deviations ~1.5 Å for LinB structures). A topological map of the RLuc8
α/β-hydrolase fold is shown in Figure 3a, along with the locations of the presumptive catalytic
triad residues D120/E144/H285A within this diagram. α/β-hydrolases have their nucleophile
(D120 in RLuc) immediately after the fifth β-sheet (β5) in what is termed the “nucleophile
elbow”. The sequence pattern for this elbow is generally G-X-Nuc-X-G [34] in the α/β-
hydrolases, and corresponds to GHDWG (residues 118–122) in Renilla.

A feature observable in the RLuc8 structures (Figure 1a) that was not apparent in previous
homology models is the wrapping of the N-terminus around the protein toward the front of the
presumptive enzymatic pocket. There was also occasional variability in the placement of the
initial ~10–15 residues (e. g. monomer 1 in Figure 1b), indicating that this region of the protein
may contain a high degree of conformational flexibility. Variants of RLuc8 with the N-terminal
clipped up to position I15 are relatively well tolerated and retain >25% of activity (data not
shown, see [24]), demonstrating that this N-terminal region is not required for enzymatic
activity of the protein. It has been a general observation in our laboratory that fusion proteins
created by attachment to the N-terminus of RLuc have a greater propensity towards low
luciferase activity than fusions made by attachment to the C-terminus of RLuc. Based on the
structural data and the non-essentialness of the N-terminal region from an enzymatic
standpoint, it can be hypothesized that this drop in activity for N-terminal fusions is due to
steric hindrance of the RLuc active site.

In the RLuc8:diammonium structure two imidazole molecules, apparently from the mother
liquor, were located in the presumptive catalytic pocket of the molecule. Previous reports
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[35] have reported enhanced enzymatic activity of RLuc in the presence of imidazole, with a
maximal activity 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 appropriate for binding coelenterazine. Interestingly, the mother liquor for the
RLuc8:KSCN condition did not include imidazole, although density corresponding to a single
molecule of imidazole was present in the diffraction data from this condition. This indicates
that the imidazole molecule is retained within the protein during the nickel affinity purification,
and is bound tightly enough to remain attached through two additional steps of
chromatography.

The main conformation changes in the coelenteramide-bound structure from the RLuc8:PEG/
isopropanol condition compared to the previous diammonium phosphate condition, 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 the cap domain (Figure 3) of the enzyme,
a domain that has been suggested to be flexible for the purposes of substrate binding in the
haloalkane dehalogenases [36]. It can be expected that portions of the cap domain in Renilla
luciferase, specifically residues 153–163, are similarly flexible for this same purpose. The
finding of flexibility is further supported by the high B-factors found for these residues, and
the outward movement of this portion of the enzyme may indicate conformational changes in
response to binding of the coelenteramide.

Several lines of evidence indicate that the observed location for coelenteramide in the
RLuc8:PEG/isopropanol structure is not the location of the substrate during the enzymatic
reaction nor the location of the product during emission of the bioluminescence photon. First,
if the coelenteramide location shown in Figure 1c 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 concentration (Supplemental Figure
2) indicating that only one protein monomer is involved in the reaction. Second, a variant with
truncation of the last 5 amino acids of the protein (including the residue N309) retains 40% of
the enzymatic activity (data not shown, see [24]). Third, the K25A/E277A mutations resulted
in only a 40% drop in activity (Supplemental Table 1). One might expect a much larger drop
in activity if E277 was directly involved in the enzymatic activity. Finally, many of the residues
in the putative active pocket identified as being important for activity (e. g. N53, D120, I223
[22,23]) would be rather distant (6–8 Å ) from the substrate/product if the observed
coelenteramide 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 [5].
Coelenteramide, however, is known to strongly inhibit the enzymatic reaction with a Ki ~20
nM [37], so it must be able to bind to RLuc tightly. The explanation for this phenomenon has
been that the chemical environment coelenteramide experiences changes immediately
following emission of the bioluminescence photon [35]. This in turn leads us to the hypothesis
that the coelenteramide location changes immediately after the enzymatic reaction and
emission of the bioluminescence photon, with the coelenteramide sliding partially out of the
active pocket due to a conformational change in the luciferase’s cap domain. In this hypothesis,
the location of coelenteramide in the crystal structure presented here represents this
“secondary” binding position and not the position of product/substrate during the enzymatic
reaction.

Previously reported random and semi-rational mutation experiments on RLuc have been able
to alter the enzyme’s substrate specificity [22] as well as shift its bioluminescence emission
spectra [23]. While the coelenteramide bound structure of RLuc8 cannot fully explain these
alterations, the structure does highlight many of the residue locations previously found to be
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most important in altering its emission spectrum (e. g. D162, F181, F261, F262) and should
serve as a initial starting point for further rational alteration of the enzyme.

These previous reports have also yielded extensive data as to the enzymatic effects of
mutagenesis on presumptive active site residues. This data, displayed diagrammatically in
Figure 3c, shows that the residue locations where mutagenesis most effects enzymatic activity
(N53, D120, W121, E144, P220, H285) are clustered toward the back of the active pocket.
These 6 critical residues include the aforementioned catalytic triad, and are likely involved in
coordinating the attack of the coelenterazine molecule by molecular oxygen during catalysis
or alternatively may form an adduct with the coelenterazine. Around this core of critical resides,
is a surrounding ring of less critical hydrophobic and aromatic residues (predominantly
isoleucines, valines, phenylalanines, and trytophans). This ring is presumptively involved in
assuring specificity when binding the hydrophobic coelenterazine molecule and orientating it
with respect to the catalytic residues.

Further studies will be needed to elucidate the exact enzymatic mechanism of Renilla luciferase
and why its catalyzed reaction differs from that of the haloalkane dehalogenases despite their
structural similarity. A number of mechanism-based coelenterazine analog inhibitors have been
previously synthesized [38] and may prove useful for both future crystallography work and for
the study of the luciferase’s enzymatic kinetics. Additionally, work is ongoing using anoxic
conditions in an attempt to crystallize the luciferase with its substrate.

Materials and Methods
Constructs

The plasmids pBAD-pelB-RLuc8 and pBAD-RLuc8, used for periplasmic and cytoplasmic
expression respectively, have previously been described [22] (rluc8 GenBank Identifier
127951035). The proteins expressed from these plasmids contain a non-cleavable C-terminal
6xHis tag, with the only difference between the two being the mature protein from the
periplasmic construct lacks an N-terminal methionine. An additional periplasmic expression
plasmid, pBAD-pelB-6xHis-thr-S3RLuc8, was created containing an N-terminal thrombin
cleavable 6xHis tag. The final product of this plasmid is referred to as S3RLuc8, as after
thrombin digestion the resulting protein consists of an N-terminal glycine followed by the
RLuc8 sequence beginning at residue S3. The cytoplasmic expression plasmid pBAD-RLuc8
was used as the basis for the various surface mutation constructs, including pBAD-RLuc8/
K25A/E277A.

The gene for RrGFP (GenBank Identifier 14161475) was obtained from the plasmid pUC18-
RrGFP (gift of Dr. Bruce Bryan, NanoLight Technology) and used to create the cytoplasmic
expression plasmid pBAD-RrGFP containing RrGFP with a non-cleavable C-terminal 6xHis
tag.

Expression and Purification
Expression and initial nickel affinity purification from the pBAD-pelB-RLuc8 and pBAD-
RLuc8 plasmids were done as previously described [22,24]. For the plasmid pBAD-
pelB-6xHis-thr-S3RLuc, 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 μg calf α-thrombin per mg protein overnight at 4°C.

Purification continued with anion exchange and then gel filtration chromatography, both done
at 4°C. For anion exchange chromatography, the protein (at this point in 300 mM NaCl
containing buffer from the nickel affinity chromatography) was diluted with anion exchange
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start buffer (10 mM NaCl, 10 mM Tris pH 8) to a NaCl concentration of <60 mM. The diluted
protein was bound to an anion exchange column (Source 15Q, GE Healthcare, Piscat-away,
NJ) and eluted with a gradient of NaCl. Elution occurred at ~100 mM NaCl. Gel filtration
chromatography was 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. Purified protein (in
10 mM NaCl, 10 mM HEPES, pH 7.4) was concentrated as necessary using 10 kDa cut-off
Amicon Ultra centrifugal concentrators (Millipore, Billerica, MA).

Cytoplasmic expression and purification of RrGFP from pBAD-RrGFP was done identically
to the protocol described above for pBAD-RLuc8, with the exception that the culture was
grown at 24°C and the time after induction was increased to 24 h.

Characterization
Luciferase activity was measured using coelenterazine (Prolume, Pinetop AZ) and a Turner
20/20n luminometer (Turner Designs, Sunnyvale CA) as previously described [22].

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
performed 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.

Crystallization
Crystallography trials were done in either hanging-drop or sitting-drop formats using the
Hampton Screens (Hampton Research, Aliso Viejo, CA) or the Wizard Screens (Emerald
BioSystems, Bainbridge Island, WA). For hanging-drop screening, drop sizes were generally
3 μl and consisted of 50% mother liquor and 50% of the protein solution. Sitting-drop setups
were utilized for 96-well plate high-throughput screening, with 0.5 μl drops consisting of 50%
mother liquor and 50% protein. Cryoprotection was done by either passing the crystal through
a saturated solution of malonate [39] or a solution of mother liquor containing 35% MPD (2-
methyl-2,4-pentanediol).

X-Ray Diffraction, Structural Determination, and Structural Analysis
As RLuc8 is 64% similar (44% identical) to the haloalkane dehalogenase LinB from
Sphingomonas paucimobilis, a homology model of the luciferase was created using SWISS-
MODEL [40] and crystal structures of LinB (PDB IDs 1IZ8, 1K63, 1K6E, 1IZ7, and 1MJ5)
[41,42]. The loop regions of the homology model were removed, and the resulting data was
used to bootstrap the phasing process via molecular replacement. Matthews coefficient
calculations [43] suggested the presence of a monomer in the P61 asymmetric unit of the
RLuc8:diammonium crystal that was located during molecular replacement with Phaser [44].

For RrGFP a homology model was created with SWISS-MODEL using the crystal structures
of similar fluorescent proteins from the corals Montipora ef-florescens, Favia favus, and a
Discosoma species (PDB IDs 1MOV, 1MOU, 1XSS, and 1GGX). This model was used
similarly to the RLuc8 case to bootstrap the phasing process. Based on the expected molecular
weight of RrGFP and the volume of the crystal cell, Matthews calculations suggested 4
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protomers in the asymmetric unit [43]. All four were found during the molecular replacement
search using Phaser [44].

Following initial phasing of RLuc8 and RrGFP, simulated annealing refinement against a
maximum likelihood target function was carried out as implemented in the Crystallography
and NMR System, version 1.1 [45]. Loop regions were then rebuilt using ARP/wARP [46,
47], followed by additional simulated annealing refinement. Further rounds of refinement
included the addition of water molecules and discrete side-chain disorder using Coot [48], and
conjugate gradient refinement using a maximum likelihood target function as implemented in
Refmac [49]. The final round of refinement in Refmac treated each monomer as an independent
TLS (translation/libration/screw) group, which led to a significant reduction (2–3%) of R and
Rfree in all cases. For RrGFP, 4-fold noncrystallographic symmetry restraints were used given
the presence of 4 protomers in the asymmetric unit.

Once the finalized phase set for RLuc8 was obtained, other RLuc8 structures (such as the
thiomaltoside structure) were determined using molecular replacement from this model, with
refinement carried out as above.

To appropriately model the fluorophore in RrGFP, idealized coordinates for p-
hydroxybenzylidene-imidazolidone were derived from HIC-Up database entry CRO [50,51].
Coelenteramide was modeled based on idealized coordinates generated using ChemSketch and
CIF generation using Sketcher [52].

Accessible surface area calculations were made using the Protein-Protein Interaction Server
[30,53], which utilizes an implementation of the algorithm of Lee et al. to calculate accessible
surface area [54] and the program HBPLUS to calculate hydrogen bonds [55]. Graphics were
created using POVScript+ [56]. Structural alignments with root mean square deviation
calculations were made using the combinatorial extension method [57].

The structures and data reported here have been deposited in the RCSB Protein Data Bank, the
corresponding identifiers are given in Table 2.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of the luciferase from Renilla reniformis
1a Cartoon representation of the structure derived from the RLuc8:diammonium 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 [22] are marked,
along with the two imidazole molecules (IMD1, IMD2) present in the structure. Also marked
is the residue I15 mentioned in the discussion.
1b Superposition of the two monomers from the S3Rluc8:thiomaltoside condition and the
diammonium structure. Regions that differ are the N-terminal domain and the loop domain
over the active site. The regions of deviations are highlighted with blue for the diammonium
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condition, and red and green for monomers 1 and 2 of the thiomaltoside condition, respectively.
Other than these two regions, the proteins are almost identical (Cα root mean square deviation
<0.4 Å).
1c A close-up cartoon representation of the active site of the structure derived from the
RLuc8:PEG/isopropanol condition. Coelenteramide is shown in cyan, residues from the
luciferase molecule binding the coelenteramide are shown in green, and residues from the
neighboring luciferase (via crystallographic contacts) are shown in gray. The red spheres
represent water molecules, and the black dashed lines represent predicted hydrogen bonds. The
gray mesh represents a σA weighted Fo - Fc difference map before the inclusion of the
coelenteramide in the model phases, contoured at 2.0σ.
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Figure 2.
Structure of the green fluorescent protein from Renilla reniformis (RrGFP). The condition used
is labeled as RrGFP:PEG/MPD in Table 1. Residues from 7–226 (of 233 total) were identified
in the data.
2a Cartoon representation of a single unit cell of the RrGFP crystal. The four protomers in each
unit cell are labeled I–IV. For each protomer, its N-terminus is shown in blue and its C-terminus
is shown in red.
2b Superposition of RrGFP and the GFP from Aequorea victoria (AvGFP). The molecule at
the center of the β-barrel is the fluorophore. The primary sequences of the two GFPs are 28%
identical and 50% similar. PDB ID 1EMA was used for the AvGFP structure [58].
2c Close-up cartoon representation of the RrGFP fluorophore. The gray mesh represents a
σA weighted Fo − Fc difference map before the inclusion of the coelenteramide in the model
phases, contoured at 2.0σ.
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Figure 3.
3a The topology of RLuc8’s α/β-hydrolase fold domain. α-helices are shown in blue, and β-
sheets are shown in red. Numbering/lettering of the sheets/helices is done with respect to the
standard for α/β-hydrolases [33], and the locations of the presumptive catalytic residues are
marked. The cap domain is an excursion from the fold pattern comprised of residues 146–230
in the the luciferase.
3b The domains of RLuc8. Shown are the location of the cap domain (in gray) and α/β-
hydrolase fold domain (blue to red) in the context of the crystal structure.
3c A close-up stereo cartoon representation of the active site of the RLuc8:diammonium
structure. The presumptive active site residues are color coded with respect to the average
degree of enzymatic perturbation mutagenesis at the site yields, based on previously published
data [22,23]. Mutations at green, yellow, and orange colored residues were associated with
<1%, 1–10%, or 10–100% of full enzymatic activity, respectively.
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Table 1
Conditions leading to crystals used for X-diffraction. All conditions were at 20°C, and protein and mother liquor were
combined in a 1:1 ratio. KSCN: potassium thiocyanate. MPD: 2-methyl-2,4-pentanediol.

Label

RLuc8:diammonium Protein periplasmically expressed RLuc8 at 20 mg/ml

Time 8 months

Mother Liquor 0.3 M NaCl, 1.25 M diammonium phosphate, 0.1 M imidazole pH
8.0

Cryoprotectant 45% saturated sodium malonate

RLuc8:KSCN Protein periplasmically expressed RLuc8 at 20 mg/ml

Time 8 months

Mother Liquor 0.15 KSCN, 15% w/v PEG 6000, 0.1 M Tris-HCl pH 7.4

Cryoprotectant 25% glycerol

S3RLuc8:thiomaltoside Protein periplasmically expressed S3RLuc8 at 30 mg/ml

Time 5 months

Mother Liquor 0.4 M sodium acetate, 20% w/v PEG 3350, 1.8 mM n-Decyl-β-
D-thiomaltoside

Cryoprotectant 45% saturated sodium malonate

RLuc8/K25A/E277A:PEG/isopropanol Protein cytoplasmically expressed RLuc8/K25A/E277A at 18 mg/ml

Time 1 day

Mother Liquor 0.1 M HEPES pH 7.5, 10% v/v isopropanol with 6 mg/ml benzyl-
coelenterazine, 15% w/v PEG 3350

Cryoprotectant mother liquor + 35% MPD

RLuc8:PEG/isopropanol Protein cytoplasmically expressed RLuc8 at 21 mg/ml

Time 1 month, 2 days with microseeding

Mother Liquor 0.1 M HEPES pH 7.5, 10% v/v isopropanol with 6 mg/ml
coelenterazine, 15% w/v PEG 3350

Cryoprotectant mother liquor + 35% MPD

RrGFP:PEG/MPD Protein cytoplasmically expressed RrGFP at 48 mg/ml

Time 4 days

Mother Liquor 0.1 M HEPES pH 7.5, 10% w/v PEG 6000, 5% v/v MPD

Cryoprotectant mother liquor + 35% MPD
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