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Abstract

Luciferase, as isolated from Vibrio harveyi, is an a3 heterodimer. When allowed to fold in the absence of the « subunit,
either in vitro or in vivo, the 8 subunit of the enzyme will form a kinetically stable homodimer that does not unfold even
after prolonged incubation in 5 M urea at pH 7.0 and 18 °C. This form of the 8 subunit, arising via kinetic partitioning
on the folding pathway, appears to constitute a kinetically trapped alternative to the heterodimeric enzyme (Sinclair JF,
Ziegler MM, Baldwin TO. 1994. Kinetic partitioning during protein folding yields multiple native states. Nature Struct
Biol I: 320-326). Here we describe the X-ray crystal structure of the 8, homodimer of luciferase from V. harveyi
determined and refined at 1.95 A resolution. Crystals employed in the investigation belonged to the orthorhombic space
group P2,2,2, with unit cell dimensions of a = 58.8 A, b = 62.0 A, and ¢ = 218.2 A and contained one dimer per
asymmetric unit. Like that observed in the functional luciferase a8 heterodimer, the major tertiary structural motif of
each B subunit consists of an (a/B)s barrel (Fisher AJ, Raushel FM, Baldwin TO, Rayment I. 1995. Three-dimensional
structure of bacterial luciferase from Vibrio harveyi at 2.4 A resolution. Biochemistry 34: 6581-6586). The root-mean-
square deviation of the a-carbon coordinates between the 8 subunits of the hetero- and homodimers is 0.7 A. This high
resolution X-ray analysis demonstrates that “domain” or “loop” swapping has not occurred upon formation of the 3,
homodimer and thus the stability of the 8, species to denaturation cannot be explained in such simple terms. In fact, the
subunit:subunit interfaces observed in both the 8; homodimer and af3 heterodimer are remarkably similar in hydrogen-

bonding patterns and buried surface areas.
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It has been over three decades since Christian Anfinsen and col-
leagues discovered that the information dictating the native fold of
a protein is encoded in the sequence of amino acids constituting
the polypeptide chain (Epstein et al., 1963; Anfinsen, 1973). Since
that time, a large amount of data has accumulated in support of the
so-called thermodynamic hypothesis: the conclusion that the na-
tive form of a protein resides at the global minimum of free energy
is virtually axiomatic in the field of protein folding. In recent
years, however, several examples of kinetic control in protein fold-
ing have been described (Gething et al., 1986; Waddle et al., 1987;
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Sugihara & Baldwin, 1988; Baker et al.,, 1992; Mottonen et al.,
1992; Baker & Agard, 1994). For example, in the folding of bac-
terial luciferase, it appears that the distribution of products is de-
termined by the relative rates with which the products form, rather
than by their relative stabilities (Sugihara & Baldwin, 1988; Bald-
win et al., 1993; Clark et al., 1993; Sinclair et al., 1993; Ziegler
et al., 1993; Sinclair et al., 1994); this particular characteristic
constitutes the definition of kinetic control.

Bacterial luciferase is particularly well suited for studies of pro-
tein folding and oligomer assembly for a variety of reasons. One
question of interest that may be investigated with a heterodimeric
enzyme like bacterial luciferase pertains to the effects of assembly
on the structure of the protomers. For example, prior to the as-
sembly reaction, do the individual subunits fold autonomously into
their native states and then assemble into the final heterodimeric
form? Or do they form partially folded species which then require
a cooperative interaction to complete the assembly process? In the
case of bacterial luciferase, whose functional form is an «8 dimer,
it is apparent that successful assembly of the enzyme requires both
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subunits to fold within the same cellular compartment, suggesting
that the heterodimerization reaction involves intermediates on the
folding pathway; the fully folded subunits do not combine to form
the heterodimer without prior denaturation and refolding within the
same solution (Waddle et al., 1987). Clearly, this protein provides
a robust system for understanding the folding and assembly reac-
tions of multimeric proteins since it has a well-defined biological
function that requires formation of the correct quaternary structure.

Bacterial luciferase is a flavin monooxygenase catalyzing the
bioluminescence reaction in luminous bacteria where FMNH, and
an aliphatic aldehyde are oxidized by O, to yield the carboxylic
acid, FMN, and blue-green light (Amax ~ 495 nm). Unlike most
flavoenzymes, luciferase has no tightly bound flavin prosthetic
group; rather, the enzyme binds reduced flavin as a substrate and
releases the oxidized flavin as a product. The enzyme from V.
harveyi is a heterodimer consisting of two homologous subunits, «
and 3, with molecular weights of 40,108 (355 amino acid residues)
and 36,349 (324 amino acid residues), respectively (Cohn et al.,
1985; Johnston et al., 1986). The amino acid sequence similarity
between the two subunits is high; 80% of the residues in the
monomer are either identical or chemically similar to the corre-
sponding residues in the « subunit (Baldwin & Ziegler, 1992). For
reviews of the bacterial luciferase system, see Ziegler & Baldwin
(1981) and Baldwin & Ziegler (1992). The three-dimensional struc-
ture of bacterial luciferase from V. harveyi reveals that each sub-
unit in the heterodimer consists primarily of an eight-stranded
(a/B)g barrel similar to that observed in many glycolytic enzymes
(Farber & Petsko, 1990; Fisher et al., 1995). As expected from the
high degree of amino acid sequence similarity between the a and
B subunits of luciferase (Cohn et al., 1985; Johnston et al., 1986;
Baldwin et al., 1989), the overall folds of both subunits are essen-
tially identical. The major difference is an additional loop in the «
subunit that corresponds to an apparent deletion of residues 258 to
286 (relative to the a subunit) in the B subunit sequence (Baldwin
et al., 1989; Baldwin & Ziegler, 1992). This similarity is also
expressed by the presence of an approximate local two-fold rota-
tional axis of symmetry that relates the o and 3 subunits to each
other in the heterodimer (Fisher et al., 1995; Fisher et al., 1996).

The bacterial enzyme has a single active site that genetic, bio-
chemical, and structural studies suggest is located primarily if not
exclusively on the o subunit. However, both isolated @ and B
subunits are able to support an extremely weak bioluminescence
reaction with an efficiency ca. 10-6-fold less than that of the wild-
type enzyme (Waddle & Baldwin, 1991; Sinclair et al., 1993; Choi
et al., 1995). Although the exact role of the 8 subunit is unknown,
it is essential for the high quantum efficiency of the enzyme, as
was shown originally for the luciferase from Vibrio fischeri (Fried-
land & Hastings, 1967) and as has since been found for the lu-
ciferases from other bacterial species as well.

The folding pathway for bacterial luciferase has been exten-
sively characterized. Expression of the individual subunits of V.
harveyi luciferase from recombinant plasmids in Escherichia coli
resulted in the accumulation of large amounts of soluble protein in
the cell lysates (Waddle et al., 1987), demonstrating that the indi-
vidual subunits fold in vivo to yield stable, soluble entities. When
cell lysates containing the individual subunits were mixed under
nondenaturing conditions, however, the native enzyme did not
form. Denaturation of the mixed cell lysates followed by dilution
of the denaturant to allow refolding resulted in the formation of
large amounts of active luciferase, suggesting that the correct as-
sembly of the native enzyme involves interactions between par-
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tially folded subunits (Waddle et al., 1987). Subsequently, it was
shown that the purified native subunits likewise were unable to
assemble in vitro into the active heterodimer without prior unfold-
ing (Baldwin et al., 1993; Sinclair et al., 1993). Thus, it appears
that formation of the active heterodimer requires both subunits to
fold within the same cellular compartment at the same time. On the
basis of these observations, Waddle et al. (1987) suggested that in
vivo the subunits must interact as partially folded species and that
the final steps of folding must occur within the heterodimeric
species. These observations raised the possibility that formation of
the biologically active heterodimer might be kinetically controlled,
since the “completely” folded individual subunits do not associate
upon mixing, even after prolonged incubation. In related experi-
ments, Sugihara and Baldwin (1988) described deletion mutations
in the C-terminal region of the 8 subunit of luciferase that resulted
in a dramatic reduction in the efficiency with which the mutant 8
subunit combined with the @ monomer to yield luciferase; how-
ever, when folded these enzymatically active, truncated mutants
displayed normal thermal stability. These experiments supported
the idea that the assembly of the enzyme may be under kinetic
control, and suggested that the C-terminal region of the S8 subunit
might play some type of role in stabilizing the transition state in
the assembly reaction.

The original report of Friedland and Hastings (1967) that bac-
terial luciferase from the species V. fischeri was built from two
nonidentical subunits suggested that the a subunit, when refolded
separately from the B subunit, retained its ability to form an active
enzyme when combined with 8, whereas the separately folded 8
subunit formed an inactive oligomeric structure. More recent stud-
ies on the folding of the enzyme from V. harveyi have demon-
strated that both the « and B subunits fold into stable, globular
structures with well-defined tertiary motifs that, by spectroscopic
methods, appear similar to the folds they assume in the heterodi-
mer (Sinclair et al., 1993; Sinclair et al., 1994). The folded a sub-
unit appears fully competent to interact with the folding 8 subunit
(Fedorov & Baldwin, 1995) but the 8 subunit forms a homodimer
with a second order rate constant of approximately 180 Mt.s!
at 18°C in 50 mM phosphate (pH 7.0) (Sinclair et al., 1994). The
dissociation rate constant for the homodimer is approximately
107 s~! under the same conditions, which explains the earlier
observation that mixtures of the two subunits do not form native
af luciferase. There is a significant kinetic barrier between the
monomeric and homodimeric forms of the 8 subunit, in sharp
contrast to the folding of the heterodimeric enzyme. In 5 M urea,
the B, species maintains its native tertiary structure as indicated by
near ultraviolet circular dichroism; unfolded 8 subunit in 5 M urea
(obtained from af luciferase, which is rapidly unfolded in 5 M
urea) remains unfolded indefinitely. The hysteresis in the unfold-
ing and refolding transitions indicates that in the range of 2-6 M
urea, the 283 to B, reaction does not attain equilibrium even fol-
lowing prolonged incubation (Sinclair et al., 1994), whereas the
af3 species achieves equilibrium under these conditions compara-
tively quickly (Clark et al., 1993). Interestingly, the thermo-
dynamic stability of the 3, homodimer is about the same as that of
the a3 protein.

It has been demonstrated that the final distribution of the prod-
ucts in the folding of the bacterial luciferase is determined by the
relative rate constants of the various steps on the kinetic pathway
of assembly for the a8 and 3, species (Sinclair et al., 1994). The
luciferase 8 subunit either assembles with an « subunit to form the
heterodimeric enzyme, or it reacts with itself to form the 8, homo-
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dimer that is kinetically inert on a biological time scale (Sinclair
et al., 1994). In order to develop an understanding of the structural
basis for the kinetic stability of the 8, homodimer, we have crys-
tallized and determined its molecular structure to 1.95 A resolu-
tion. In combination with detailed kinetic and thermodynamic studies
(Sugihara & Baldwin, 1988; Baldwin et al., 1993; Clark et al., 1993;
Sinclair et al., 1993; Ziegler et al., 1993; Sinclair et al., 1994) and
the high resolution structure of the a3 heterodimer (Fisher et al.,
1996), this X-ray analysis provides a unique opportunity to inves-
tigate the structural basis of a slow process in protein folding.

Results

Overall structure of the B; homodimer

A ribbon representation of the homodimer of the B subunit of
bacterial luciferase is shown in Figure 1. Electron density is visible
for Met 1 to His 323 in Subunit 1 and Met 1 to Ser 324 in
Subunit 2. The connectivity of the electron density is unambigu-
ous. The homodimer has overall dimensions of 70 A X 76 A X
70 A and as expected, each subunit contains nine strands of par-
allel 8 sheet and 12 major a-helices. The two subunits constituting
the dimer are very similar such that all backbone atoms from Met |
to His 323 superimpose with a root-mean-square deviation of
0.69 A and are related to one another by a rotation of 179.5 degrees
which within experimental error is an exact twofold axis of rota-
tion. There are four surface loops, however, where the polypeptide
chains for the two subunits adopt slightly different conformations.
These regions are delineated by Cys 108 to Phe 125, Cys 144 to
Lys 155, Gln 213 to GIn 221, and Glu 253 to Asp 259. In both
subunits, the backbone atoms residing in the loop formed by
Glu 253 to Asp 259 display significantly higher temperature fac-
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tors, implying conformational flexibility. With respect to the other
three surface loops, the electron density is better defined for these
secondary structural elements in Subunit 2. The two subunits of the
B> homodimer also differ at the C-terminus beginning at Ala 317.
Excluding these above-mentioned residues, the backbone atoms
for the two subunits in the B, homodimer superimpose with a
root-mean-square deviation of 0.30 A.

There are two parallel a-helices in each monomer, delineated by
Pro 55 to Gly 64 and Pro 83 to Met 96, that provide the major
structural framework for the subunit:subunit interface. In addition,
there is a random coil region between Val 41 and Pro 55 that
provides both electrostatic and hydrophobic interactions for further
stabilization of the quaternary structure. The surface area lost upon
dimer formation is approximately 3970 A2 when computed with a
probe of radius 1.4 A and the algorithm of Lee and Richards
(1971) as implemented in EDPDB (Zhang & Matthews, 1995).

The average B-value for the waters is 49.1 A2, Of the 989 water
molecules located in the electron density map, 25 have temperature
factors below 20.0 A2, Many of these solvents link side-chain func-
tional groups with polypeptide chain backbone atoms. Some play
more important structural roles by serving as bridges between sec-
ondary structural elements. For example, in each subunit there is a
well-ordered water molecule located within hydrogen-bonding dis-
tance of O of Leu 8, O of Tyr 42, and N of Val 52, which serves to
stabilize the polypeptide chain backbone near 3-strands 1 and 2. Nine
of these very well-ordered waters are located in or near the sub-
unit:subunit interface.

Comparison of the 3, homodimer and the af3 heterodimer

The overall fold of the B subunit in the homodimer is nearly
identical to that observed for the B subunit in the a3 heterodimer

Fig. 1. Ribbon representation of the 8, homodimer of bacterial luciferase. Subunit 1 is shown in blue and green while Subunit 2 is
depicted in red and yellow. The local two-fold rotational axis relating the two subunits in the dimer is located at the center of the figure
and lying perpendicular to the plane of the page. The subunit:subunit interface is formed by amino acid residues residing in primarily
a-helical regions. The four surface loops that differ in conformation between the two subunits are shown in white, whereas the putative
vestigial active site for Subunit 1 that lies at the C-terminal end of the B-barrel is indicated by the arrow. Figures 1-4 were prepared

with the program MOLSCRIPT (Kraulis, 1991).
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Fig. 2. Comparison of the a-carbon traces for the 3, and the a3 dimers. The coordinates for the a8 heterodimer refined at 1.5 A
resolution (Brookhaven Protein Data Bank accession number 1LUC (Bernstein et al., 1977)) were used for the comparison (Fisher
et al., 1996). The B subunit of the & heterodimer was oriented onto Subunit 2 of the homodimer with the program LSQKAB written
by Kabsch and implemented in (CCP4 1994). The B subunits for the homodimer, depicted in black, have been labeled 1 and 2. The
a and S subunits of the heterodimer are displayed in red and green, respectively.

as shown in Figure 2. The root-mean-square differences between
the various subunits in the homo- and heterodimers are given in
Table 1. As evident from Figure 2, when the 8 subunits of the
homo- and heterodimers are superimposed there is a small differ-
ence in the rotational angle (4 degrees) between the remaining «
and B subunits. For all of the structural comparisons the coordi-
nates from the high resolution structure determination of the a3
heterodimer at 1.5 A were used (Fisher et al., 1996). Interestingly,
the root-mean-square deviations between the a-carbon coordinates
for Subunits 1 and 2 of the B, homodimer are the same as those for
either subunit in the homodimer and the B8 subunit in the hetero-
dimer. These data demonstrate that, within experimental error, the
[3 subunit adopts the same conformation in both oligomeric states.

Figure 2 shows the remarkable coincidence between the sec-
ondary structural elements that provide the interfaces for the a3
hetero- and the 3, homodimers, particularly in the a-helical bundle
that forms the core of the subunit:subunit interaction. This is not

Table 1. Root-mean-square differences measured in A between
the structurally equivalent atoms in the o and B subunits
of the luciferase homo and heterodimers

alp alp B2
heterodimer, heterodimer, homodimer,
a subunit [3 subunit Subunit 2
B> homodimer, Subunit 1 6.2* (6.0)° 0.7 (1.2) 0.63 (1.1)
B> homodimer, Subunit 2 6.2 (6.0) 0.6 (1.1)

“For a-carbon atoms only.
®For structurally equivalent a-carbons.

surprising, however, given the amino acid sequence similarity be-
tween the « and S subunits at the interface. The major differences
between the 8, homodimer and a3 heterodimer occur away from
the interface in the surface regions formed by Val 31 to Lys 35,
Glu 109 to Asp 113, Asn 118 to Gln 124, Asp 195 to Ala 199, and
Glu 248 to Glu 266.

As expected, there are similarities in the hydrogen-bonding pat-
tern within the molecular interface. A list of the hydrogen bonds
formed between side-chain functional groups and main-chain back-
bone atoms at the interface of the 8, homodimer is given in Table 2.
Water-mediated hydrogen bonds in the subunit:subunit interface are
listed in Table 3. Included in Tables 2 and 3 is an indication of the
equivalent hydrogen bonds found in the af3 heterodimer. A total of
22 intersubunit hydrogen bonds and 45 water-mediated interactions
was identified in the @ heterodimer of bacterial luciferase (Fisher
etal., 1996). In contrast, 16 and 30 intersubunit and water-mediated
interactions, respectively, are observed in the 8, homodimer inter-
face. Most of the intersubunit hydrogen bonds occur in symmetry-
related pairs, reflecting the local two-fold rotational axis that relates
the two 8 subunits. This is particularly true for the buried hydrogen
bonds. Deviations from dyad symmetry are found at the extremities
of the dimeric interface between loops whose conformations appear
to be influenced by crystal packing forces. For example, both
Ser 17 and Phe 116 are located at the edge of the interface. Most of
the amino acid residues participating in hydrogen-bonding at the sub-
unit:subunit boundary are located in secondary structural elements
other than the central bundle of a-helices. Although there appear to
be substantially fewer hydrogen bonds in the 8, homodimer, this is
somewhat misleading due to the large number of interactions in the
secondary coordination sphere just beyond the cutoff of 3.2 A, such
that it is difficult to interpret the effect of the hydrogen bonds on the
thermodynamic and kinetic stability of these species.
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Table 2. Intersubunit hydrogen bonds in the 3; homodimer
and the equivalent interactions in the af3 heterodimer

Subunit 1 Subunit 2 Bond a subunit
Distance _—

Residue Atom Residue  Atom (A) Residue Atom
Ser 17 0O7 His 161  N#® 3.0 b
Asp 188 0% Gln95  N€ 2.7 Thr 18 Q7
Asp 18* 0% Gln9s 0O 3.2 Thr 18 O
His 45° N°% Glugg O 27 His 45  N®
His 45° N¢ Glu 88 0O 33 His 45  N¢
Thr 80° O Arg 85 N7 2.9 Thr80 O
Thr 80* O7 Arg 85 N7 26 Thr 80  O7
Phe 116 O His 82 Ne¢ 26 val 116 O
Ser47*° O Asn 159 N# 3.1 None

*The two-fold related hydrogen bonding interaction is also observed at
the subunit:subunit interface for these pairs of atoms with comparable
geometry and hydrogen bond distance.

®The equivalent side chain in the & subunit (Gln 17) forms a structurally
nonequivalent hydrogen bond to the amide nitrogen of His 161.

Table 3. Water-mediated intersubunit contacts
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For orientation purposes, a close-up view of the subunit:subunit
interface of the 8, homodimer, viewed down the molecular dyad,
is displayed in Figure 3A. The interfacial region of Subunit 2 of the
B> homodimer, defined by Phe 10 to Ala 162, is shown in Fig-
ure 3B. Superimposed upon this region is the polypeptide chain
backbone for the B subunit of the af heterodimer. Those side
chains shown are involved in direct or water-mediated hydrogen
bonding in the 8, homodimer as listed in Tables 2 and 3. As can
be seen, the side chains adopt very similar conformations whether
the B subunit of bacterial luciferase is associated with either an-
other 8 subunit or an & monomer.

The surface area buried at the subunit:subunit interface is sim-
ilar for both the homo- and heteroproteins. Specifically, as de-
scribed above, the calculated total buried surface area at the
subunit:subunit interface for the 8> homodimer is 3970 AZ. In the
native luciferase, the a and B subunits contribute 2150 A? and
2100 A2, respectively, to the total buried surface area of 4250 AZ.
Likewise, the nature of the buried surface area is similar in both
forms of the enzyme. There is a difference in the total charge on
the homodimer and heterodimer as calculated with GRASP (Nicholls
et al., 1991). This suggests that at pH 7 the hetero- and homodi-

Distance Distance alf
Subunit 1 (A) Water (A) Subunit 2 heterodimer?
N7 Arg 85 32 083-809 2.7 0 Val 77 ++
N Arg 85 32 083-809 2.9 0¢! GIn 33 ++
N7 Arg 85 2.8 083-809 2.9 0¢ GIn 33 ++
N"' Arg 85 28 083-809 2.7 O Val 77 ++
02 Glu 89 2.3 087-809 3.2 0¢' Glu 89 +
0% Asn 159 3.0 048-809 3.1 N Ser 47 -
0% Asn 159 3.0 048-809 2.7 O Ser 47 -
0% Asn 159 3.0 048-809 2.5 O Gly 50 -
N<2 His 161 2.7 045-809 2.1 0%2 Asp 18
0% Asp 18 32 054-803 3.0 0 Ala 162 -
0 Ala 162 2.8 077-803 2.8 0% Asp 18 +
O Asn 159 2.7 037-801 3.2 O Vval 51 +
O Asn 159 2.7 037-801 2.7 N Gly 53 +
O Gly 53 2.8 059-800 2.9 N7 Arg 85 +
0¢! Glu 89 3.4 062-800 29 0 Glu 89 +
0¢' Glu 89 3.4 062-800 3.1 O” Thr 57 +
N¢ Arg 85 2.9 079-800 2.9 O Thr 80 +
N Gly 53 2.7 057-800 2.8 O Asn 159 +
0 Val 51 35 057-800 2.8 O Asn 159 +
N Phe 46 2.7 048-800 2.7 O Glu 88 +
N Phe 46 2.7 048-800 35 O Asn 159 +
N Phe 46 2.7 048-800 3.3 N Asn 159 +
O Ser 47 2.9 047-800 33 N Asn 259 +
N Ser 47 3.0 047-800 3.3 N Asn 159 +
O Thr 80 3.0 078-800 3.1 N™ Arg 85 +
O Thr 80 3.0 078-800 2.6 N7 Arg 85 +
O Val 77 2.9 078-800 3.1 N™ Arg 85 +
O Val 77 2.9 078-800 2.6 N7 Arg 85 +
0¢' Glu 43 26 078-800 3.1 N7 Arg 85 +
0¢! Glu 43 2.6 078-800 2.6 N™' Arg 85 +

2++, Water is located in an identical position; +, water is located within 0.5 A of the equivalent
position; —, no equivalent water molecule is observed in the a8 heterodimer.
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Fig. 3. Stereo view of those amino acid residues important in subunit:subunit hydrogen bonding. A: A close-up view of the molecular
interface for the 8, homodimer of luciferase is shown. Those secondary structural elements from Subunit 1 are depicted in blue and
green; those from Subunit 2 are shown in red and yellow. Several of the amino acid residues involved in intersubunit hydrogen bonding
are displayed in ball-and stick representations. The molecular two-fold rotational axis is perpendicular to the plane of the page. B: Shown
here is the dimer interface contributed by Subunit 2. The figure is oriented such that the molecular dyad of the dimer lies in the plane
of the page and the top portion of Subunit 2, as shown in A, is located at the right hand side of the page. The polypeptide chain backbone
from Subunit 2 of the 3; homodimer is shown in red. The 8 subunit from the a3 heterodimer is depicted in blue. Those side chains that
form intersubunit and water-mediated hydrogen bonds are displayed in ball-and-stick representations. Only those side chains that adopt
slightly different conformations between the two § subunits are labeled. The electron density for His 161 in Subunit 2 of the S,
homodimer shows two alternative conformations for the imidazole ring as indicated.

mers carry a net negative charge of —37 and —32, respectively,
and that some of the charge differences are associated with the
interface. Typically, the overall charge on a protein does not cor-
relate well with the protein stability, although it might influence
the kinetic barrier for unfolding.

One of the striking features of the quaternary structures of both
the af heterodimer and 3, homodimer is a large solvent pocket

that lies at the interface between the subunits. As seen in Fig-
ures 4A and B, this region is very similar in both molecules and
contains a similar distribution of water molecules. Although more
solvents are observed in the @ heterodimer, this most likely re-
sults from the higher resolution of its structural analysis. Overlap
of the water molecules in the af heterodimer onto the (F,-F.)
electron density for the 8, homodimer reveals weak density for
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A

Fig. 4. Close-up view of the buried water molecules that lie at the interface of the a3 heterodimer and 3, homodimer. a-carbons 10
to 165 are shown. The water pocket is located above the four helix bundle that forms the core of the protein-protein interface. A: af
heterodimer where the & and B subunits are depicted in red and blue, respectively. B: 8, homodimer where Subunits 1 and 2 are shown
in red and blue, respectively. B also marks the location of the identical residues in the sequences of the a and 3 subunits as small spheres.

those apparently omitted from the structure of homodimer. This
further confirms that the water structure is very similar in both
structures. It appears that there is very similar accessibility to the
pocket by solvent molecules in both proteins. Figure 4B also shows
the location of the identical residues in the a and B subunits
mapped onto the 3, homodimer. The overall amino acid sequence
identity between the a and B subunits is ~36%; however, as can
be seen, many of the residues located in the interface are con-
served. Given the similarity between the solvent pockets, the large
difference in activation energy for the unfolding of the @ hetero-
dimer and B, homodimer (Sinclair et al., 1994) cannot be ascribed
to any obvious differences in the accessibility. However, this does

not preclude the ‘possibility that solvent accessibility is an impor-
tant determinant of kinetic stability, only that it is difficult to
identify the nature of this from the present X-ray models.

Discussion

There are two fundamental issues concerning the structure of the
B> homodimer. Of lesser global significance is the fact that the 3,
homodimer exhibits a very small but measurable bioluminescence
activity (Waddle & Baldwin, 1991; Sinclair et al., 1993). This
observation has been challenged (Li et al., 1993), but more recently
the activity of the B subunits has indeed been confirmed (Choi
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et al., 1995). Since the active center of luciferase resides on the a
subunit, it is not especially surprising that the free @« monomer has
some residual activity. Furthermore, since the @ and 8 subunits
display great structural similarity on both the primary and tertiary
level, it is also not surprising that the 8 subunit retains some ves-
tigial aspects of an active center. The bioluminescence yield from
the free 8 subunits is so weak, however, that the three-dimensional
structure of the 8, homodimer can hardly be expected to yield much
basic knowledge regarding the catalytic activity of luciferase.

The second issue, on the other hand, pertains to the structural
basis of slow conformational changes in proteins. The 3, homo-
dimer forms slowly, and dissociates under nondenaturing condi-
tions exceedingly slowly. To explain the striking difference in
behavior between the 8, homodimer and the af heterodimer, which
unfolds very rapidly in 5 M urea, it was expected that some type
of domain swapping would be observed in the structure of the 3,
homodimer. As shown in this X-ray structural analysis, however,
the two 3 subunits associate together in a nearly identical arrange-
ment to that observed in the native bacterial luciferase. Careful
examination of the subunit interface regions shows that no sec-
ondary structural elements of one subunit of the 8, homodimer
have been exchanged with the other. Furthermore, the two subunits
have an extensive, relatively flat interface, with no significant
excursions of one subunit into its neighbor. It should be stressed
that the stability of the B, homodimer in 5 M urea is a kinetic
rather than a thermodynamic phenomenon. The thermodynamic
driving force in the presence of 5 M urea strongly favors the
unfolded state of the subunit but, kinetically, the 8, homodimer
cannot unfold on a reasonable time scale. At higher urea concen-
trations, the 3, homodimer does unfold but, upon dilution of the
urea, the protein remains unfolded and does not show any tendency
to refold and dimerize until the denaturant concentration is reduced
below 1 M (Sinclair et al., 1994). Knowledge of the high resolution
X-ray structure of the 8, homodimer is exceedingly important for
unraveling the details of this important and poorly understood
phenomenon. Yet, from this study, it is also apparent that the
three-dimensional structure alone cannot fully indicate the nature
of the forces that prevent the 8, homodimer from unfolding. To
fully appreciate the molecular basis of this slow structural re-
arrangement, a better understanding of the three-dimensional ar-
chitectures of the subunits, as they begin to interact to form the
dimeric species, must be obtained.

The associations and disassociations of the 3, and the af spe-
cies of bacterial luciferase are excellent examples of the impor-
tance of kinetic factors in protein assembly. They show that a
kinetic barrier for a conformational change can prevent the process
from occurring, even when, thermodynamically, the change is greatly
favored. From the structure presented here, it is apparent that ki-
netic barriers, as well as the more basic thermodynamic param-
eters, are difficult to explain at the molecular level, even when high
resolution X-ray crystallographic structures are available.

Materials and methods

Materials

DEAE Sephadex A-50 was purchased from Sigma, Ultrogel
AcA 54 from IBF Biotechnics, 1,3-Bis[tris-(hydroxymethyl)methyl-
amino]propane (BTP) from Aldrich, dithiothreitol from Boe-
hringer Mannheim Biochemicals, EDTA from Research Organics,
polyethylene glycol-3400 (PEG) from Aldrich, FMN from Calbio-
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chem, and UltraPure urea from Schwartz-Mann. All inorganic salts
were purchased from Baker or Fisher and were of the highest
purity grade available.

Plasmid construction, bacterial growth, and cell lysis

E. coli strain BL21 (Novagen) was employed for the overexpres-
sion of the recombinant V. harveyi luxB gene. Plasmid pbT7, en-
coding the luciferase 8 subunit from V. harveyi under control of the
T7 promoter of pT7-6 was constructed by inserting the Pstl-Sacl
fragment carrying a fragment of /uxA, all of /uxB, and a fragment
of luxE from pTB7 (Baldwin et al., 1984) into pT7-6 that had been
opened by Pstl and Sacl. The medium used was LB supplemented
with ampicillin (100 ug/mL). Cells were grown at 22 °C in 2.7 liter
Fernbach flasks containing 1.5 liter medium in air bath shakers with
agitation at 250 rpm. At an ODggypam, of about 0.8, the T7 polymer-
ase was induced by addition of 5 mM lactose. When the cells had
reached ODggonm 0f 4-5, they were harvested by centrifugation, lysed
with a French pressure cell, and the 8 subunit purified as described
(Sinclair et al., 1993). Under these growth conditions, most of the
[ subunit was soluble. However, at higher temperatures, most of the
B subunit was found in the insoluble fraction, as described earlier
(Waddle & Baldwin, 1991; Sinclair et al., 1993).

Crystallization conditions

Three different crystal forms of the 8, homodimer were obtained.
For the first form, 10 yL of protein, at a concentration of 20-25
mg/mL (as determined from an extinction coefficient of 0.71 (mg/
mL) '.cm™! (Sinclair et al., 1993)) in 100 mM phosphate (pH
7.0), 1 mM EDTA, and 0.5 mM dithiothreitol were mixed with
10 ul of a solution containing 1.5 M ammonium sulfate, 250 mM
sodium borate, and 50 mM succinic acid (pH 8.5). These droplets
were subsequently placed on silanized glass coverslips and al-
lowed to equilibrate against the 1.5 M ammonium sulfate solution
by the hanging drop method of vapor diffusion. Diamond-shaped
crystals generally appeared within 24 h, and reached maximum
dimensions of 1.5 mm X 0.5 mm X 0.5 mm after one week. These
crystals belonged to the orthorhombic space group P2,2,2, with
unit cell dimensions of a = 61.4 A, b = 61.5 A, and ¢ = 2272 A
as determined by precession photography. An initial X-ray data set
was collected from one crystal to 2.6 A resolution at 4 °C. These
crystals were stable in the X-ray beam for 24-36 h. Since this
crystal form diffracted to better than 2.0 A resolution, attempts
were made to obtain a higher resolution X-ray data set from mul-
tiple crystals. Unfortunately, X-ray data collected from several
crystals would not merge together satisfactorily. An additional at-
tempt was made to collect the X-ray data at cryogenic tempera-
tures from a single crystal transferred to a solution containing
1.75 M ammonium sulfate and 25% ethylene glycol. Although
several high quality X-ray data sets, as judged from the scaling
statistics, were collected from single crystals to 2.0 A resolution at
—150°C, the resulting electron density maps were of poor quality.

As a consequence, a search for new crystallization conditions
was initiated. With the use of a sparse matrix screen, crystals
isomorphous to the ammonium sulfate form were produced from
sodium/potassium phosphate, ammonium phosphate, sodium ci-
trate, sodium/potassium tartrate, or polyethylene glycol (PEG) 3400.
Based on the previous problems encountered with crystals grown
from salt (ammonium sulfate), the PEG conditions were further
explored. In addition to the diamond-shaped crystals from PEG
3400, a second hexagonal rod-like form appeared in the same
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Table 4. Intensity statistics
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Resolution range A)

Overall 30.00-3.73 2.96 2.59 2.35 2.18 2.05 1.95
No. of measurements 125,700 26,453 25,491 20,027 16,032 1,4534 12,970 9,563
No. of independent reflections 55,442 8,300 8,082 8,158 8,168 8,000 7,861 6873
Completeness of data (%) 93.7 94.1 95.0 98.0 959 95.0 92.5 85.1
Average intensity 3,896 10,000 5,280 2,125 1,279 880 635 418
Average sigma 262 360 327 225 196 202 201 185
Rescror (%)? 4.1 2.7 45 6.7 8.2 11.6 14.0 18.0

aRfaclor = (Ell - i'/EI) X 100.

drop. Precession photographs of these hexagonal rods revealed that
they belonged to the space group P6,22 (or P6522) with unit cell
dimensions of approximately @ = b = 86 A and ¢ = 390 A. Due
to the large unit cell displayed by these rods, conditions for opti-
mizing the diamond-shaped form were subsequently investigated.
It was found that with a protein concentration of 25 mg/mL and a
crystallization solution containing 18-20% PEG 3400, 750 mM
NaCl, and 100 mM 1,3-Bis[tris-(hydroxymethyl)methylamino Jpro-
pane (BTP) (pH 7.0), large single crystals could be grown that
reached maximum dimensions of 1.4 mm X 0.5 mm X 0.5 mm.
These crystals generally appeared after 4-5 days, and reached their
maximum size in 2-3 weeks. Like those grown from ammonium
sulfate, the crystals obtained from PEG belonged to the orthorhom-
bic space group P2,2,2, with unit cell dimensions of a = 61.9 A,
b =621 A, and ¢ = 225.6 A. These crystals diffracted to a
nominal resolution of 2.0 A, but were stable in the X-ray beam for
only 12-24 h. An attempt was made to collect a complete X-ray data
set from multiple crystals at 4 °C, but again these data would not
merge together satisfactorily. Conditions were explored for collect-
ing X-ray data at cryogenic temperature, but a large survey of cryo-
protectants failed to yield a set of conditions where the crystals would
diffract to any extent after flash-cooling in a nitrogen stream.

A closer examination of the crystallization experiments em-
ployed to optimize the crystals from PEG 3400 revealed yet a third
crystal form that grew as plates. This crystal form proved difficult
to reproduce, and the crystals would never grow very large. Oc-
casionally, these crystals would appear under the following con-
ditions: protein at 15 mg/mL, 26-30% PEG 3400, 200-300 mM
NaCl, and 100 mM BTP (pH 7.0). Initially a significant amount of
material would precipitate over the course of 1-2 weeks, and then
after an additional 1-3 weeks the plate-like crystals would occa-
sionally appear, reaching a maximum size of 0.3 mm X 0.2 mm X
0.075 mm. These crystals also belonged to the orthorhombic space
group P2,2,2, with unit cell dimensions of a = 58.8 A, b =
62.0 A, and ¢ = 218.2 A, and contained one B> homodimer per
asymmetric unit. Despite their small size, these crystals diffracted
to better than 2.0 A resolution and proved to be amenable to the
introduction of cryo-protectants. This crystal form was ultimately
employed in the structural determination described here.

X-ray data collection and processing

Prior to X-ray data collection, a single crystal was transferred from
the hanging drop to a synthetic mother liquor containing 30% PEG
3400, 750 mM NaCl, and 100 mM BTP propane (pH 7.0). Follow-
ing equilibration for 1 h, the crystal was serially transferred in
three steps over 5 min to a cryo-protectant solution containing 33%

PEG 3400, 900 mM NaCl, 100 mM BTP (pH 7.0), and 5% su-
crose. The crystal was suspended in a thin film of the cryo-
protectant solution in a loop made from 20 micron surgical thread
and flash-cooled to —150°C in a stream of nitrogen gas (Teng,
1990; Rodgers, 1994).

X-ray data were collected at — 150 °C with a Siemens HI-STAR
dual area detector system equipped with Supper double-focusing
mirrors. The X-ray source was CuK, radiation from a Rigaku
RU200 rotating anode generator operated at 50 kV and 50 mA and
equipped with a 200 um focal cup. An entire data set was collected
from a single crystal. These X-ray data were processed according
to the procedure of Kabsch (Kabsch, 1988a; Kabsch, 1988b) and
internally scaled with XCALIBRE (Wesenberg & Rayment, 1995).
The X-ray data set was 94% complete to 1.95 A resolution and
scaled with an overall Ry, of 4.1%. Relevant data collection sta-
tistics are presented in Table 4.

Computational methods

The structure was solved by molecular replacement with the soft-
ware package AMORE (Rossmann, 1972; Navaza, 1993). For the
necessary search model, a dimer of 8 subunits was constructed-
from the 8 subunit of the a3 luciferase solved to 2.4 A resolution
(Fisher et al., 1995). The three-dimensional model was refined by
multiple cycles of manual model building with the program FRODO
(Jones, 1985) and least-squares refinement with the software pack-
age TNT (Tronrud et al., 1987). Refinement statistics can be found

Table 5. Least-squares refinement statistics
for the luciferase B, homodimer

Resolution limits (A) 30.0-1.95
Rictor (%)* 18.8

No. of reflections used 55,442
No. of protein atoms 5,127
No. of solvent atoms 989
Weighted root-mean-square deviations from ideality

Bond length (&) 0.016

Bond angle (deg) 2.5

Planarity (trigonal) A) 0.007
Planarity (other planes) (A) 0.012
Torsional angle (deg)® 16.9

Reactor = Z|F, — F.||Z|F,| where F, is the observed structure-factor
amplitude and F, is the calculated structure-factor amplitude.
The torsional angles were not restrained during the refinement.
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Fig. 5. Plot of the main chain dihedral angles for all non-glycinyl residues
in the final model of the luciferase 8, homodimer. Fully allowed ¢
values are enclosed by solid lines; those partially allowed are enclosed by
dashed lines. In the X-ray coordinate file, residues 1 to 323 and 401 to 724
correspond to Subunits 1 and 2, respectively.

in Table 5. A Ramachandran plot (Ramakrishnan & Ramachan-
dran, 1965) of the main chain conformational angles is displayed
in Figure 5 and indicates that most of the non-glycinyl and residues
lie within or very close to the allowed regions of conformational
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Fig. 6. Mean main chain temperature factor plots versus amino acid resi-
due number. Shown are the mean B-values for (A) Subunit 1 and (B)
Subunit 2.

Fig. 7. Representative portion of the electron density map. This figure was prepared with the programs FRODO and FROST (Jones,
1985; Wesenberg, 1994). The electron density displayed was calculated with coefficients of the form (2F, — F,) where F, was the native
structure factor amplitude and F, was the calculated structure factor amplitude from the model refined at 1.95 A resolution. The map

was contoured at approximately 1o
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space. Four of the outliers correspond to two pairs of symmetry-
related residues (Asn 49 and Ala 272 in Subunits 1 and 2). Both
Asn 49 and Ala 272 occur at locations where secondary structural
elements cross and appear to be required for proper protein folding.
The other outliers are located in reverse turns and surface loops. Plots
of the mean main-chain temperature factors versus amino acid res-
idues for both subunits are shown in Figures 6A and B. The average
B-values for all backbone atoms were 29.7 A2 and 26.6 A2 for Sub-
units 1 and 2, respectively. A representative portion of the electron
density map is displayed in Figure 7. Coordinates have been de-
posited in the Brookhaven Protein Data Bank (Bernstein et al., 1977)
with accession number 1BSL.
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