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ABSTRACT. The crystal structure of th8, homodimer ofVibrio harveyi luciferase has been determined

to 2.5 A resolution by molecular replacement. Crystals were grown serendipitously usimg tbem of

the enzyme. The subunits of the homodimer share considerable structural homology wuthenit of

the o8 luciferase heterodimer. The four C-terminal residues that are disordered df thieucture are

fully resolved in our structure. Four peptide bonds have been flipped relative to their orientations in the
B subunit of theoS structure. The dimer interface of the homodimer is smaller than the interface of the
heterodimer in terms of buried surface area and number of hydrogen bonds and salt links. Inspection of
the subunits of our structure suggests that FMNEhnot bind to thg, enzyme at the site that has been
proposed for they3 enzyme. However, we do uncover a potential FMNtthding pocket in the dimer
interface, and we model FMN into this site. This proposed flavin binding motif is consistent with several
lines of biochemical and structural evidence and leads to several conclusions. First, only one FMNH
binds per homodimer. Second, we predict that reduced FAD and riboflavin should be poor substrates for
B2 Third, the reduced activity g8, compared taj is due to solvent exposure of the isoalloxazine ring

in the 5z active site. Finally, we raise the question of whether our proposed flavin binding site could also
be the binding site for flavin in the,s enzyme.

. Luciferases are enzymes that catalyze the productio_n OfFMNH2 + RCHO+ O, bacterial luciferase

light, and they are of interest for both basic and practical .

reasons (Baldwin & Ziegler, 1992; Tu & Mager, 1995). In FMN 4+ RCOOH+ H,0 + light (1)
vivo, they are responsible for the glow observed in luminous

bacteria, fireflies, and other organisms. There is the biologi- to alter its emission spectrum, substrate specificity, and
cal question of why these organisms emit light. From the thermal stability.

chemical point of view, there is intense interest in learning  The most active form of bacterial luciferase is af
how bacterial luciferase can generate light from aldehyde, heterodimer, whose crystal structure was recently determined
molecular oxygen, and FMNHeq 1). In vitro, luciferase  under high salt conditions at 2.4 A resolution (Baldwin et
is used in a variety of biotechnological applications such as al., 1995; Fisher et al., 1995) and in low salt conditions at
monitoring gene expression. In this area there are efforts to1.5 A resolution (Fisher et al., 1996). Bacterial luciferase
modify and enhance the activity of luciferase, for example, also forms an activ@, homodimer, which is the subject of
this report. Theg, homodimer is 5 orders of magnitude less
TThis work was supported by the National Institutes of Health active than thea enzyme; however, the reason for its

(GM25953, S.-C.T.), the Robert A. Welch Foundation (E-1030, S.- decreased activity is not fully understood (Choi et al., 1995;
C.T.), the State of Texas (K.L.K. & S.-C.T.), and the W. M. Keck Y y ( Y ’

Foundation. Sinclair et al., 1993). The fact th@k is active at all is
¥ Coordinates have been deposited in the Brookhaven Protein Dataintriguing since the crystal structure of thg8 enzyme
Bank under ID code 1xKj. . suggests that the FMNHbinding site resides entirely in the
: Corresponding author. Email: kkrause@uh.edu. o subunit and that many of the putative active site residues
University of Houston. . . .
I European Molecular Biology Laboratory. are not conserved in thg subunit. Identification of the
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catalyze the bioluminescence reaction and why the het-
erodimer is so much more active.

The discovery that bacterial luciferase can form a ho-
modimer was made almost 30 years ago. The record,
however, is confusing due to a change in the nomenclature
for the subunits. The ability of the isolat¢dsubunit from
the Photobacterium fischerluciferase to form a3, ho-
modimer was first described in 1967 (Friedland & Hastings,
1967). For thé/ibrio harveyi(originally designated as strain
MAV) luciferase, the formation of the, dimer was also
reported in 1969 (Hastings et al., 1969). The original
designations of ther and § subunits in these two reports

were both based on charge properties but were later redefined

to assigno. andp to the heavy (40 kDa) and light (35 kDa)
subunits, respectively, of the heterodimer (Gunsalus-Miguel
et al.,, 1972; Ruby & Hastings, 1980). This now widely

accepted classification does not change the designation of

theP. fischeriluciferase subunits but reverses that for ¢he
andg subunits of thd/. hareyiluciferase (Gunsalus-Miguel

et al., 1972). Therefore, the homodimers derived from the
P. fischeriand V. harveyi luciferase subunits (Hastings et
al., 1969) are bot,. Inthe present paper, we use the now
widely accepted nomenclature based on molecular weight
and use the terms. and § for the 40 kDa and 35 kDa
subunits ofV. harveyi luciferase, respectively. We refer to
the two/ subunits of our homodimer structure as subunit A
and subunit B.

The binding and dissociation rate constants for Yhe
harveyi 8 dimerization reaction recently have been quantified
(Sinclair et al., 1994). Moreover, the low but genuine
bioluminescence activity reported for the individgadubunit
from V. harveyiluciferase (Sinclair et al., 1993; Waddle &
Baldwin, 1991) has been shown to be associated yith
(Choi et al., 1995) and not due to isolat@dubunits.

Interestingly, if one uses up todM FMNH; and 1uM
decanal for the luminescence reactigpis found to contain
a single binding site for each of these two substrates. At
higher concentrations of decanal, the binding of a second
aldehyde byg, at an inhibitor site is also detected. This
inhibition is attributed to blockage of the FMNHbinding
site (Choi et al., 1995). The location of these substrate and
inhibitor sites inB, remains an intriguing question.

The structure off, is being studied by another group
(Baldwin et al., 1995, 1997), but to our knowledge a full
report of their findings has not been published, nor is their
structure available from the protein data bank. Therefore,
we are unable to make any direct comparisons with our
structure.

MATERIALS AND METHODS

Crystallization and X-ray Data CollectionA recombinant
plasmid, pTH3, was constructed by subcloning lineAB-
containingSal —Bglll fragment (with theBglll end blunted
for ligation) of pTH2 (Xi et al., 1990) into pUC19 at the
Sal and Sma sites. TheluxAB genes encoding th¥.
harveyi heterodimeric luciferase were expressed (Xi et al.,
1990) in Escherichia coliJM101 harboring pTH3. Lu-
ciferase was purified as described previously (Cousineau &
Meighen, 1976) and involves (aminohexyl)agarose column
chromatography for the last step of purification.

Purifieda luciferase was dialyzed prior to crystallization
versus 10 mM piperazini;N'-bis(2-ethanesulfonic acid)
(PIPES} plus 10 mMpL-dithiothreitol (DTT) at pH 6.8,
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Ficure 1: 12.5% homogeneous SBRAGE gel run on a Phar-
macia Phast system and stained with Coomassie blue R-350.

Lanes: 1, Bio-Rad broad range molecular weight markers; 2,
enzyme before crystallization; 3, dissolved crystals.

concentrated to 50 mg/mL, and filtered through a Q22
filter. Crystals were grown at 4C in sitting drops using a
reservoir solution of 12% poly(ethylene glycol) 400017
21% 2-propanol, 6 mM DTT, and 0.1 M citrate, pH 6.2. A
heavy precipitate forms initially, and after—8 weeks
octahedral crystals of size 0x4 0.4 x 0.6 mm are found
buried under the precipitate.

We were surprised to discover that we had crystallized
the 3, form of the enzyme. In fact, this realization was not
made until the initial stages of structure refinement. SDS
gel electrophoresis (Figure 1), performed after the structure
was solved, confirmed that the crystals are composed of only
J subunits even though the protein used to grow the crystals
contained botly and subunits.

It appears that at some point during our procedurenhie
dimer interface was disrupted and the heterodimer decom-
posed intoo. and 5 subunits, followed by dimerization of
the 5 subunits. Since the freshly purified enzyme displayed
activity levels characteristic of thes form, conversion to
the 8, form must have occurred either in the PIPES dialysis
step or in the actual crystallization step.

Crystals were stabilized for data collection at room
temperature in 16% PEG, 16% 2-propanol, 2 mM DTT, and
0.1 M citrate, pH 6.0. The space group was determined using
precession photographs obtained with an Enraf-Nonius
precession camera with a crystal to film distance of 200 mm
mounted on an FR590 sealed tube X-ray source operated at
40 kV and 45 mA. Photographs of the three principal zones
revealed 4hmmreciprocal space symmetry and systematic
absences consistent with the enantiomorphous space groups
P4,2,2 andP43;2,2. The correct choice of space group, as
found from translation function calculations, #g,2,2.

Native data to 2.5 A were collected at room temperature
on DESY/EMBL beamline BW7B with a wavelength of
0.865 A using an 18 cm MAR image plate detector. The

1 Abbreviations: PIPES, piperazit&N'-bis(2-ethanesulfonic acid);
DTT, oL-dithiothreitol; RMSD, root mean square difference; golvent-
accessible surface area.
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crystal to film distance was 250 mm and the dete6tangle ment lowered thé&-factor to 33% (16-4 A), and simulated
was 0. The frame width was’ ;and the exposure time was annealing resulted iR-factor= 26% andRyee = 34% (15
approximately 40 s. Data were processed with Denzo and2.5 A). The significant decrease iRy indicated that
Scalepack (Minor, 1993; Otwinowski, 1993). The refined replacement of the heterodimer by a homodimer was a
unit cell dimensions ara=b = 112.4 A andc = 153.7 A correct move. Now the electron density was of high quality
with one homodimer per asymmetric unit. The final data in both subunits. Also, electron density for the four
set consists of 97 frames of data merged from two crystals C-terminal residues missing from th@ subunit of the
and contains 245 416 observations of 32 225 unique reflec- publishedo structures could be seen in both subunits.
tions with a mergindR-factor (on intensities) of 8.8%. These Several rounds of rebuilding and refinement were per-
data are 93% complete to 2.5 A and 78% complete in the formed. Solvent was modeled in the final stages of refine-
2.6-2.5 A bin. ment with a bulk solvent mask and discrete water molecules.
Molecular Replacement and Refinemennitial phases  Solvent sites were filled if they had at least@@ak in the
were determined by molecular replacement. All molecular F, — F. map and were covered by théc2— F. map
replacement and structure refinement calculations werecontoured at 0.7& Water was inspected after refinement
carried out in X-PLOR version 3.1 (Bnger, 1992). The  and those with eitheB > 55 A2 or that had weak or
Engh and Huber force field (Engh & Huber, 1991) was used nonspherical B, — F. density were discarded.
during simulated annealing and conjugate gradient minimiza-  |n the next section, comparisons between fa@nd o,
tion but was modified by eliminating hydrogen atoms and structures were done using the 2.4 structure. The 1.5
disabling the nonbonded electrostatics termso @utoff for A o structure was not available when our manuscript was
reflections was not used during molecular replacement andsubmitted. We note that there are no significant differences

refinement. IndividuaB-factors were refined using restraints  petween the twax3 structures and that they superimpose
to standard deviations of 1.CAor main chain bonded atoms,  with RMSD of 0.59 A (Fisher et al., 1996).

1.5 A2 for side chain bonded atoms, 1.3 for main chain
atoms related by bond angles, and 2fdk side chain atoms =~ RESULTS AND DISCUSSION
related by bond angles. Noncrystallographic symmetry  Quality of the Structure The current model consists of
restraints were not used during refinement. O (Jones et al.,5092 atoms, including 648 amino acid residues and 31 water
1991) was used for model building. molecules. Fifteen surface side chains were omitted due to
The search model for molecular replacement was the 2.4weak density. Th&-factor is 19.1% for 28 976 reflections
A V. harveyiluciferasea3 heterodimer (Fisher et al., 1995; between 15 and 2.5 A resolution WiBke. = 24.9% (3249
pdb code 1brl) because at the time we thought we hadreflections). TheR-factor calculated against the entire data
crystallized thex enzyme. Since the andg subunits share  set is 19.7%.
high sequence and structural homology pghsearch model A Luzzati plot (Luzzati, 1952) calculated using the
was appropriate. The sequences are 32% identical with theworking set of reflections suggests a mean positional error
major difference being a 29-residue insertirsubunit. I of about 0.25-0.35 A. The error estimate from the Luzzati
the o8 structure both subunits fold into eight-strand#d. plot calculated with test reflections is about 0-3540 A.
barrels and the coyé-strands superimpose with a root mean The RMS coordinate error estimates fram (Read, 1986)
square difference (RMSD) of 0.6 A (Fisher et al., 1995, are 0.32 A for the working set and 0.37 A for the test set.
1996). The geometry is tight, with RMS deviation from the ideal
Rotation function and Patterson correlation calculations force field values of 0.013 A for bonds, 1.6° for angles, 23.3°
at 10-4 A resolution revealed two orientations with nearly for dihedral angles, and 4or improper dihedral angles.
identical scores. The search model was oriented accordingThe stereochemistry meets or exceeds all main chain and
to the Patterson correlation peaks and input to translationside chain tests of PROCHECK version 3.4.2 (Laskowski
function calculations (164 A) followed by rigid body  etal., 1993). Over 99% of the non-Gly and non-Pro residues
refinement (16-4 A). Searches in space grou¥s2:2 fall into the most favored or additionally allowed regions of
yielded incorrect solutions witR-factor > 50% after rigid  the Ramachandaran plot. The four outliers (Asp A259, Asn

body refinement. In space grot#:2,2, however, the two  B12, Ser B256, Asp B259) are in surface loops where the
orientations from Patterson correlation refinement led to two electron density is relatively weak.

translation function solutions witR-factor = 46% (10-4 The real space correlation (Jones et al., 1991) between
A) afte_r rigid body refinement. In b_oth cases, simulated the all-atom model and the finaFg — F. map is in Figure
annealing lowered th-factor to 34% withRyee = 44% (15~ 2. The average correlation coefficient is 0.92 and the

2.5 R). The fact that these two solutions were related to standard deviation is 0.04. This plot indicates that the model
each other by the molecular 2-fold axis and had nearly fits the electron density well except in a few regions. For
identicalR-factors was the first clue that we had crystallized example, the electron density for the guanidinium group of
the B> dimer. Indeed, in each solution the quality of the Arg B15 is weak. Since the density for the main chain and
electron density was much better in tiesubunit than in  most of the side chain is strong, we included the entire side
thea subunit. Another clue that we did not hawg crystals chain in the model. It is built like Arg A15, which has
is the fact thatRree > 40% often is symptomatic of an  stronger density and a higher correlation coefficient. The
incorrect structure (Kleywegt & Bnger, 1996). We note  250's loop in the B subunit is probably the least accurate
that the test set foRree calculations was 10% of the entire  part of the structure, and it has been built like the 250's loop
data set and that the same test set was used for all refinemerth the 8 subunit of the 2.4 A structure. In the A subunit
calculations. the density is stronger and suggested a main chain conforma-

We next constructed &, homodimer from the twaxs tion that is slightly different from that observed in the 2.4 A
solutions found in space grouph2:2. Rigid body refine- o structure.
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Ficure 2: Real space correlation coefficients. The correlation is
between the all-atom model and the fin&,2- F. map calculated
with O rsr parameterg, = C = 0.9.

The B-factors approximately track the real space correla-
tion coefficients. The averadgfactor for all atoms is 37.8
A2, while the averag®-factor for solvent is 32.2 A The
averageB-factors for the A and B subunits are 40.9 and 34.9
A2, respectively. For comparison, the avera&jéactor of
the B subunit of the 2.4 Auf structure is 43 A (Fisher et
al., 1995), while that of the 1.5 A&j structure is 17 A
(Fisher et al., 1996). The pattern of maxima and minima in
our B-factors is similar to those of theg structures.

Subunit Structure The secondary and tertiary structures
of the subunits off, are very similar to those of thsubunit
of af luciferase. As expected, each subunit folds into the
eight-strandeg@/a barrel motif described previously fot3
luciferase (Figure 3). The RMSD between the main chains
of the two subunits of. is 0.45 A.

The main chain of our structure is similar to that of the
subunit of theos structure (Figure 4). Note that the
superimposition for thes-strands is almost perfect. The
RMSD between the main chain of th® subunit of o
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luciferase and the subunits 85 is 0.59 A for subunit A of
B2 and 0.63 A for subunit B off,. The secondary structure
assignments are the same as those foystsabunit of the
o/ structure (Fisher et al., 1995).

The four C-terminal residues (32B24) that are missing
from the § subunits of bothoS structures are resolved in
both subunits of our structure. These residues (Lys 321, Tyr
322, His 323, Ser 324) extend the C-terminal helix for
another complete turn. Stabilization of the C-termini is due
to crystal contacts (Figure 5). In both subunits the carboxy-
late group of Ser 324 of one subunit salt links with
crystallographic mates of Arg 223 and the amino group of
Met 1 of the other subunit. Likewise, His 323 of one subunit
hydrogen bonds to a crystallographic mate of Tyr 322 of
the other subunit. Thus, crystallographic symmetry brings
the C-terminus of one subunit into contact with both the N-
and C-termini of the other subunit.

Another deviation between thg, structure and the
structure of thgg subunit ofa3 concerns four peptide bonds.
Our electron density unambiguously indicated that the
peptide bonds between residues 146 and 147 and between
residues 161 and 162 in both subunits should be flipped from
their orientations in th@ subunit of the 2.4 Axg structure.
Finally, there are 36 surface side chains (18 per subunit)
whose torsion angles deviate significantly from thg
structure. We note that all of these side chains have atoms
with B-factor= 100 A2 in the 2.4 Aa structure, so it is
not surprising that they display different conformations in
the 3, structure.

Since a comparison between thandg subunits has been
described previously (Baldwin et al., 1995; Fisher et al.,
1995), we will note only a few points that impact our
discussion of the active site. First, after #@ structure is
superimposed on thg& structure, the inorganic R@r SQ,
ion bound to thex subunit lands on the CA of Thr 175 of

Ficure 3: Ribbon drawing (stereo) ¢f; luciferase viewed down the dimer 2-fold axis. Subunits A and B are represented by light and dark
ribbons, respectively. This orientation is similar to that used by Fisher et al. (1995) in their paper describifigsthecture. This figure

and Figure 4 were made with Molscript (Kraulis, 1991).
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FiGUrRe 4: (a) G, stereo drawing of; luciferase (thick) viewed down the dimer 2-fold axis with the 2.4uA luciferase structure (thin)
superimposed. Thg subunits are drawn in the lower half of the dimer. The upper half contains the A subyhitofl thea subunit of
of. FMN is modeled into the dimer interface active site we propose fofilenzyme. The inorganic ion found in tlesubunit of thea
structure is included for reference. Trp 194 and Phe 2568,afre drawn to indicate the isoalloxazine binding pocket ofdfleenzyme
proposed by Fisher et al. (1995). (b) Same as in (a) except the 2-fold axis is vertical andubanit of theas structure is on the right.
Residues 268 and 287 of tlesubunit of theos structure, which are part of the mobile loop, are noted.

FIGURE 5: Stereo drawing of the C-terminal residues of subunit Bofvith 2F, — F. density contoured atdl Note the axis of the 320's
helix is vertical. Dots indicate salt links and hydrogen bonds to crystallographic neighbors. The primed residues are related by crystallographic

symmetry to residues of subunit A.

the 3, structure (Figure 4). Note that this is due to the fact to thea subunit. Although residues 27289 are missing
that the conformations of the 170’s loops of theand 8 from thea structure, enough of the loop is resolved to show
subunits differ. Second, the 25@89 mobile loop is unique  that it passes through the molecular 2-fold axis and thereby
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Table 1: Dimer Interfaces gf, andag Luciferase from charged residuesl. Our calculatiqns show thAt
. luciferase has a larger interface and buries 4420fAA,
S— Pz op or about 2210 A per subunit (Fisher et al., 1995). The
ﬁsgﬂr’i':g t')r;'ﬂ;edfrfggﬁo(ﬁ?c residues i %gg ‘Z‘iég contribution from hydrophobic and charged residues is 49%
< . . . i

A-buried by charged residues9A 916 1117 and 25%,_ respectively. The_ larger dimer interface md:ﬁe
intersubunit hydrogen bonds (3.6 A cutoff) 5 10 structure is partly due to residues 25571 of thea subunit,
intersubunit hydrogen bonds (4.0 A cutoff) 10 18 which are part of a loop that is absent from fheubunit. If
intersubunit salt links (4.0 A cutoff) 3 2 residues 256271 of thea subunit of a3 luciferase are
intersubunit salt links (5.0 A cutoff) 3 5

I 5 e - A omitted, then the dimer interface area reduces to 4030 A
“A; calculated with X-PLOR using a probe radius of 1.4 A. \ye calculated the number of intersubunit hydrogen bonds
gﬁgrrgzzoﬁ:gldggsdﬁipélé’lu\’/%éllei_)',‘: uén'\ge}_’“z heﬁchjrr%’ggﬂdbgrr&s and _sga]t links in thexﬁ_andﬁz structures to gauge the relative
calculated with X-PLOR using a 8Gangle cutoff. No angle cutoff  Stabilities of the two interfaces (Table 1). Thg structure

for salt links.? 2.4 A o structure (Fisher et al., 1995). has more intersubunit hydrogen bonds and salt links; this
result is independent of cutoff values. Since thdimer
blocks an entrance to the dimer interface (Figure 4b). We interface also buries more surface area, we conclude that its

will show evidence later that the active site@fis in this ~ interface has more favorable energetics tharpthaterface.
part of the dimer interface. This conclusion is in agreement with the idea that the
Dimer Interface The dimer interface buries 3794 Af heterodimer is more stable thermodynamically and that

solvent-accessible surface area)(fTable 1). This value  kinetic partitioning between folding pathways determines
is in good agreement with empirical estimates based onwhich dimer is formed (Sinclair et al., 1994).

molecular weight (Jones & Thorton, 1995). Most of the  We now discuss some of the intersubunit salt links and
intersubunit interactions are hydrophobic, with 53% of the hydrogen bonds. Two of the three salt links in thg
interface area contributed by hydrophobic residues and 24%interface are related by the molecular 2-fold axis and are

(a)

His B82

Ficure 6: Electrostatic surfaces @k (a—c) andog (d) made with GRASP (Nicholls & Honig, 1992). Calculations assumed Asp, Glu,
Arg, Lys, and His to be charged. (8) structure viewed down the 2-fold axis looking into the active site. (b) Same as (a) but with FMN
modeled into the proposed active site. (c) Same as (a) but rotatécad@inhd the vertical axis. (d) 2.4 &3 structure in same orientation

as in (a).
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Ficure 7: View of the proposed active site of tifig luciferase homodimer including a model of how the FMNstibstrate might bind.

Dots indicate hydrogen bonds and salt links, and they represent distaBd@d\. Note that there are eight salt links and hydrogen bonds
between the protein and FMN in this model. Carbon atoms are in black; all other atoms are in shades of gray. This figure was made with
Molscript (Kraulis, 1991) and Raster3D (Merritt & Murphy, 1994).

formed between His 45 and Glu 88. These residues arel75 due to rearrangement of the 170’s loop (Figure 4a).
conserved in thet subunit and the salt links are seen in the Third, Arg 107 of thea subunit-the crucial residue that
of structure. In addition, a water molecule that hydrogen salt links to the ion in they3 structure-is replaced by Asp
bonds to the carboxylate of Glu 88 i is also seen in the  in the3 subunit. The nearest basic residue in our structure
2.4 A ap structure. The intersubunit salt link between Arg that could take the place of Arg 107 is Arg 193, whose
B85 and Glu A89 is unique to th& enzyme. Arg B85 of guanidinium group is 57 A from the proposed P(Csite
2 adopts a different conformation than is observed in the but is occupied in salt links with Asp 196 and Asp 195.
o structure. Arg B85 appears to change conformation to Finally, if FMNH; binds tof; in the site proposed fonS
avoid the side chain of His A81, which is Ala in thes luciferase, then there would be two binding sites per
structure. The 2-fold related salt link (A85 Ar@89 Glu) homodimer, which would contradict biochemical data (Choi
is not formed because the side chain conformations of Arg et al., 1995).
A85 and Arg B85 do not obey the approximate 2-fold  We propose that the FMNHbinding site off. is different
symmetry. Rather, Arg A85 hydrogen bonds to Thr B80. from that proposed foo3. Inspection of the3, structure

In addition to the Arg A85 Thr B80 hydrogen bond in  reveals a plausible FMN binding site in the dimer interface
the 5, dimer interface, there is a hydrogen bond between in which the ribityl chain is nearly coincident with the
Thr A57 and Glu B89 and also symmetric hydrogen bonds molecular 2-fold axis as shown in Figure 4b. This site is
between Asn A159 and Ser B47 from both subunits. Finally, appropriate because it has an unusually high density of basic
the side chains of Thr A57 and Thr B57 form a hydrogen residues that are poised to bind the ribityl araf®nophos-
bond (OG1-OG1 distance= 3.7 A). This is a notable  phate of FMN, it is solvent accessible, and it has the right
interaction because the midpoint of the hydrogen bond size and shape to accommodate FMN.
coincides with the location of the molecular 2-fold axis. This  The electrostatic surface @h with a view looking into
hydrogen bond is not made af luciferase because residue the proposed FMNHKbinding site is shown in Figure 6a.
57 of thea subunit is Val. The binding site is a crevice bathed in positive electrostatic

Active Site Theog form of bacterial luciferase has been field (Figure 6a), and it readily accommodates an FMN
proposed to have a single FMMHinding site located at  molecule (Figure 6b).
the C-terminal end of thet subunit'sg-barrel. The most The details of the proposed flavin binding site are shown
compelling structural evidence is the location of an inorganic in Figure 7. FMN was modeled manually into the site
PO, or SQ, ion in the 2.4 Aag crystal structure (see Figure  without making adjustments to the protein residues. Next,
4) which is thought to represent thé-fhonophosphate of the FMN was allowed to relax using conjugate gradient
the substrate (Baldwin et al., 1995; Fisher et al., 1995). This minimization in X-PLOR while fixing the protein atoms. The
ion forms a salt link to Arg 107, a conserved residue in all closest FMN-protein contact is 2.5 A and is between Arg
bacterial luciferase. subunits. Fisher et al. (1995) suggest B119 CD and FMN O2 of the isoalloxazine ring. This
that the isoalloxazine ring would contact Trp 194 and Trp contact would be relieved easily if the protein was allowed
250 (Phe 250 in th¢8 subunit), which is consistent with  to relax in response to the FMN. The geometry of the FMN

spectroscopic data. This location for the FMNBinding is not distorted.
site is also consistent with mutagenesis data involving His  There are three salt links to thefmonophosphate involv-
44, Asp 113, and Cys 106. ing His A81 and Arg A85 and one hydrogen bond to the

However, there are several reasons why it is unlikely that PO, with the main chain of His B82 (Figure 7). Arg A119
FMNH; binds tof; in the same fashion. First, an inorganic and Arg B119 hydrogen bond to the ribityl chain, and in
ion (PG, or SQ) was not found in theg subunit of the 2.4  addition Arg B119 hydrogen bonds to N1 of the isoalloxazine
A ap luciferase structure even though the crystallization ring. The guanidinium of Arg B85 sits at the bottom of the
solution contained 1.4 M S{and 0.2 M PQ. Second, the  binding site and is stabilized by salt links to Glu A89 and
equivalent P@ site in thef, structure is occluded by Thr  Glu B89 and by a hydrogen bond to His B81 (electron
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density connects its ND1 atom and Arg B85 NE). answers to these questions will have to await definitive
Although the active sites of enzymes with tiféo)s motif structural determination of the location of the active site.
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