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ABSTRACT. Bacterial luciferase is a heterodimerigf) enzyme which catalyzes a light-producing reaction

in Vibrio harveyi. In addition to theas enzyme, the3 subunit can self-associate to form a stable but
inactive homodimer [Sinclair, J. F., Ziegler, M. M., and Baldwin, T. O. (1994). Struct. Biol. 1320-

326]. The studies reported here were undertaken to explore the role of the subunit interface in the
conformational stability of the enzyme. To this end, we constructed four mutant heterodimers in which
residues at the subunit interface were changed in an effort to alter the volume of an apparent solvent
accessible channel at the interface or to alter H-bonding groups. Equilibrium unfolding data for the
heterodimer have been interpreted in terms of a three-state mechanism [Clark, C. A., Sinclair, J. F., and
Baldwin, T. O. (1993)J. Biol. Chem 268 10773-10779]. However, we found that unfolding for the
wild-type and mutant luciferases is better described by a four-state model. This change in the proposed
mechanism of unfolding is based on observation of residual structure in the subunits following dissociation
of the heterodimeric intermediate. All of the mutants display modest reductions in activity but, surprisingly,
no change in theAG,™° value for subunit dissociation and no measurable change in the equilibrium
dissociation constant relative to that of the wild-type heterodimer. HoweveA@E° value for the
formation of the dimeric intermediate that precedes subunit dissociation is reduced for three of the mutants,
indicating that mutations at the interface can alter the stability of a region af tubunit that is distant

from the interface. We conclude that the interface region communicates with the distal domains of this
subunit, probably through the active center region of the enzyme.

Vibrio harveyi luciferase is a heterodimerioy) flavin Ky K
monooxygenase with a molecular mass~af7 kDa (L, 2). (@f)y == (af)y == ay + By
The 3 subunit can self-associate to form a homodimer that
has essentially no activityd¢-5). The crystal structures for  involving an inactive dimeric intermediate in addition to the
both the heterodimer (1.5 ApY and homodimer (1.95 A)  native state and the unfolded subun@s The 8> homodimer
have been reported), showing that thex and subunits, has an apparent two-state folding mechanism with a large
which are homologoussj, each adopt the samg/)s barrel hysteresis (6 M urea) between its unfolding and refolding
structure. The structures of the two dimers superimposetransitions, resulting from extremely slow folding and
extremely well (1.99 A rms deviation), demonstrating that unfolding rates §). The conformational stabilities of the
the 8 subunit adopts the same fold whether it is associated heterodimer and homodimer are approximately the same, but
with the o subunit or anothef subunit. the rates of formation are vastly different; the heterodimer
It is of interest that the luciferase subunits do not fold by forms with a rate constant 0£2400 M? s* in 50 mM
the same mechanism, (9, 10), even though they have the phosphate buffer at pH 7.0 and & (10), while the s
same three-dimensional structuée 7) and are homologous  subunit self-associates much more slowly under the same
(8), with 36% of the sequence being identical| 2). The conditions, forming the homodimer with a rate constant of
folding of the heterodimer has been described by a three-~180 M s (5). If the a subunit is available, the
state mechanism heterodimer is the kinetically preferred folding product as a
result of this great difference in association rates. Nature
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of similarity between the subunit interface regions of the /AN
heterodimer and homodimer, in both sequence and structural
features. Of the 102 identical residues betweeand f3,
approximately 25% are at the subunit interfa&. (The
nature and amount of buried surface area are similar for the
two dimers, 4250 Afor the heterodimer and 397024or

the homodimer. The hydrogen bonding pattern is also similar
across the interface of the two dimers. There are 22
intersubunit hydrogen bonds and 45 water-mediated hydro-
gen bonds at the interface of the heterodimer, and 16
intersubunit and 30 water-mediated hydrogen bonds at the
homodimer subunit interfac&).

Despite this similarity, there are a few interesting differ-
ences between the subunit interfaces of the heterodimer and
homodimer. There is a large solvent accessible pocket located
at the interface between the two subunits of the luciferase
dimer, where many ordered water molecules are observed
(6, 7). In the heterodimer (Figure 1A), this pocket extends
to the center of the molecule, approximately 20 A from the
external surface of the subunit interfad®.(The solvent
accessible pocket of the homodimer extends only half as far
into the molecule as it does in the heterodimer, or ap-
proximately one-quarter of the diameter of the interfacg&({

A), because the inner region of the pocket is isolated from
the external solvent by several amino acid side chains (Figure
1B; compare with Figure 1A)7).

To investigate the role of the subunit interface in contrib-
uting to the differences in the behavior of the heterodimer
and homodimer, we constructed four mutants that alter the
subunit interface region of the proteins. We mutated four of
the subunit interface residues-Ala81, 5-His81, 5-His82,
and $-Glu89). The histidinyl residue gi81 is one of the
residues responsible for isolating the inner portion of the Tl Iy
solvent accessible pocket from the external solvent in the Ficure 1: Solvent accessible pockets of the heterodimer and
homodimer 7). In the heterodimeny-Ala81 lies across the ~ homodimer. The protein backbone is represented by the geeen (
subunit interface frons-His81 @). The glutamyl residue at ~ SuPunit in the heterodimer arit subunit in the homodimer) and

. . . - . blue (3 subunit in the heterodimer agd subunit in the homodimer)
po?“'onﬂ_f‘g |sllocated in the inner portion of the pocket, ribbons, and the surface (yellow inside, gray outside) is the cavity
while 5-His82 is located on the outer edge of the solvent of the solvent accessible pocket. The arrow points to the opening
accessible pockeby. of the pocket, and thg-His81 anda-Ala81 side chains are shown

Figure 2 shows the opening of the solvent accessible in red. (A) Heterodimer, where the outer portion of the solvent

; ; ; : accessible pocket narrows between fhis81 ando-Ala81 side
pocket in both the heterodimer and homodimer with the chains before the channel widens again into the inner portion of

surface area contributed by residue 81 (histiding iand the pocket. (B) Homodimer, where the tyfeHis81 side chains
alanine ina) highlighted. In the heterodimer, th&His81 isolate the inner portion of the pocket from the solvent accessible
ando-Ala81 side chains are opposite each other across theouter portion.

interface with the narrow channel of the solvent accessible

pocket between them. In contrast, in the homodimer, the two relative to that of the wild-type heterodimer because there
His81 side chains are close together across the interface s@re two alanine side chains opposite each other across the
that they are partially responsible for isolating the inner interface, rather than a histidine and an alanine side chain.
portion of the solvent accessible pocket. This can be seenin Residue 89 in the inner portion of the solvent pocket is
panels A and B of Figure 1, which show the orientation of an aspartic acid ic and a glutamic acid if. We constructed
the side chains of residue 81 across the interface from eachone double mutant heterodimer in which His81 fbfvas
other in the heterodimer and homodimer, respectively. To changed to alanine and Glu89 @fvas changed to aspartic
determine if this occlusion of the solvent accessible pocket acid (3-H81A/E89D) to investigate the importance of the
makes an important contribution to the differences between volume of the inner portion of the solvent accessible pocket
the heterodimer and homodimer, we constructed two single- (residue 89) along with the size of the outer portion of the
site mutants of the heterodimer at position 81, changing pocket (residue 81). Figure 3A shows the opening of the
His81 inj to alanine and Ala81 i to histidine ¢-A81H solvent pocket in the heterodimer with the surface area
andf-H81A). Thea-A81H mutant heterodimer should have contributed by the two residues at position 89 highlighted.
a solvent accessible pocket similar to that of the homodimer Figure 3B shows the orientation of the side chains of these
since there are two histidine residues opposite each otheresidues at position 89 relative to residyg#lis81 and
near the middle of the pocket. ThH&H81A mutant het- o-Ala81 and the solvent accessible pocket. This double
erodimer should have a widened solvent accessible pocketmutant heterodimer is expected to have a larger solvent
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Ficure 2: Surface structure of the solvent accessible pocket of Figure 3: Relationship betwéen residues 81 and 89 in the
the heterodimer and homodimer when looking straight into the heterodimer. (A) Surface structure of the solvent accessible pocket,
pocket. (A) Heterodimer, where there is a narrow channel between |ooking straight into the pocket. The surfacecols shown in green
ﬁ-HI'SSI anda-Ala8l across the subunit interface and the inner and g in blue. The surface areas contributed &yAsp89 and
portion of the pocket is visible behind these residues. The surfaceﬂ_gugg, in purple and yellow, respectively, are partly visible in
of a is shown in green and in blue. The portions of the surface  the inner portion of the pocket; the surface areas contributed by
contributed by residues-Ala81 andf-His81 are colored red and  ¢-Ala81 andp-His81, in red and orange, respectively, form the
orange, respectively. (B) Homodimer, where the inner portion of narrow channel between the inner and outer portions of the pocket.
the solvent pocket is not visible because the faldis81 side chains  (B) Orientation of the side chains of residues 81 and 89 around the
form a barrier, isolating the outer portion of the cavity from the solvent accessible pocket. The protein backbone is represented by
Inner portl_on. The surface .Of one subunit is shown_ln green and the greend subunit) and b|ueﬂsubunit) ribbons, and the surface
the other in blue. The portions of the surface contributed by the (yellow inside, gray outside) is the cavity of the solvent accessible
two -His81 residues are colored red and orange. pocket. The arrow points to the opening of the pocket, and the
_ﬁ-HisSl, o-Ala81, 3-Glu89, ando-Asp89 side chains are shown

accessible pocket in both the outer portion (residue 81) andin red.
the inner portion (residue 89) than the wild-type heterodimer. _ ) )

There is a hydrogen bond across the subunit interface formation of a hydrogen bond witit-Val116. Figure 4 shows

between the backbone amide ®GIug9 and thex-Asn54 the locations of3-His82 anda-Valll6 in the heterodimer.

side chain §); mutation of thes-Glu89 side chain was not We will show here that each of the four subunit interface
expected to disrupt this interaction. Residue 81 is not heterodimeric mutants unfolds by the same mechanism as
involved in hydrogen bonding in either subun)( the wild-type heterodimer. In addition, we found that none

Residue 82 of both the. and 3 subunits is a conserved Of the four subunit interface mutations has a measurable
histidine in all species of luciferase with known sequences effect on the free energy difference associated with subunit
(1,2, 11-17). In theV. hareyiluciferase heterodimer, there  dissociation during urea-induced unfolding extrapolated to
is an intersubunit hydrogen bond between fhis82 side ~ water (AG;*°). Three mutants o-A81H, p-H81A, and
chain and the-Val116 carbonyl ). In the homodimer, only ~ 3-H82A) exhibit lowerAG,":° values for formation of the
one of the His82 residues forms a hydrogen bond with the heterodimeric intermediate than the wild-type enzyme.
carbonyl of residue 116 of the other subuni).(To Formation of the partially unfolded heterodimeric intermedi-
investigate the importance of hydrogen bonding at the subunitate involves unfolding or partial loss of structure of the
interface and the role of this conserved histidine, we C-terminal domain (ca. residues 23855) in 2 M urea (8,
constructed thg-H82A mutant. This mutation prevents the 19).



Subunit Interface of Bacterial Luciferase Biochemistry, Vol. 41, No. 12, 2003909

\I\ 7z Il Nk Sedimentation Equilibrium Data AnalysiSedimentation
= equilibrium data were analyzed using a model for a single
sedimenting species (eq 1)

C, = Cyexp{[M(1 — vp)w’/2RT)(r* — r )} + E (1)

where r is any radial position,C; is the concentration
determined from theAyg, at radial positionr, rg is the
reference radial positiorC, is the concentration at,, M
andv are the average molecular weight and partial specific
volume, respectively, of the sedimenting specjess the
solvent densityg is the angular velocityR is the ideal gas
constant]T is the absolute temperature, aads the baseline
offset. The partial specific volume, of the heterodimer
(0.729 mL/g) was calculated on the basis of amino acid
_ | composition {). The value of (1.008 g/mL) was determined
& L 4 A BN UL - from standard table<2g).
FIGURE 4: Side chain of3-His82, near the mouth of the solvent The Kaleidagraph program (Synergy Software, Reading,
accessible pocket, forming a hydrogen bond across the subunitpA) was used to fit eq 1 to the equilibrium sedimentation
interface with the carbonyl ai-Vall16. The protein backbone is 55 16 gbtain a molecular weight, for each of the mutants.
represented by green Gubunit) and bluef subunit) ribbons, and
the solvent accessible pocket, viewed looking straight into the 1he standard error d#l for each mutant, sg was calculated
pocket, is the yellow and gray surface. according to eq 2

MATERIALS AND METHODS

Materials. Ultrapure urea was purchased from J. T. Baker sdy =
and ICN Biomedicals, Inc., and NaPiO, and KHPO, were
from EM Science. Bovine serum albumin and flavin mono-
nucleotide (FMN) were obtained from Sigma:decyl where sglis the standard error dfl obtained from the fit of
aldehyde was from Aldrich, and EDTA and dithiothrietol €q 1 to a sedimentation data set at a particular protein
(DTT) were from ICN Biomedicals, Inc. All other chemicals concentration and angular velocity (conditigrandn is the
were reagent grade or higher. number of data sets (each at a different protein concentration

gentg g

Mutagenesis, Expression, and Protein Purificatidine and/or angular velocity) analyzed. At least six different
single-site mutations were made using the Stratagenecombi”ations of protein concentration and angular velocity
QuikChange Site-Directed Mutagenesis Kit to mutatethe ~ Were analyzed for each mutant. _
harveyi wild-type Lux A or Lux B gene, which encodes _ L}rea Equmbrlu_m Denaturation Cures.Each urea equi-
or B, respectively, in the pJHD500 plasmid. The double librium denaturation curve was generated from 30 unfolding
mutant,3-H81A/E89D, was made from theH81A mutant ~ @nd 13 refolding samples, all at either 10 or 2§/mL.
using the QuikChange kit procedure to add the Eg9p Ynfolding samples were prepared by mixing appropriate
mutation. volumes of 50 mM NakPOJ/K,HPQO, buffer (pH 7.0)

. . containing 1 mM DDT with an appropriate volume of a 10

Wild-type luciferase and each of the mutants were over- ; ;
expressgg inEscherichia coliand purified as described M urea stock in the same buffer, prepareq accordmg. to Pace
previously @0). The final concentration of protein stock etal. @4), to make 2 mL samples which increased in urea

lutions was determined by absorban t 280 nm usin concentration over the range of-@ M. After the buffer/
solutions was determined by absorbance a - USINYrea mixtures were thoroughly vortexed and equilibrated at
an extinction coefficient of 1.136 mL mg cm™? for all

18°C in a water bath, 10aL of either a 0.2 or 0.5 mg/mL

mutants. protein stock at 18C was added while vortexing. Samples

Enzyme Actiity MeasurementsBioluminescence activity  \vere returned to the 18C water bath and incubated
was measured using the FMNkhjection assaydl) and a  gvernight. Stocks of denatured protein at 0.2 and 0.5 mg/
luminometer 22). The assay was repeated-1IR times for  m|_ for the refolding samples were prepared in 7.0 M urea
each mutant, and the results were averaged. 1 day in advance and incubated overnight at@8Refolding

Analytical UltracentrifugationSedimentation equilibrium  samples were prepared, using the denatured protein stocks,
experiments were carried out using a Beckman XL-A by the same procedure and at the same time as the unfolding
analytical ultracentrifuge. Samples were exhaustively dia- samples.
lyzed at 4°C against 50 mM NakPO/K,HPO, buffer (pH At least two sets of unfolding and refolding samples at
7.0) containing 100 mM NaCl and 0.5 mM DTT. Protein each protein concentration (10 and 28/mL) for each
samples Azg0 in the range of 0.20.6) with dialysate as a  mutant were analyzed using an AVIV model SF202 spec-
reference were allowed to come to equilibrium at 12 000 tropolarimeter by measuring the CD signal at 222 nm. A
and 16 000 rpm at 18C. Scans of the absorbance at 280 0.5 cm quartz cell was used, and data points at 222 nm for
nm as a function of radial position were taken using a 0.001 each sample were collected every second for 15 s and
cm step size. Equilibrium was assumed to be reached whernaveraged. The background signal at 222 nm was subtracted
consecutive scan4 h apart could be superimposed. from each measurement.
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At least two additional data sets at each protein concentra-at a given urea concentratio¥, is a linear combination of
tion were analyzed using an SLM 8000 spectrofluorometer signals from the species present (eq 11)
by measuring the tryptophan fluorescence at 324 nm.
Fluorescence emission spectra were collected 4€18sing Y=Yyfy + Yf A+ Yafx + Yofs (11)
a 1 cm quartz cell with excitation at 295 nm, monitoring o o
emission from 306 to 400 nm. Background fluorescence was WN€réYn, Yi, Yx, and¥s are the intrinsic spectroscopic signals
subtracted from all scans. for species N, 1, X, and S, respectively. To fit eq 11 to the

Data Analysis of Urea Denaturation Cugs. Duplicate gquilibrium denaturation data over a range o_f urea concentra-
sets of data from experiments using the same protein4ONSfn fi, fx, andfs needed to be defined in terms K,
concentration were combined for curve-fitting analysis; K2 Ka andNr. By combining eqs 7 and 8, we fourfid(eq
refolding data points were excluded from analysis due to ’
scatter caused by aggregation in samples between 0 and 2 K. — K.f. — K.f
M urea. Equations describing the four-state unfolding model f=—t—_—° X

1+K, (12)

K, K, Kq
(@)= (0f), = oy + i =—0oy + By By combining eqgs 9 and 12, we fourfig (13).

were fit to the unfolding data. For simplicity, it was assumed fy = [—K;K; +

thato, and g, each unfold tooy andfy, respectively, with > o

the same equilibrium constakg. The IGOR Pro software \/ Ko™Ky = ANp(1 + K (KKqfs — KKyl

(WaveMetrics, Inc.) which uses a nonlinear least-squares [2N;(1+ K,)] (13)

algorithm was used for preliminary curve fitting. The best

estimates of the fitted parameters obtained with IGOR were By combining egs 10 and 13, we foufigl(eq 14).

then used as starting values of those parameters for final 1

optimization and error analysis with the Stata 5.0 statistical fs = [—Ks KK, — KK; +

software package (Stata Corp.). The equations describing the 12 2 1

four-state model which were fit to the data were derived as ‘/(K3 KoKy 1 KoKy + 4Kg KK N1+ KU/

follows. [2K; 'Ny(1 + K))] (14)
The fractions of all species are given by egs63

K1, Kz, andKj are all determined by their relation to the

fy = Nﬂ (3) Gibbs free energy (eq 15)
T
—AG
K= exr{ ) 15
f= 4) RT (15)
Ny

where R is the ideal gas constant aridis the absolute
o ﬁ _X (5) temperatureAG in eq 15 is assumed to be linearly dependent

=l == N, N; N; on urea concentration (eq 16)

o _e _Ww_PBu_s AG = AG'® — murea] (16)
fo=f =f, = —2="Y=2 (6)
S o N Np N

whereAGC is the change in free energy for the equilibrium
where Ny represents the initial total protein concentration Under consideration in the absense of denatuharind Yx
andN = [(af)n], | = [(aB)], ou = [au], Bi = [BI], aw = in eq 11 were not further defined but were obtained directly
[ow], and By = [Bu]. (Note thato, and g, are designated from the fit of the exp_anded form of eq 11 to the datq. _
species X andw, andy are designated species S.) The sum andYsin eq 11 are defined by eqs 17 and 18 which describe

of the fractions of all species must equal 1 (eq 7). the pre- and post-transition baselines, respectively, of the
denaturation curve

fy+f+f +fc=1 @)
NS Yy = Y, + byJurea] 17)
The three equilibrium constant&4, K,, andK3) are defined .
in egs 8-10, respectively. Ys =Yg + bdurea] (18)
f where by and bs are the slopes antfy and Ys are the
Ki= £ (8) intercepts of these baselines. A linear dependence of the
N spectroscopic signal on urea concentration is assumed. The
f.2N expanded form of eq 11, which incorporates eqs 8 and 12
K, =" (9) 18, was fit to the urea equilibrium denaturation data, and

values of the thermodynamic paramet&i&;"-°, AG,H-°,
AG3™°, my, mp, andmg for the four-state model of unfolding
Ky=— (10) were obtained.

Weighted average values for each thermodynamic param-
eter and its weighted standard error were calculated for each
The spectroscopic signal of an unfolding or refolding sample mutant using eq 19 by averaging the four values for each
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Table 1: Enzymatic Activity of Bacterial Luciferase Varights

specific activity

luciferase (quanta st mg™?) % of wild-type activity
wild type 3.2x 108
a-A81H 4.2x 102 13
B-H81A 1.9% 10 59
p-H82A 6.9 x 1012 22
B-H81A/E89D 4.2x 10% 13

aMeasured at 25C in 25 mM phosphate at pH 7.0 witk0.05
mM n-decyl aldehyde as the substrate.

Table 2: Thermodynamic Parameters Obtained from Equilibrium
Denaturation

protein average thermodynamic parantéter
wild type AGHL =45+05 m=244+0.3
AG"0 =20.3+1.9 m,=4.3+0.7
AG5"0=2.8+1.3 m;=0.6+0.1
o-A81H AGHP=25+0.4 m=24+04
AG,"0 = 20.0+ 3.0 m,=4.2+0.6
AGHL =2.4+0.8 m=0.5+0.1
p-HB1A AG,"°=3.2+0.7 m, =2.8+0.6
AGHP =19.4+ 5.6 m=3.8+1.0
AG"°=2.9+1.6 m;= 0.8+ 0.6
[-H82A AGHL=284+0.3 m=24+0.3
AG"0 =19.24+ 2.6 m,=4.0+0.4
AG5"0=2.9+0.2 m;=0.6+0.1
B-H81A/EB9D AGHP=45+0.2 m =24+0.3
AG"0 =19.6+13.5 m,=3.9+1.3
AGHL =37+ 1.1 m;=0.4+0.2

a AG values in kilocalories per molé&.m values in kilocalories per
mole per molar.

Biochemistry, Vol. 41, No. 12, 2003911

(27, 28)] or to some extent compromise the structural stability
necessary for activity which is imparted t@ through
association with a modified form @f[FB-1 5 subunit mutant
(29)]. The average specific activities for the wild type and
the mutant luciferases investigated in this report are sum-
marized in Table 1. All of these mutants show only modest
reductions in activity relative to that of the wild type.

Mutations in theo. subunit generally have a much more
detrimental effect on activity than those in {hsubunit 27);
this is expected as the putative substrate binding site is
located in theo subunit 6, 25, 27). Residuen-Ala81 is not
sufficiently close to the putative active site to be involved
directly in the bioluminescence reaction, lHA81H did
exhibit a modest reduction in activity to 13% of that of the
wild type (Table 1).

Most single-site mutations which have been made in the
S subunit result in no more than a 35% reduction in activity
(30). The activities off-H81A and3-H82A were reduced
approximately this amount, to 59 and 22% of that of the
wild type (Table 1), respectively. These numbers agree well
with the previous report of 42 and 11% of wild-type activity
for these mutants, respectively, considering the difference
in the method for the assag®). The double mutant of the
S subunit,-H81A/E89D, exhibited a greater reduction in
activity than these twg mutants, to 13% of wild-type
activity (Table 1), the same asA81H.

Dimer Molecular Weights from Analytical Ultracentrifu-
gation.The model for a single sedimenting species of dimer
molecular weight fit well to the data for the wild type and
each of the mutants (residuals were random). The molecular

parameter obtained from curve fits to fluorescence data atyyejghts obtained for the wild-type enzymeA81H, f-H81A,

25 and 1Qug/mL and CD data at 25 and 1@/mL (Table

B-H82A, andp-H81A/EB9D were 75 43% 650, 76 859+

2). Weighting of the values was necessary because thesg3 76 735+ 261, 76 364+ 489, and 75 751+ 440,
standard error of each parameter varied depending on thgespectively, agreeing well with the theoretical molecular

protein concentration and the method used to collect the datayeights of the dimers calculated from amino acid composi-

(CD or fluorescence). In eq 19y is the ith estimate
calculated for parametew, sd,, is the standard error of
parameter wwhich was calculated by the fitting software,
andn is the number of different observations= 4 in this
case) of parametew.

now,

D1

w (19)

RESULTS

Activity of the Mutant Luciferases Relaé to That of the
Wild-Type Enzyméhe individualo. andS subunits and the
B2 homodimer have essentially no activity, 4, 25, 26). It
is believed that thes subunit, when associated witi,
stabilizes the active ensemble of conformersiafuch that

tion of 76 502, 76 568, 76 436, 76 436, and 76 422, respec-
tively. These data suggested that the mutations did not alter
the dissociation constant to an extent that can be measured,
consistent with the fact thatG,"-° for subunit dissociation
did not change for any of the mutants relative to that of the
wild type (see Table 2 and the Discussion).
Thermodynamic Parameters from Urea Denaturation
Curves.Figure 5 shows the four-state model fit to wild-type
andfS-H82A denaturation data. The difference in the transi-
tion from O © 2 M urea where the dimeric intermediate is
populated is apparent when comparing panels A and B of
Figure 5. The average thermodynamic parameters obtained
by fitting the four-state model to the urea denaturation curves
for each of the mutants are listed in Table 2. The four-state
parameters for the wild type were in good agreement with
those reported previously from the three-state mo@gl (
Given the standard errors of each of the parameters, only
AG;"° values for formation of the dimeric intermediate for
B-HB1A, 5-HB82A, ando-A81H differ from that of the wild
type. Interestingly, the decrease inG;"® for mutants

an efficient bioluminescence reaction is possible. Various $-H82A anda-A81H is ~2 kcal/mol, close to the value of

lesions of both thex and 8 subunits of the enzyme have

2.3 kcal/mol of stabilization conferred @ by association

been characterized which have extremely low activity with  (18). Consistent with the fact that there is no
(reduction of several orders of magnitude). These mutationsmeasurable change iKp for subunit dissociation of the

either cause changes to residues of the putative active sitenutants relative to that of the wild type (only dimers
itself so that the bioluminescence reaction cannot occur observed by analytical ultracentrifugation), there is no

[a-His44 anda-His45 mutants and AKx subunit mutants

statistically significant change iAG,:°, the free energy
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in activity (Table 1) relative to the essentially inactive

w 0.15
- IR et ' .4 individual subunits g, 4, 26). It is widely agreed that the
N P e L e L L active center of the enzyme resides ondhsubunit 6, 25,
=0 LA . ] 27). The role of the3 subunit in the bioluminescence reaction

is unknown, but we believe that it functions in some way to
stabilize a conformation ofx that is required for the
bioluminescence reaction to occur. Mutation to freubunit
in the FB-1 mutant somehow precluded stabilization of the
high quantum vyield fora, decreasing the activity of this
heterodimeric mutant te-5% of the wild-type activity 27).
It is interesting that the mutations characterized here do not
cause greater loss in activity, as they all occur at the subunit
interface where structural changegishould be propagated
to a. Apparently, these mutations do not disrupt to any
significant extent the stabilizing forces imparted across the
interface toa from 3, and the bioluminescence reaction can
occur, albeit with a somewhat lower efficiency.

Both 3-His81 and3-His82 are conserved in all species of
bacterial luciferase with known sequencéss, 11-17). In
0.1 addition, residues 64106 (the region including residues 81

Normalized Signal

§ 005 L g - " o .2 L e T and 82) of the subunit are the most similar across species
& _0_005 L . . I A < in their predicted secondary structur8g)( This may indicate
@ .04 L ! Lt . . L that some structural feature of this region of theubunit is

necessary for the efficiency of the bioluminescence reaction
occurring on thea subunit. The mutations in these two
residues probably cause slight perturbations in the native
structure off3 which are propagated ta when the two
subunits are associated, so that the ability of dh&ubunit
to bind substrates or form the proper intermediates during
the bioluminescence reaction is compromised, making the
reaction slightly less efficient than in the wild-type het-
erodimer. The same is probably true of thkeA\81H mutant.
Residue 81 ofx is not close enough to the putative active
site to be involved in the bioluminescence reaction, but its
mutation may cause structural perturbations which are
02 ; " . , . . - propagated through the subunit to the active site, adversely
[urea)/M affecting the efficiency of the reaction.
The mutation of3-Glu89 to aspartic acid along with the
FiGURES: Four-state mpdel fit to urea denaturagion data dgtermined mutation of3-His81 to alanine has a more detrimental affect
by fluorescence emission at 2§/mL total protein. The solid line on activity than the histidine to alanine mutation alofie (
represents the nonlinear least-squares best fit of the model to _theH o g - o
data using eq 11 as described in Materials and Methods: (A) wild H81A, 59% of wild-type activity;5-H81A/E8ID, 13% of
type and (B)3-H82A. wild-type activity; Table 1). The larger reduction in activity
of S-H81A/E89D may be partly due to the proximity of
change associated with subunit dissociation. This suggests3-Glusg tos-Gluss.3-Gluss forms a hydrogen bond across
that the mutations at the subunit interface did not alter the the subunit interface with-His45: mutation ofo-His45,
subunit-subunit interactions in a way that caused a measur- which is located in a pocket adjacent to the hydrophobic

Normalized Signal

able change in subunit binding affinity. pocket which is the proposed active si€, @reatly reduces
Because of the standard error of the data, we cannotenzyme activity 28). The mutation of3-Glu89 may cause
conclude whether there is any difference in eitlifeor Yx, local structural changes which compromise the ability of

the intrinsic spectroscopic signals for the dimeric intermediate 5.G|ug8 to form a hydrogen bond with-His45 and, thus,
and the largely unfolded subunits, respectively, for any of adversely affect the activity.

the mutants relative to that of the wild type (data not shown).  mutants Exist as DimersThe Kp of the wild-type

We believe that the dissociated subunits retain only a small ciferase heterodimer is too small to be measured, but has
amount of structure, perhaps a hydrophobic cluster, so thatheen calculated to be on the order of 10M (31), an

we would expecty to be the same for the wild type and all  extremely tight association of the subunits. Due to the high
of the mutants. However, itis possible thtliffers between  affinity of the wild-type subunits for each other, there is
the proteins, although our data cannot confirm this sugges-essentially no dissociation of the dimer under nondenaturing

tion. conditions and the protein sediments in the analytical
DISCUSSION ultracentrlfuge as a single Q|merlc species. Any changes in
Kp resulting from the substitutions in the mutants were too

Small Reduction in the Aeity of Luciferase MutantsThe small to be detected, as only dimers were observed by
mutants characterized here exhibit only modest reductionsanalytical ultracentrifugation.
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A loop deletion mutant in which the mobile loop region Mutants Hare my and AGs™":° Values That Are the Same
of thea. subunit was deleted displays an increaskgrsuch as Those of the Wild-Type Heterodim€&he average values
that a monometdimer equilibrium is observed by analytical of mg andAG3"° for the mutants, reported in Table 2, show
ultracentrifugation 32). This observation is of great interest no difference from the corresponding values for the wild
with regard to the subunit interface mutants discussed here type, given the standard errors. The amount of buried surface
because the deletion of the mobile loop, which does not area exposed upon unfolding has been shown to correlate
contribute to the subunit interface, obviously has some effect with the m value of unfolding 87). According to the
on the interface interactions as shown by the increasgin  relationship determined by Myers et al., anvalue of 0.6
values; in contrast, these mutations at the subunit interfacekcal mol* M~ (the averagens value for the wild type and
show no measurable change K from that of the wild- the four mutants) corresponds+@100 & of buried surface
type heterodimer. It would appear from these observationsarea becoming exposed. The change in buried surface area
that factors other than the volume of the solvent accessiblealso correlates with the number of residues involved, so this
channel at the subunit interface play a critical role in change in exposed surface area involves approximately 32
stabilizing the heterodimeric structure. Certainly, the exten- residues. It is possible that there may be a core-82
sive hydrophobic surface at the interface would be expectedhydrophobic residues in the bacterial luciferase subunits
to confer significant stability, and these portions of the which remain clustered together even under strongly dena-
interface were not altered in these studies. However, theturing conditions. Although it is in no way experimentally
hydrophobic portions of the interface were not altered by proven, we speculate that these residues could be the ones
deletion of the disordered loop either, but there was a largethat come together first as the polypeptide chain folds,
effect on the subunit equilibrium, demonstrating that subunit forming a stable core upon which the rest of the structure
affinity is not due only to intersubunit interactions. can be built.

Luciferase Unfolding Can Be Described by a Four-State It is not surprising that at high urea concentrations after
Model. Previous analyses of the unfolding and refolding of dissociation and partial unfolding of the subunits has occurred
the bacterial luciferase heterodimer employed the three-statehere is no difference in the thermodynamics of unfolding
model Q). for these mutants relative to the wild type. It is statistically

unlikely that the one or two residues chosen for mutation
(@p) Y (@f) L ay + B (from the total of 679 residues in the two subunits) would
N ' v P be among the few which must be involved in the third
transition of the four-state folding process.
The urea denaturation experiments reported here were carried Mutants Hare m, and AG;":° Values That Are the Same
out to higher urea concentrations (7 M) than those of Clark as Those of the Wild-Type Heterodimé&he m, and AG,"°
et al. @), and it became apparent that this model did not fit values for the mutants show no significant difference from
well at high urea concentrations. The four-state model which the wild-type values. Sinc&G;"° and m, correspond to
adds a third phase to the unfolding after dissociation of the the dissociation and partial unfolding of the individual
subunits subunits, these data show that the mutations, although
designed to affect the subunit interface, do not change the
energetics related to dissociation of the two subunits. It may
be possible to explain this lack of changeA®,™° by the
fact that these mutations do not cause significant changes to
described the data well. On the basis offatest comparing  the extensive hydrophobic surface of the subunit interface.
the two models, the improvement in fit was statistically The hydrophobic effect may contribute more to the affinity
significant. Unfortunately, the four-state model had a shallow of the subunits for each other than the nature of the solvent
minimum resulting in large standard errors for the parameter accessible pocket at the interface, contrary to our original
estimates. Although we know the fourth state is needed to hypothesis. In the case of tlfeH82A mutant, the loss of
adequately model the data, the four-state model parameterghe intersubunit hydrogen bond teVall16 may be com-
cannot be estimated with high precision from our data. pensated by a new hydrophobic interaction with the alanine

The four-state model seems to be a reasonable mechanismesidue of the mutan subunit, although it is unlikely that
because intermediates with residual structure at high con-the loss of a single hydrogen bond would be observed, due
centrations of denaturant have been observed for otherto the error in the data.
proteins, including human carbonic anhydrase and yeast [(-H81A, 5-H82A, anda-A81H Mutants Hae Reduced
phosphoglycerate kinas83—35). The a. subunit of tryp- AG"° Values. The interesting difference between the
tophan synthase, a single-domaifo)s barrel, populates an ~ mutants and the wild type is in the values &6,"°. The
intermediate &85 M urea as evidenced by fluorescence mutants f-H82A and a-A81H both show significantly
anisotropy and one-dimensional (1D) proton NMR. It has reduced values (2.8 and 2.5 kcal/mol, respectively) relative
been postulated that the structure of this intermediate consistgo the value of 4.5 kcal/mol for the wild type. These single-
of a hydrophobic cluster of some nonpolar side chains of site mutations lower the amount of energy needed for
the S-strands 86). In most proteins that retain residual isomerization to the dimeric intermediate populated around
structure at high concentrations of denaturant, the structure2 M urea so that the mutants are destabilized relative to the
appears to involve sequences that are paftstrands 86). wild-type heterodimer. It has been shown that éhgubunit
This may also be the case for the monomer&ndg subunit alone has &G;"° value of 2.244 0.25 kcal/mol {8) which
intermediates of bacterial luciferase populated around 3.5is essentially the same as the values for these mutants. It
M urea. appears that th8-H81A protein has a slightly lower value

K, K, Ky
(B = (0f) =y + B =ay + By
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1 population of the intermediateq),, at lower urea concen-

trations than the wild type due to their low&G,H-° values.

Previous unfolding studies have shown that the C-terminal
domain of thea subunit, which is the portion of the
polypeptide chain away from the subunit interface, unfolds
over the range of 82 M urea, leaving the dimeric
intermediate, ¢f);, in which the N-terminal core ofx
remains folded 18, 19). Since 5-H81A, /-H82A, and
a-A81H have reducedG;™° values relative to that of the
wild type, the mutations at the subunit interface must
propagate through the structure of theubunit, destabilizing
the C-terminal portion of this suburithe portion farthest
from the subunit interfaceso that less energy is required
to reach the dimeric intermediate structure. It is interesting
that the mutant$-H82A anda-A81H are destabilized so
much that they displayAG;™° values nearly the same as
that ofa alone (2.24 kcal/mol)1). If a single mutation at
the subunit interface in the N-terminal domain of the
subunit @-A81H) or in the interface region of th&subunit
(B-H82A and3-HB81A) can cause a change in the thermo-
dynamic parameterAG;"°) related to unfolding of the
C-terminal domain at the other end@fthere must be very
effective communication between the two domains of this
subunit.

There is a clear difference between the native baselines
that precede the transition from the native state to the dimeric
intermediate state for the wild-type and mutant enzymes
(Figure 5). As discussed above, formation of the dimeric
intermediate involves unfolding of the C-terminal portion
of the . subunit. Therefore, we must conclude that the effect
of the mutations at the subunit interface, well removed from

0 1 2 3 4 5 6 7 the C-terminal domain, must be transmitted through the
[urea)/M structure of thex subunit. It is not surprising then that there

is a difference in the perception of the chromophores being

FIGURE 6. Theoretical population distribution of luciferase species monitored by fluorescence and CD spectroscopies of the

at 25ug/mL as a function of urea concentration. The fraction of . . - : :
each species was calculated using eqs 7 ardldznd the average changing environment resulting from increasing the urea

thermodynamic parameters shown in Table 2. In both panels, theConcentration in the solvent.

species present (in order of appearance with increasing urea

concentration) areoB)n, (@), (ay + 1), and @, + Su): (A) wild- SUMMARY

type species—<) and B-H82A species (---) and (B) wild-type

species t) anda-A81H (- - -). All of the mutant heterodimers investigated here follow
the same mechanism of unfolding as the wild-type luciferase

of AGH© (3.2 + 0.7 keal/mol) than the wild type. Interest- heterodimer, namely, the four-state mechanism. The four

ingly, f-H81A/E89D has aAG,"© value (4.5+ 0.2 kcall mutations affecting the subunit interface of the heterodimer

mol) ,nearly identical to that of the wild type. If indeed the were conservative enough that the mechanism of unfolding

AG© value for8-H81A were lower than that of the wild did not change. In addition, the energetics of dissociation

H,0 i
type, it would then appear that the effect of the mutation at were not affected adG,"> remained the same, and no

" ) ; - mutants showed dissociation under native conditions by
position 81 is compensated by the mutation at position 89 ultracentrifude analvsis. The-A81H enzvme was desianed
in 5-H81A/E89D. In general, mutation of two residues would 9 ySIS. y 9

be more likelv to decrease the stability of the protein than S° that its solvent accessible pocket is structurally more like

| %’ i but in thi é89D pld b that of the homodimer, with two histidine residues opposite
only one mutation, but n this casp; cou €@ " each other across the interface. Since this mutant follows
compensating mutation. The, values for all the mutants

) the same unfolding mechanism as the wild-type heterodimer,
=1
were thﬁ samedas(;chat of the wild type (2h'4 kﬁalmM ), . this feature of the subunit interface does not seem to
given the standard errors, suggesting that the cooperativity ;,nipte to the great difference in kinetic stability between

and the amount of hydrophobic surface area exposed in theye peterodimer and homodimer. Likewise, the changes to

first unfolding phase of the four-state model are similar for 4 size of the solvent accessible pocket foH81A and

all of these proteins. B-H81A/E89D and the loss of an intersubunit hydrogen bond
Species distribution diagrams in Figure 6 from 0 to 7 M in 8-H82A did not change the mechanism of unfolding or

urea, generated using the average thermodynamic parametetthe energetics of dissociation. We conclude, therefore, that

in Table 2, display the effect of the reducA;™° values the solvent accessible pocket at the subunit interface does

for f-H82A anda-A81H. The two mutants have an increased not contribute in a major way to the stability of the
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heterodimer and probably is not a major contributor to 14. Szittner, R., and Meighen, E. (1990) Biol. Chem. 265

differences in the kinetic stability of the homodimer and 16581-16587.
heterodimer. 15. Johnston, T. C., Rucker, E. B., Cochrum, L., Hruska, K. S.,
_ _ _ and Vandegrift, V. (1990Biochem. Biophys. Res. Commun.

The three mutant8-H81A, 5-H82A, ando-A81H reveal 170, 407—415.

that the communication between the N- and C-terminal
domains of the luciferase subunit is very sensitive to small
structural changes. The loweAG;™° values for these 1399-1405.

mutants demonstrate that mutations and their consequent ;o Noland, B. W., Dangott, L. J., and Baldwin, T. O. (1999)
structural changes can propagate across the subunit interface”  gjochemistry 3816136-16145.

and thl’ough thex subunit to its C-terminal domain. This 19. Apuy, J. L., Park, Z.-Y., Swartz, P. D., Dangott, L. J., Russell,

16. Meighen, E. A. (1991Microbiol. Rev. 55, 123-142.
17. Xi, L., Cho, K.-W., and Tu, S.-C. (1991). Bacteriol. 173

finding has implications for the activity of the wild-type D. H., and Baldwin, T. O. (2001Biochemistry 4015153~
heterodimeric enzyme. The role of thesubunit in the active 15163.

enzyme is not known, but it seems to function by stabilizing 20. Baldwin, T. O., Chen, L. H., Chlumsky, L. J., Devine, J. H.,
a subset of conformations of such that enzymatic activity %d Ziegler, M. M. (1989)). Biolumin. Chemilumin. 440~

is possible. These results lend further support to the idea
thats communicates structural information across the subunit
interface to the far regions of, enabling the light-producing

21. Hastings, J. W., Baldwin, T. O., and Nicoli, M. Z. (1978)
Methods Enzymol. 57.35-152.

22. Mitchell, G. W., and Hastings, J. W. (197Ajhal. Biochem.

reaction to take place. 39, 243-250.
23. Laue, T. P., Bhairavi, D. S., Ridgeway, T. M., and Pelletier,
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