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ABSTRACT: Bacterial luciferase from Vibrio harveyi is a heterodimer composed of a catalytic R subunit and a
homologous but noncatalytic β subunit. Despite decades of enzymological investigation, structural evidence
defining the active center has been elusive. We report here the crystal structure of V. harveyi luciferase bound
to flavin mononucleotide (FMN) at 2.3 Å. The isoalloxazine ring is coordinated by an unusual cis-Ala-Ala
peptide bond. The reactive sulfhydryl group of Cys106 projects toward position C-4a, the site of flavin
oxygenation. This structure also provides the first data specifying the conformations of a mobile loop that is
crystallographically disordered in both prior crystal structures [Fisher, A. J., Raushel, F. M., Baldwin, T. O.,
and Rayment, I. (1995) Biochemistry 34, 6581-6586; Fisher, A. J., Thompson, T. B., Thoden, J. B., Baldwin,
T. O., and Rayment, I. (1996) J. Biol. Chem. 271, 21956-21968]. This loop appears to be a boundary between
solvent and the active center. Within this portion of the protein, a single contact was observed between Phe272 of
the R subunit, not seen in the previous structures, and Tyr151 of the β subunit. Substitutions at position 151 on the
β subunit caused reductions in activity and total quantum yield. Several of these mutants were found to have
decreased affinity for reduced flavin mononucleotide (FMNH2). These findings partially address the long-standing
question of how the β subunit stabilizes the active conformation of the R subunit, thereby participating in the catalytic
mechanism.

Biological light emission has fascinated mankind for centuries.
It is now accepted that the diversemolecularmechanisms for light
emission have evolved independentlymultiple times in organisms
ranging frombacteria to fungi to insects and teleost fish. Bacterial
luciferase is a heterodimeric (Rβ) flavin monooxygenase that
catalyzes the reaction of FMNH2,

1 O2, and an aliphatic aldehyde
to yield FMN, the corresponding carboxylic acid, and blue-green
light (Figure 1 (1, 2)). The reduced flavin substrate is reversibly
bound to form a noncovalent complex. In vivo, the reduced flavin
is bound from solution rather than by transfer fromanNAD(P)H-
dependent oxidoreductase (3). This intermediate reacts with
molecular oxygen to form the 4a,5-dihydro-4a-hydroperoxyflavin
(intermediate-II (4)). Aldehyde binding is proposed to lead to
formation of a tetrahedral intermediate that decomposes to yield
light, carboxylic acid, and oxidized FMN (5). Energy for light

production comes primarily from oxidation of the aldehyde to
the carboxylic acid (6). Production of a photon of blue-green light
requires approximately 60-80 kcal/mol (5). A priori, one would
assume that such high-energy intermediates would lead to
enzyme modification. However, luciferases appear to have
structural mechanisms to avoid reaction with such high-energy
intermediates.

Bacterial luciferase is composed of two homologous subunits,
designated R and β, both of which assume the TIM (β/R)8 barrel
fold (7, 8). Although the β subunit is required for activity, the
catalytic site has been proposed to reside exclusively on the
R subunit (5, 9). The active center of the enzyme is thought to be
distant from the subunit interface (10, 11). While there is ample
evidence for intersubunit communication (12, 13), no structural
mechanism utilizing the mobile loop has been proposed prior to
this report. Mutations causing altered enzyme kinetics have been
found almost entirely on theR subunit (5, 13). Although a precise
location on the enzyme for substrate binding has not been
demonstrated, three models for flavin binding have been pro-
posed (10, 14, 15). The first is based upon the high-resolution
crystal structure (8). Using computational docking, flavin analog
binding, and mutagenesis studies, Lin and co-workers (10) posi-
tioned the isoalloxazine ring adjacent to the nonprolyl cis-peptide
bond (8). The validity of the computationally derived model
was examined in a recent mutagenesis study (16). Substitutions
were introduced near the proposed isoalloxazine binding site at
Ala75 and Cys106. These mutations resulted in spectral red shifts
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up to 10 nm. In the second model of flavin binding, the low-
resolution structure was used to guide the placement of FMN
based on structural similarity to methylenetetrahydromethano-
pterin reductase (MER) (7, 14). FMN was modeled into the
approximate location of the MER F420 cofactor. In the third
model, the structure of the β2 homodimer was used to place the
phosphate group of the flavin in a solvent-exposed cleft near the
subunit interface (15). This model places the isoalloxazine ring in
solvent.We report the experimentally determined structure of the
luciferase/FMN complex and find that two of the modeled
structures (10, 14) are approximately correct and one is not (15).

To date, only two mutations have been identified in the
β subunit that result in altered substrate affinity in the R subunit,
the lesion giving rise to the FB-1 phenotype and several mutants
of residue His82 (12, 13, 17). Luciferase does not appear to
undergo subunit exchange under standard conditions in vitro (18).
In an elegant set of complementation experiments, it was found
that FB-1 can provide functional R subunit to luciferase variants
with defective R subunits (17), demonstrating that, at least for
FB-1, a mutation in the β subunit can result in reduced FMNH2

binding affinity and reduced subunit affinity. Unfortunately, the
location of the genetic lesion giving rise to FB-1 is unknown
because the original stock has been lost (J. W. Hastings, personal
communication). In the crystal structure that we describe
here, there are two heterodimers in the asymmetric unit, one
with flavin bound and the other flavin-free. The mobile loop on
the R subunit bound to FMN adopts a distinct structure relative
to the FMN-free subunit. A hydrophobic contact was observed
between the mobile loop at position RPhe272 and Tyr151 on the
β subunit. In order to test whether this contact has significance in
the catalytic mechanism of luciferase, a series of substitutions
were made at this position. We found that mutation of βTyr151
caused the same phenotype as FB-1, except that the heterodimer
dissociation constant was not altered.

EXPERIMENTAL PROCEDURES

Protein Purification. Vibrio harveyi luciferase was amplified
from the pJHD500 (19) plasmid using the nucleotide primers
50-GAGCCCCTCGAGCGAGTGATATTTG and 50-CCATA-
TGAAATTCGGAAACTTCCTTC (IDT). The resulting insert
was prepared in the same manner as before and ligated into a
pET21b vector (Novagen). The vector resulted in the addition
of a series of six histidine residues onto theC-terminus of the luxB
gene. Sequencing of the entire insert was used to verify fidelity
(ARL sequencing facility, University of Arizona). A single
correct clone was designated pZCH2. Protein was expressed
from pZCH2 in a BL21 (λDE3) cell line after growth to anOD600

of 0.5 (Stratagene). Expression was initiated by the addition of
IPTG to 1 mM. Expression continued for ∼6.5 h at 25 �C with
constant agitation. Clarified lysatewas applied to a customnickel
affinity column (Amersham) and purified to >90% purity
assessed by SDS-PAGE analysis (20). Purified protein was
dialyzed extensively into buffer containing 100 mM Na+/K+

phosphate and 100 mM NaCl, pH 7.0. Concentrations of
luciferase and the individual R and β subunits were determined

using extinction coefficients at 280 nm of 1.136, 1.41, and
0.71 (mg/mL)-1 cm-1 respectively (9).
Protein Crystallization. Luciferase was concentrated to

20 mg/mL using a BIOMAX centrifugal filter (Millipore) and
crystallized by the hanging dropmethod. The sample wasmixed 1:1
with 5 μL of precipitant solution containing 100 mM Na+/K+

phosphate, pH 7.5, and 1.65 M ammonium sulfate resulting in
spontaneous crystal formation after three days. The crystals were
soaked with FMN (ICN Biomedicals, final concentration 1 mM)
for a period of 6 h under dark conditions at room temperature.
Crystals were briefly soaked in a solution containing 1 mM
FMN, 100 mM Na+/K+ phosphate, pH 7.5, and saturated
ammonium sulfate prior to flash freezing in liquid nitrogen (21).
Diffraction data were collected at the SSRL radiation source
using a MAR CCD detector. Reflections were processed using
HKL2000, DENZO, and SCALEPACK (22). Subsequent ana-
lysis and refinement was carried out with a combination of
CCP4i, andCoot (23-25). The structurewas solved bymolecular
replacement using the high resolution structure and molrep
(8, 25). The asymmetric unit part of the unit cell contains two
non-symmetry-related luciferase heterodimers. The electron
density for FMN was far better in chain A of heterodimer 1.
All cartoon representations were generated with PyMol (26).
Hydrogen bonding distances shown in Table 3 were determined
using Chimera (27). FMN was modeled and refined using a
modified CCP4i library to include the C7 and C8 methyl groups
in the plane of the isoalloxazine ring (24).
Kinetic Assays. Specific activity measurements were deter-

mined by the flavin injection assay (28). Aliquots of enzyme were
incubated in 1.0 mL of 100 mMNa+/K+ phosphate containing
0.5mg/mLBSAand 0.001%aldehyde. The reactionwas initiated
with the rapid injection of 50 μMphotoreduced FMNH2. Flavin
was photoreduced using white fluorescent light in the presence of
EDTA (18). Peak luminescence was recorded using a custom
benchtop luminometer (29). Aldehyde dependence wasmeasured
using the flavin injection assay varying the aldehyde incubated
with enzyme. The rate of luminescence decay (τ= 0.69/t1/2) was
determined from the elapsed time for the light intensity to decay
by 50% (t1/2). Total quantum yield was determined based on
the equation I(t) = I02

-t/t1/2. The yield was calculated based on
integration over the first 100 s of the reaction using the observed
values of I0 and t1/2. In vivo activity measurements were made on
1.0 mL aliquots. Light emission was recorded following the rapid
injection of 1.0 mL of 0.1% decanal (v/v in water). Peak
luminescence was reached ∼5 s after injection and recorded.
Thermal Inactivation. Thermostability was determined

by monitoring loss of activity as a function of time. Samples
(1.0 mL) were incubated at 37 �C in 100 mM Na+/K+

phosphate, pH 7.0. Aliquots were withdrawn as a function of
time and assayed using the standard flavin injection assay as
described above (28). Data were analyzed based on curve fitting
to first-order decomposition.
Analytical Ultracentrifugation.Molecular weights for sev-

eral variants were determined using sedimentation equilibrium
using a Beckman XL-A centrifuge as described with minor
modifications (30). Samples were adjusted to an absorbance
at 280 nm of approximately 0.8. Reference cells containing buf-
fer alone (50 mM Na+/K+ phosphate, 0.1% sodium azide, and
200 mMNaCl, pH 7.0) were used for blank measurements prior
to each scan. Data were measured from two cells per sample.
Equilibriumwas achieved after 12 h at 20 �C using three different
speeds, 10 000, 12500, and 15000 rpm. Data were collected at

FIGURE 1: The mechanism of bacterial bioluminescence in vitro.
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280 nm using an average of 25 passes and a 0.001 cm step size.
Data were analyzed based on fitting the data to a single
sedimenting species (eq 1)

Cr ¼ C0 expf½Mð1- νFÞω2=ð2RT
�
�ðr2 - r0

2Þg þ E ð1Þ

where C is the concentration at either the initial radial position
(C0) or a given radial position (Cr). The averagemolecular weight
(M) is not fixed during data analysis. Initial estimates for this
parameter were assigned on the basis of the calculated molecular
weight. The partial specific volume (ν) was calculated from the
primary sequence using SEDNTERP (http://www.rasmb.bbri.
org/) developed by Hayes, Laue, and Philo. Solvent density (F)
was calculated based on known solvent composition using
SEDNTERP. Data were fit under all three experimental condi-
tions using Kaleidagraph software (Synergy). R2 values and
residual distributions were used to estimate the accuracy of each
nonlinear least-squares fit.

RESULTS

Structural Characterization of the Luciferase/FMN
Complex. Crystals of recombinant luciferase were grown at
room temperature prior to soaking with millimolar concentra-
tions of FMN. After several hours of exposure to flavin, crystals
developed a yellow color suggestive of flavin binding. We
determined the structure of the enzyme-FMN complex to
2.3 Å resolution using molecular replacement based on the
high-resolution structure (Table 1) (8).

In the asymmetric unit, there are two non-symmetry-related
heterodimers, one of which displays interpretable data for FMN
(Figure 2a). Overall, the occupancy of the isoalloxazine site was
approximately 50% (Figure 2b,c), likely the result of weak bind-
ing (Kd> 100 μM in 50mM phosphate buffer, pH 7.0) (31). The
strong electron density for the phosphate moiety of the FMN
suggests that binding of either sulfate or phosphate from the
crystallization buffer may be competitive with FMN, consistent
with the experimental observation in solution that binding of
phosphate is competitive with binding of FMN (32). In the final
model, free phosphate was modeled into both subunit A (50%
occupancy) and subunit C (70% occupancy), and FMN was
modeled into subunit A at 50% occupancy. In contrast to the
MER-based model, we observe a largely planar conformation of
the isoalloxazine (14). The 50 phosphate binding site comprises
the side chains of Arg107, Arg125, Glu175, Ser176, and Thr179
and the backbone amide of Glu175 (Figure 2d). The side chain of
Glu175 exists in two conformations, one of which allows for the
carboxylate to hydrogen bond with free phosphate. The binding
of oxidized flavin appears to disrupt this interaction. Subunit A
also displays a slight collapse of the binding site as comparedwith
subunit C, possibly induced by ligand binding.

Alkylation of the reactive thiol at position 106 of the R subunit
has been shown to cause inactivation (33). Binding of FMN or
aldehyde protected the thiol from alkylation, suggesting that the
reactive thiol must reside in or near the substrate binding site (33).
Mutations of this cysteine destabilize intermediate II but do not
inactivate the enzyme (34). In our structure, we observe the
reactive thiol near O20 (bound to carbon 4 of the isoalloxazine)
projecting at C-4a of the isoalloxazine ring (Figure 2d). The
reactive thiol is greater than 11 Å from the closest approach of the
β subunit, contrary to the report of Paquette et al., which was
based on chemical cross-linking (35).

Vervoort and co-workers (36) studied luciferase-bound FMN
using NMRmethods. Hydrogen bonding was determined on the
basis of chemical shifts of isotopically labeled FMN. The model
for FMN binding described here was reconciled with the avail-
able NMRdata (Figure 2e). Hydrogen-bond donor and acceptor
pairs were suggested on the basis of the NMR data using
functional groups close to FMN observed in our model. Based
on our structure, position N-1 may act as a weak hydrogen bond
acceptor from the C20 ribitol hydroxyl group. The carbonyl
oxygen at position C-2 accepts hydrogen bonds from a water
molecule or the backbone amide hydrogen of Tyr110. The
nitrogen at position 3 acts as a hydrogen bond donor to a bound
water or the backbone carbonyl oxygen of Glu43. The carbonyl
oxygen at position C-4 acts as a hydrogen bond acceptor to either
the backbone amide proton or the enol form of the backbone
carbonyl oxygen of Ala75. Each of these observed contacts is
consistent with the interpretations of Vervoot et al. from NMR
chemical shifts (36). The isoalloxazine ring of the flavin is held
in place almost entirely through backbone contacts. Several
residues, including Glu175 and Phe6 in the substrate binding
cavity assume different conformations upon FMN binding
(Figure 2d).
Structural Characterization of the Mobile Loop. In the

present structure, we observe electron density for a portion of the
R subunit connecting β strand 7 to R helix 7 (Figure 3a) that was
not observed previously (7, 8). This region of the protein is highly
protease-labile (37). Binding of either FMN or polyvalent anions
protects the enzyme from proteolytic inactivation (37, 38). This
loop, which is the most highly conserved region of the luciferase
sequence (Figure 3b), is adjacent to the active center and appears
to undergo a conformational change between a proteolytically
labile and a protected form of enzyme (5). For each heterodimer
in the asymmetric unit, we observed a distinct conformation of
this loop, but neither conformation had clear electron density for
the backbone between residues 283 and 290 (Figure 3a). This
small disordered region is adjacent to the flavin binding cavity.
Themobile loop of the flavin-freeR subunit contains a secondary
structural element composed of two antiparallel β strands near

Table 1: Crystallography statisticsa

space group P212121
cell dimensions

a, b, c (Å) 58.9, 109.3, 301.4

R, β, γ (deg) 90.0, 90.0, 90.0

resolution (Å) 27.3-2.3

Rsym or Rmerge 0.096 (0.429)

I/(σI) 43.3 (6.7)

completeness (%) 99.9 (100)

redundancy 11.1 (11.1)

refinement

resolution (Å) 27.3-2.3

No. reflections 83087

Rwork/Rfree 0.184/0.24

no. atoms 11947

protein 10957

ligand/ion 112

water 876

B-factors

average (Å2) 26.8

rms deviations

bond lengths (Å) 0.020

bond angles (deg) 1.68

aValues for the highest resolution bin are given parenthetically.
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the interface with the β subunit. A single interaction between the
mobile loop and the β subunit is formed between R 272 and β 151
(Figure 3c,d).
Biochemical Characterization of βTyr151. It has been

clearly demonstrated that the individual subunits of luciferase
have low but detectable bioluminescence activity (9, 39). To date,
the vast majority of mutants of luciferase that cause significant
changes in the kinetic properties of the enzyme have been
found to reside in the R subunit (40). In order to examine the
significance of the contact between the R and β subunits via
the mobile loop, a series of substitutions at position Tyr151
were constructed and analyzed. The kinetic pattern of aldehyde

chain-length dependence for the mutants at Tyr151 is similar to
that of the wild-type enzyme (Table 2). The binding affinities of
the Y151K and Y151W mutants for decanal were not signifi-
cantly different from wild-type (data not shown). These results
suggest that the aldehyde binding site is not impacted by these
mutations. Virtually all of the mutations led to significant losses
in specific activity and total quantum yield. Most of the reported
mutations in the β subunit have aminimal impact on activity (12).
However, substitution of tyrosine β151with tryptophan, alanine,
aspartic acid, and lysine all caused significant losses in activity to
levels <1% of the wild-type level. Substitutions with arginine,
threonine, or valine led to modest losses in activity to 1-11%.

FIGURE 2: (a) Structure of FMN-bound luciferase in stereo. TheR subunit is shown in green and the β subunit is shown in purple. The location of
the bound FMN is indicated by an arrow. (b) Electron density of the flavin is shown at a contour level of 0.8σ. (c) The same image as in panel
b rotated 90�. (d) Residues within 5 Å of the flavin in stereo. Phe6 and Glu175 assume two conformations. The / denotes residues present in the
image that are obscured by other atoms. (e) Reconciliation of NMR chemical shifts using isotopically labeled FMN with the observed crystal
structure (36).Distances were calculated based on heavy atoms. (f) The hydrogen bonding network near the site ofAK-6 (49, 61). BothFMNand
the charged residues within 5 Å of Asp113 are depicted in the cartoon. The distance between Glu43 and His45 is indicated.
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Finally, mutation to phenylalanine or isoleucine had little effect
on activity. In order to determine the cause of activity loss, all
mutants were tested for the ability to bind FMNH2.

The observed reduction in catalytic efficiency could be the
result of a number of different factors. The mobile loop of
luciferase is thought to be responsible for protecting reaction
intermediates and preventing the entry of bulk solvent into
the active center once the flavin substrate is bound (18). Deletion
of the mobile loop is known to cause weaker binding of
FMNH2 (18). To determine whether our mutants had reduced
FMNH2 binding affinity, we used a method previously described
by Cline and Hastings (13). Mutant enzymes were assayed using
the dithionite method at two concentrations of FMNH2, 2.5 and
25 μM. The difference between these values should be no greater
than 20% for wild-type enzyme. We observed a difference of 8%
for wild-type protein and greater than 50% for Y151A, Y151D,

Y151K,Y151R, andY151T. These data demonstrated that some
mutations at position 151 caused changes in the affinity of
luciferase for FMNH2. Therefore, reduced flavin dissociation
constants were determined for the most severe of the flavin
binding mutants (Figure 4). Using nonlinear regression, we
determined the dissociation constant for wild-type enzyme to
be 1.1 μM, similar to the values obtained both by Cline and
Hastings (13) and by Sparks and Baldwin (18). The mutant
enzymes all bound FMNH2 more weakly. The values are as
follows: Y151A, 22.7 μM; Y151K, 17.9 μM; Y151D, 17.6 μM;
Y151R, 14 μM; Y151T, 13 μM.

At least two plausible hypotheses predict this difference in
flavin binding. Either the active conformation of the mobile
loop is no longer being stabilized by the β subunit, or mutation
of Tyr151 substantially alters the affinity of the R subunit for
the β subunit. In order to exclude the second possibility,

FIGURE 3: (a) Stereoview of the two observed conformations of the mobile loop superimposed upon one another (R262-291). The location of
boundFMN is indicated by an arrow.TheR subunit observed in a complexwithFMN is shown in red. The flavin-freeR subunit is shaded in blue,
note the location of residues 290 (bound) and 291 (flavin-free); unambiguous electron density for the backbone between residues 284 and 289 was
not observed. (b) Multiple sequence alignment of residues in the mobile loop and the hydrophobic segment near βTyr151. Sequences were
retrieved fromeight species having complete luxAand luxB entries in theExPASydatabase (62).AlignmentwaspreformedusingClustalXprior to
construction of the sequence logo (63, 64). (c, d) The position of residue 151 on the β (purple) subunit is indicated relative to hydrophobic residues
in themobile loop from theR subunit (yellow).The conformationof theR subunit bound toFMN(c) lacks the pair of antiparallel sheets formed in
the flavin-free R subunit (d).
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sedimentation equilibrium experiments were performed. Wild-
type enzyme does not have a detectable subunit dissociation
using this technique, which has been estimated to be in the
nanomolar range (18). The data collected for both the wild-type
enzyme and all of the mutants showed a single sedimenting
species. The values obtained from least-squares analysis were
77 578 Da for wild-type (R2 = 0.9996, expectedMW 77564 Da),
77790Da for Y151W (R2= 0.9976), 72 953Da for Y151D (R2=
0.9998, Figure 5), and 73 938Da for Y151R (R2 = 0.9998). Each
of these values were within 1% of the expected result, con-
sistent with reasonable error of this technique (41). Although
deletion of the mobile loop is known to cause a detectable
dissociation of the heterodimer, mutations of tyrosine 151 on
theβ subunit do not cause detectable dissociation of the luciferase
heterodimer.

The least active mutant (Y151W) appeared to bind red-
uced flavin with wild-type affinity. In order to investigate the
basis of the observed loss in activity, a comparison in thermo-
stability to wild-type enzyme was conducted. Samples were
incubated at 37 �C, and aliquots were assayed using the stand-
ard FMNH2 injection technique (28). Wild-type enzyme had
a 90% reduction in activity after 92 min. We found a com-
parable loss for the Y151W variant after only 11 min, sug-
gesting reduced activation energy for the thermal inactivation
reaction.

DISCUSSION

Because FMNH2 is the substrate for the reaction, we at-
tempted to determine the structure of the luciferase/FMNH2

complex using two approaches. In the first, crystals containing
FMN were subjected to treatment with sodium dithionite in
order to reduce the flavin. These crystals degraded rapidly and
were unsuitable for data collection. In the second method,
cocrystals were obtained under anaerobic conditions in the
presence of dithionite. While these conditions yielded promising
visibly colorless orthorhombic crystals, models based upon

Table 2

relative specific activitya τb relative quantum yieldc

octanal decanal dodecanal octanal decanal dodecanal octanal decanal dodecanal

wt 100 100 100 0.06 0.43 0.05 100 100 100

Y151A 0.027 0.042 0.85 0.10 0.41 0.05 0.02 0.05 0.92

Y151D 0.13 0.40 0.36 0.09 0.50 0.05 0.08 0.41 0.36

Y151F 4.2 9.8 7.2 0.05 0.46 0.05 4.5 14 7.4

Y151I 15 96 31 0.06 0.45 0.04 16 91 35

Y151K 2.3 0.71 0.46 0.10 0.44 0.06 1.3 0.68 0.02

Y151R 10 9.5 22 0.05 0.43 0.06 13 9.5 19

Y151T 1.0 6.5 3.4 0.07 0.43 0.07 0.79 6.5 2.4

Y151 V 13 13 18 0.19 0.50 0.05 3.5 10 17

Y151W 0.006 0.011 0.012 0.07 0.46 0.09 0.005 0.01 0.007

aSpecific activities of purified protein were determined by the standard FMNH2 injection assay (28). Wild-type protein had a specific activity of 5.45� 1012,
8.96 � 1013, and 1.58 � 1011 quanta s-1 mg-1 using octanal, decanal, or dodecanal, respectively. bThe decay rate was based on the following calculation
I(t)= I02

-t/t1/2; where t1/2= τ ln 2. Half-lives were determined based on the time for bioluminescence to decay from the decrease from 80%of themaximum light
measurement to 40%. cTotal quantum yield was determined over the first 100 s of exponential decay. The relative yield was determined by normalizing values
for each of the mutants to that of the wild-type enzyme.

FIGURE 4: Determining the FMNH2 dissociation constant for mu-
tants at position 151β. Initial velocity was determined at different
concentrations of substrate and analyzed using the Michaelis-
Menten equation (18).

FIGURE 5: Representative sedimentation equilibrium analytical ul-
tracentrifugation data. This sample was centrifuged at 15 000 rpm in
50mMNa+/K+ phosphate, 0.1% sodium azide, and 200 mMNaCl,
pH 7.0. Equilibrium was achieved after approximately 12 h at 20 �C.
The residuals determined based on nonlinear least-squares curve
fitting are shown on the upper panel. All of the samples were fit in
a similar manner to a single sedimenting species. The molecular
weight for this sample was determined to be 72 953 Da.
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diffraction patterns from these crystals were comparable to those
obtained under aerobic conditions. It is unclear whether the
similarity of the cocrystals was due to oxidation of the flavin
during cryprotection or the structures are in fact the same.
Additional screening experiments are needed to identify crystal-
lization conditions amenable to the preservation of the enzyme/
substrate complex.

In the crystal structure that we describe here, there are two
non-symmetry-related R/β heterodimers. The structures of the
mobile loop in the two R subunits are different. This result was
surprising, given that in both prior crystal structures, this feature
was crystallographically disordered (7, 8). In one of the prior
structures, the space group was the same as the space group we
describe here (7). The loop from this structure is disordered over a
15 residue interval between positions 272 and 287 (7). We were
able to improve upon this structure by resolving the loop region
with the exception of 7 residues between positions 283 and 290.
This structure was determined after soaking experiments with the
product of the reaction, FMN.Therewas clear electron density in
the proposed active center allowing for placement of FMN.

Several models have been proposed for the binding of flavin to
luciferase (10, 14, 15). Our structure is consistent with two of the
previous models (10, 14). However, in the third model, the
structure of the β2 homodimer was used to place the 50 phosphate
of the flavin at the subunit interface nearRHis82 and βHis82 (15).
The orientation of the isoalloxazine into solvent, with the ribitol
side chain and 50 phosphate group located at the subunit inter-
face, proposed in this model is inconsistent with the model we
obtained of flavin bound to the R subunit. The solvent-filled
channel at the β2 homodimer interface into which Tanner
et al. (15) modeled the flavin is also present in the Rβ hetero-
dimer (7, 8). Yet, there is no evidence in our data to suggest flavin
binding to the site proposed by Tanner et al.

Bacterial luciferase is known to bind tightly to polyvalent
anions, such as phosphate (37, 42, 43). Binding substrate or
phosphate stimulates a conformational change in themobile loop
region (38). In the low-resolution crystal structure, a phosphate
molecule is bound in the same location as the 50 phosphate group
of FMN reported here (7). Tu and co-workers examined the
significance of the coordination of the phosphate group by
Arg107 (43). Using mutagenesis, the function of this position
was determined to be stabilization of the mobile loop region
against proteolytic inactivation (43). However, this finding does
not exclude the existence of alternate phosphate binding sites
on the protein. Widespread conformational changes triggered
by phosphate binding have been investigated on luciferase from
V. harveyi,Photobacterium phosphoreum, andV. fischeri using far
UV CD spectroscopy (44). Based on CD spectra of luciferase
buffered in either 0.01 or 0.33M phosphate buffer at neutral pH,
the single statistically significant structural alteration was ob-
served in V. harveyi luciferase. Although the helical and un-
structured or turn regions were invariant, the overall β strand
content of the enzyme increased by 30% ( 19.5% (44). This
result suggests that the proteolytically insensitive conformation
induced by substrate or phosphate binding contains either longer
stretches of β strands or novel β strands. The only apparent
increase in β stand content we report in the structure of the
luciferase/FMN complex is in the mobile loop conformation
from heterodimer 2, chain C. Since flavin binding is predomi-
nantly to heterodimer 2, this would appear to be a discrepancy.
However, the structural models described here were obtained by
soaking and not cocrystallization. Also, the solution CD data

were of luciferase in the presence of phosphate, not FMN.
Additional experiments are needed to clarify the relationship
between the solution data and crystallographic models.

The flavin binding pocket of bacterial luciferase is a large open
cavity that is accessible to solvent via an opening located at the
C-terminal ends of the β strands of the TIM-barrel structure. One
wall of the cavity, distal to the subunit interface, is lined
predominantly with hydrophobic residues, while the other side,
more proximal to the interface with the β subunit, is lined with
charged polar residues, several of which appear to be engaged in
salt linkages across the subunit interface (30). The orientation of
the isoalloxazine ring within the cavity is with the benzenoid
portion toward the hydrophobic surface and the quininoid
portion proximal to the charged-polar surface. The 8-methyl
substituent, located on the benzenoid portion of the isoallox-
azine, is oriented toward the outside of the protein and solvent, as
predicted by Massey and colleagues based on spectroscopic
analysis of luciferase-bound 8-mercapto FMN (45-47). The
ribitol portion of the flavin extends away from the isoalloxazine
at ca. 45� above the plane of the re-face, allowing the 50 phosphate
to interact with Arg107 and Arg125, near the surface of the
protein. This location of the anion binding site is consistent with
the kinetic experiments of Tu and colleagues in addition to the
model produced by Meighen and colleagues (10, 43).

The ability to easily monitor kinetic defects using simple
techniques, such as screening for impaired light production, have
allowed for detailed mutagenesis investigations (5, 40). The best
characterizedmutant with regard to binding of flavin is known as
AK-6 (13). This mutant binds the aldehyde substrate normally,
but the affinity for the flavin substrate is substantially reduced,
and the bioluminescence emission spectrum is red-shifted ap-
proximately 12 nm (48). Cline and Hastings reported a dramatic
shift in the pH-activity profile, with a remarkable stability of
the 4a-peroxydihydroflavin intermediate at pH 7 and above.
Chlumsky determined that the mutation of AK-6 was
RD113N (5, 49). In the structure that we determined of luciferase
bound to FMN, Asp113 forms a range of electrostatic inter-
actions with RHis44, RLys112, and RHis45 at distances of 5.9,
2.8, and 4.4 Å, respectively (Figure 2f, Table 3). It has been noted
that mutation of conserved phenylalanine residues flanking
His44 and His45 can result in a substantial reduction in the total
quantum yield of bioluminescence and a diminished yield of
intermediate-II (50). The distance from the Asp113 Oδ2 to the
N3 position of the isoalloxazine was 5.9 Å. Based on these
distances, even subtle alterations of thismultiresidue electrostatic
network near the quininoid portion of the isoalloxazine would be
expected to be remarkably detrimental to enzymatic function.

Another mutant studied by Cline and Hastings is AK-20,
which was reported to have normal flavin binding but dramati-
cally reduced affinity for the aldehyde substrate (40). In addition,
the aldehyde chain length dependence of AK-20 relative to wild-
type enzyme is dramatically altered. In the structure that we
determined, the serine Oδ was 3.9 Å away from the 7-methyl
group of the isoalloxazine. Ser227 resides in an extremely
hydrophobic portion of the active center cavity. It is conceivable
that the abundance of tryptophan and phenylalanine residues in
the vicinity of the benzenoid portion of the isoalloxazine ring
provide an appropriate surface for binding of the aliphatic
substrate. Additional data are needed to test this hypothesis.

The aldehyde binding affinity and kinetic chain-length depen-
dence of the mutations at βTyr151 were unaltered relative to
wild-type. Likewise, AK-6 and other mutations at R113 have
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normal aldehyde binding properties (49). These results suggest
that the portion of the flavin binding pocket around the
quininoidal portion of the isoalloxazine is not associated with
aldehyde binding. This interpretation is consistent with the
observation that the hydrophobic pocket near the site of the
AK-20 lesion is associated with aldehyde binding (51).

The folding and assembly of bacterial luciferase subunits have
been studied extensively in vitro using both refolding and
cotranslational folding approaches (9, 39, 52-55). Luciferase
forms the active heterodimeric species when diluted from
denaturant in a highly concentration-dependent manner (54).
Both folding and unfolding of the heterodimer occur by a
three-statemechanism containing a highly populated but inactive
heterodimeric intermediate (56). Although the β subunit is
capable of forming a homodimeric native state equivalent in
stability to that of the heterodimer, the heterodimer is believed
to be the predominant product of the luxA and luxB genes inside
of the cell as its formation is kinetically preferred (30, 57, 58).
The individualR and β subunits display bioluminescence activity,
but the specific activity is between 104 and 105 lower than that
of the heterodimer (39). Because of the enormous difference
in activity between the heterodimer and the R subunit alone,
it is generally felt that the β subunit stabilizes the active form of
the R subunit (18, 30). This hypothesis appears to be entirely
consistent with the structure of the luciferase/FMN complex.
The quininoid edge of the flavin is within ca. 10 Å of the
β subunit, and Asp113, the site of the AK-6 mutation, is ca.
7 Å from β. The central region of the luciferase subunit interface
consists of an interesting region of high polarity (8, 30). The
present results demonstrate that the FMN binding site inside the
R subunit is adjacent to this clustering of charged-polar residues
(Figure 2d,f).

Our examination of the FMN/luciferase crystal structure
revealed a specific contact between the subunits involving a
residuewithin themobile loop.Wedevised a series of experiments
based on this observation to determine whether the active

conformation of the R subunit is stabilized by the β subunit in
part via the mobile loop. We found that a wide variety of
mutations at this position, ranging from conservative alanine
substitution to nonconservative substitution with aspartic acid,
led to comparable losses in activity. The observed defect in
generating bioluminescence was unrelated to subunit associ-
ation. Therefore, it appears likely that one component of the
mechanism employed by the β subunit to promote the active
conformation of the R subunit involves the preservation of this
contact.

Mutations at position βTyr151 were found to have a severe
effect on binding of FMNH2 (Figure 4). The least active mutant,
Y151W,was apparently the result, at least in part, of destabilizing
the protein. For the remaining mutants, it was important to
confirm that the mutations had not destabilized formation of the
heterodimer. Based on sedimentation equilibrium data, none of
the mutants examined caused a detectable increase in the
dissociation constant of the heterodimer. It is therefore unlikely
that any of these mutants are identical to FB-1 (13).Mutations at
position β151 appear to inhibit the ability of the FMN-bound
conformation of the mobile loop to form. However, additional
experiments probing the dynamics of this region are needed.

It is interesting to note that deletion of the mobile loop had
minimal impact on binding of FMNH2 relative to the effect of
some of the mutations at position 151 on the β subunit (18). It is
known that after flavin binding, structural rearrangements are
required prior to the reaction of oxygen and subsequent forma-
tion of intermediate II (59). This rearrangement is a slow
millisecond event that may involve transitioning of the mobile
loop between an open or semiopen state and a closed or bound
conformation. Such a large displacement would be consistent
with the observedmillisecond time scale. If the series ofmutations
that we described here alter the kinetics or thermodynamics of
this structural transition, then the inability to assume the bound
conformationmay have an inhibitory effect on substrate binding.
In a prior study, it was found that substitution of any of three
conserved mobile loop residues, Gly284, Gly275, and Phe261,
resulted in substantial losses of bioluminescent activity (60). It
remains unknown how these mutations resulted in distortions of
the structural rearrangement of the mobile loop upon anion
binding.

In summary, since the structure of bacterial luciferase was
determined, several key features of the enzyme have remained
elusive (7, 8). Prior to this report, structural evidence linking
a specific binding site on the enzyme to any of the reactants or
products had not been described. Likewise, precise structural
features of a highly conserved mobile loop adjacent to the
active center were unknown. The location of the active center
based on the structural evidence outlined here is consistent
with previous mutagenesis and chemical modification stu-
dies (5). The electron density of the portion of the mobile loop
distal to the flavin binding site suggests that it is not
disordered but can adopt several discrete conformations
inside of the crystal. Based on the novel conformations of
the mobile loop, a mechanism utilized by the β subunit to
stabilize the active form of the R subunit has been suggested.
Investigations into the dynamics of this region have yet to be
described. Although we are now able to begin the process of
defining the structural basis of bacterial light emission,
the three-dimensional structure of the luciferase/FMNH2

complex, and more to the point, the excited state flavin/
luciferase complex, remain to be determined.

Table 3: Hypothetical Hydrogen Bonds Involving Position 113 or FMNa

donor acceptor distance

Hydrogen Bonds Involving Asp113

Lys 112 NZ Asp 113 OD1 2.8

Phe 117 N Asp 113 O 2.9

Asp 113 N Tyr 110 O 3.1

D-H 3 3 3FMN

Thr 179 OG1 FMN 326 O2P 2.3

Glu 175 N FMN 326 O3P 2.3

Ser 176 N FMN 326 O3P 2.7

Leu 109 N FMN 326 O2 2.8

Arg 107 NH2 FMN 326 O1P 3.0

Arg 107 NE FMN 326 O2P 3.0

Ala 75 N FMN 326 O4 3.1

Glu 43 N FMN 326 O4 3.1

Cys 106 SG FMN 326 O20 3.3

FMN-H 3 3 3A

FMN 326 N5 Ala 74 O 3.2

FMN 326 N3 Glu 43 O 3.3

aHydrogen bonding distances were determined using Chimera (27).
Interactions within the ligand as well as those involving solvent are not
shown. Any potential interactions beyond 3.3 Å are not reported. All
distances are given in angstroms.
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