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Einal Technical Report

This project was focused on determination of the structure of bacterial luciferase.
The three-dimensional structure of bacterial luciferase is of fundamental importance to
the long-term goals of the research program, understanding the catalytic mechanism
and the mode of interaction of the enzyme with accessory proteins. In the course of
this project, numerous crystallization trials were carried out and conditions were
refined that permitted high resolution data to be collected and interpreted. In
collaboration with Dr. lvan Rayment of the University of Wisconsin, data have been
collected from native crystals and 3 derivatives at 2.8 A. Higher resolution data are
being collected at this time, and we fully expect to have a high resolution structure
within the next few months, certainly by the end of the calendar year 1994.

We have also developed crystallization protocols for several mutant luciferases.
Structural analysis of the mutant luciferases should enable us to locate the active site
in the three-dimensional structure of the wild-type enzyme, permit mechanistic
interpretation of numerous experiments that have been reported over the past ca. 25
years, and assist us in designing the next generation of mutant enzymes to test
hypotheses regarding the mechanism of light production by this intriguing and
important enzyme.

In parallel with the determination of the three-dimensional structure of luciferase,
we pursued two related lines of research:
1.  We discovered and characterized different conformational forms of the § subunit,
obtained by folding of the protein under different conditions (in the presence or

absence of the o subunit, at different temperatures, etc.), inciuding a B2 species. In the

case of the luciferase B subunit, we have clearly shown that the finally folded structure
is determined by kinetic factors rather than by the stability of the finally folded product.

We are currently working on crystallization of the B2 homodimer that forms when the
subunit is expressed without a in E. coli. Comparison of the structure of B in the

homodimer with f in the heterodimer will allow the first evaluation of the effects of
protein-protein interactions on the structures of the individual subunits involved in the
oligomer.

2. We performed preliminary characterizations of two types of mutant luciferases.
One group of mutants comprises temperature-sensitive folding mutants with various

substitutions at position 313 of the B subunit. The 313 mutations affect the rate of
folding of the enzyme, but not the stability of the finally folded structure. For the other
set of mutants, each of the wild-type Trp residues was replaced by Phe or Leu, in an
effort to identify aromatic side chains potentially involved in stacking interactions with
the flavin substrate. Two of the mutant enzymes show marked changes in catalytic
parameters and in spectroscopic properties of bound FMN, and thus represent
possible active site mutants.

In summary, the structural information resulting from this project will allow us to
begin to define the roles of specific amino acid residues in substrate binding and
catalysis and in protein-protein interactions.
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Conditions have been established that allow revers-
ible refolding of luciferase from 5 M urea. The kinetics
of formation of the active enzyme showed a concentra-
tion-independent lag, suggesting the existence of inter-
mediate structures on the pathway of refolding. The
rate of approach to the final level of activity was
strongly concentration-dependent at protein concen-
trations below 10 ug/ml, but at concentrations above
about 20 ug/ml, the rate of approach to the final activ-
ity value did not change with concentration. The con-
centration dependence presumably reflects the second-
order step yielding the heterodimeric structure. The
finding that at concentrations above 20 ug/ml, the rate
becomes insensitive to concentration suggests that un-
der these conditions, some step subsequent to dimeri-
zation becomes rate-limiting.

When the refolding reaction was initiated by dilution
out of 5 M urea at 50 ug/ml followed at various times
by a secondary dilution to a final concentration of 5
ug/ml, it was found that the increase in activity contin-
ued at the rate characteristic of the higher protein
concentration for a period of about 1-2 min following
the dilution before slowing to the rate expected for the
lower protein concentration. These observations indi-
cate that there are inactive heterodimeric species that
form from assembly of the individual subunits and that
these species must undergo further folding to yield the
active heterodimeric species.

At protein concentrations of 5-50 ug/ml, the final
yield of active enzyme was about 65-85%, decreasing
at higher and lower concentrations. At higher concen-
trations, aggregation probably accounts for the limit
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in recovery, whereas at lower concentrations, it ap-
pears that the reduced yield of activity is due to the
competing process of the folding of one or both individ-
ual subunits into some form incompetent to interact
with each other.

These experiments demonstrate the existence of slow
steps in the refolding of luciferase subunits from urea
and the formation of the active heterodimeric struc-
ture, both preceding and following the dimerization.
Furthermore, the failure of protein at low concentra.
tions to efficiently reassemble into the active hetero-
dimer is consistent with the prior finding that lucifer-
ase subunits produced independently in Escherichia
coli fold into conformations that cannot interact to
form the active heterodimer upon mixing (Waddle, J.
J., Johnston, T. C., and Baldwin, T. O. (1987) Bio-
chemistry 26, 4917-4921).

Unraveling the mechanism of folding for any protein will
require information about the structures of intermediates on
the folding pathway and knowledge of the existence of parallel
pathways. Most proteins are either composed of multiple
subunits or exist as a single polypeptide with multiple folding
domains that interact within the context of the covalent
continuity of the peptide chain. The forces that maintain the
assemblage of a multisubunit complex are noncovalent. Stud-
ies on small model systems have provided and continue to
provide extremely valuable insight into the folding of individ-
ual domains, but it is unlikely that a general understanding
of the folding of larger or multisubunit proteins will come
exclusively through studies of folding of small peptides and
proteins. Based on the classic studies of Anfinsen and his co-
workers (Anfinsen, 1973) on a small protein, ribonuclease A,
it is generally accepted that the final structure of a protein,
or of a folding domain, is determined by the amino acid
sequence. The existence of the same supersecondary struc-
tural motifs in unrelated proteins suggests that the same
folding pattern may be determined by a great many amino
acid sequences, i.e. that the folding code is highly redundant.
However, an amino acid sequence that obediently forms an a
helix in a specific protein may well refuse to assume a helical
conformation when isolated from the context of the protein.
Such findings lead one to suggest that perhaps with larger
proteins consisting of multiple independent folding domains
and/or multiple subunits, the native structures might be
significantly altered as a result of interdomain or intersubunit
contacts. That is, will a single subunit that folds in isolation
reliably assume the same structure it would assume in the
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context of interacting with the other subunits, or might it
assume some alternative structure? Homopolymeric proteins
do not provide an appropriate model system for the approach
of this question, since it would not be possible to study directly
the folding of individual subunits in the absence of oligomer-
ization. A heterodimeric protein provides the simplest model
system for the dissection of the processes of folding of the
individual subunits and assembly into the dimer.

Bacterial luciferase is a heterodimeric enzyme composed of
two homologous but nonidentical subunits (Friedland and
Hastings, 1967a; Hastings et al., 1969; Meighen et al., 1970;
Baldwin et al., 1979; Cohn et al., 1985; Johnston et al., 1986).
The enzyme has a single active center that is located primarily
if not exclusively on the a subunit. Although the role of the 8
subunit remains a subject for debate, it is required for the
high quantum yield reaction catalyzed by luciferase (see Zie-
gler and Baldwin (1981) and Baldwin and Ziegler (1992) for
reviews). There are no intra- or interchain disulfide bonds in
the enzyme (Tu et al,, 1977a). Luciferase catalyzes the reac-
tion of FMNH,,' O, and an aliphatic aldehyde to yield FMN
and the carboxylic acid, and a photon of blue-green light (A
~490 nm).

The genes encoding the « and 8 subunits, luxAB, have been
cloned from Vibrio harveyi and expressed in Escherichia coli
(Belas et al, 1982; Baldwin et al, 1984). Separation of the
luxA gene and the luxB gene and expression of each from the
lac promoter of pUC-derived plasmids allowed generation of
significant levels of each subunit that had folded in vivo in
the absence of the other (Waddle et al, 1987). These sepa-
rately produced « and § subunits each showed very low but
authentic aldehyde- and flavin-dependent bioluminescence
activity (Waddle and Baldwin, 1991; Sinclair et al., 1993).
Mixing of lysates containing the two subunits did not result
in the expected formation of the much higher specific activity
heterodimeric enzyme (Waddle et al., 1987). However, if the
subunits were first unfolded by the addition of urea, they were
capable of recombining upon dilution of the urea. These
observations led us to propose that in the normal folding of
the luciferase subunits and assembly of the active heterodimer
in vivo, the dimerization step occurs between either unfolded
subunits or folding intermediates of the subunits, such that
the active luciferase forms as the result of a kinetic trap. The
individual subunits fold independently to form stable struc-
tures that are effectively unable to assemble. A minimal model
describing our earlier results is presented diagrammatically in
Fig. 1 (Waddle et al, 1987).

The model presented in Fig. 1 makes certain predictions
that are experimentally verifiable. First, at low concentrations
of the individual subunits, the first-order off-pathway proc-
esses leading to the assembly-incompetent forms of the sub-
units would predominste, compromising the yield of the het-
erodimeric form of the enzyme; the yield of the heterodimer
should increase at higher protein concentrations, since the
rate of the second-order reaction would increase, whereas the
competing first-order processes would not, leading to prefer-
ential partitioning of material into heterodimer formation.
Second, if the luciferase subunits interact as partially folded
intermediates following a slow folding step, the rate of for-
mation of the active enzyme should show a concentration-
independent lag due to initial folding steps of the individual
subunits to the species competent to form heterodimer. Third,
since the formation of the heterodimeric enzyme requires a
second-order step, the rate of formation of the active enzyme
should show a strong concentration dependence.

! The abbreviations used are: FMNH;, reduced flavin mononucleo-
tide; DTT, dithiothreitol; BSA, bovine serum albumin.
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The experiments reported here were designed to test the
above predictions, as well as to develop methods for the study
in vitro of the folding of luciferase and its subunits. In these
experiments, we monitor the formation of active luciferase
following dilution from urea-containing solutions. Such meas-
urements are greatly facilitated with bacterial luciferase due
to the speed, simplicity, and sensitivity of the assay. Lucifer-
ase activity is measured in a single turnover assay by rapid
injection of FMNH; into a vial containing enzyme, n-decyl
aldehyde and O, dissolved in a buffer (Hastings et al, 1978).
The peak intensity of emitted light, which is achieved within
2 s of the time of injection, is proportional to the amount of
active luciferase over many orders of magnitude (Hastings et
al, 1966). By monitoring the amount of active enzyme at
various times following initiation of a refolding reaction, we
have been able to begin to dissect the overall kinetic mecha-
nism of the folding and assembly processes.

Prior work on the folding of luciferase from urea or guani-
dinium chloride suggested that the enzyme could be at least
partially refolded following denaturation, but the extent of
recovery varied significantly between the various reports
(Friedland and Hastings, 1967a, 1967b; Hastings et al, 1969;
Gunsalus-Miguel et al, 1972; Tu et al,, 1977b; Ty, 1978). We
have previously reported the isolation of a series of mutants
that we have designated temperature-sensitive folding mu-
tants on the basis of the wild-type thermal stability of the
folded proteins and the reduced ability of the proteins to fold
at elevated temperatures (Sugihara and Baldwin, 1988). Fur-
ther investigation of these mutants required the development
of conditions that would reproducibly give high yields of active
enzyme when the wild-type luciferase was refolded upon di-
lution out of denaturant. The experiments reported here
describe simple and reproducible methods for the unfolding
of luciferase in urea and the refolding of the active enzyme
upon dilution of the urea. Furthermore, these experiments
suggest the existence of multiple intermediates on the folding
pathway leading to the active heterodimer. In a related series
of experiments, we have demonstrated the existence of an
inactive heterodimeric species that is well populated at equi-
librium in the presence of 1.6-2.8 M urea (Clark et al, 1993).
It appears likely that this species is one of the intermediates
detected in the kinetic experiments reported here.

EXPERIMENTAL PROCEDURES

Materials—FMN was obtained from Fluka and was used without
further purification. Bovine serum albumin (Fraction V powder) and
n-decyl aldehyde were purchased from Sigma. Ultra-Pure urea was
the product of Schwarz-Mann. All other chemicals were of the highest
quality commercially available and were used without further purifi-
cation.

Phosphate buffers were prepared by mixing the appropriate pro-
portions of the monobasic and dibasic sodium or potassium saits to
obtain the desired pH.

Luciferase Purification and Assay—E. coli (LE392) cells carrying
the V. harveyi luxAB genes on a pUC9-derived plasmid, pLAV1, were
grown, and the luciferase was purified as previously described (Bald-
win et al., 1989), the purification method being a modification of that
described by Hastings et al (1978) for purification of the enzyme
from the native organism, V. harveyi. Enzyme concentrations were
determined by absorbance at 280 nm, using an extinction coefficient
of 0.94 (mg/ml)~'.cm™ (Gunsalus-Miguel et al, 1972). The enzyme
was assayed (22 °C) using a photomultiplier-photometer to detect the
light emitted, with n-decyl aidehyde as the substrate, upon rapid
injection of FMNH, photoreduced in a solution containing 2 mm
EDTA (Hastings et al.,, 1978).

Activity Recovery after Dilution of Luciferase from 5 M Urea into
Buffer—Luciferase was denatured for 0.5-4.0 h in a 5 M urea buffer
containing 50 mM phosphate, 1 mmM EDTA, 1 mm DTT, pH 7.0, at
50 x the enzyme concentration desired for the refolding experiment.
Refolding was initiated (“time 0”) by a 1:50 dilution of the enzvme
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from 5 M urea into renaturation buffer (50 mM phosphate, 0.2% BSA,
1 mu EDTA. | mM DTT, pH 7.0) at 18 °C. Addition of the enzyme
to the buffer resulted in s final urea concentration of 0.1 M. In
controls (native entyme, never denatured), urea was added to the
renaturation buffer to yield a final concentration of 0.1 M. Dilutions
of enzyme out of urea were performed rapidly, with 20 i of enzyme
in 3 M urea buffer being added to 0.980 ml of renaturation buffer (or
60 ul of enzyme, 5 M urea to 2.94 ml of buffer) on a vortex mixer. We
found that these conditions gave the most reproducible results, con-
sistent with the observation of Goldberg et al (1991) that rapid
dilution from urea minimizes aggregation that may occur during slow
mixing. The samples undergoing renaturation were maintained at
18 °C. and at intervals after initiation of refolding, aliquots (generally
10 ui) were withdrawn for assay. The time ¢ was recorded as the time
of dilution of the aliquot of renaturation mixture into 1.0 ml of assay
buffer containing 15 ul of a sonicated suspension (0.01% v/v) of n-
decyl aldehyde in H,O; approximately 15 s elapsed between the
recorded time (dilution into assay buffer) and the actual initiation of
the assay by injection of FMNH,.

RESULTS

The mechanism presented in Fig. 1 predicts two effects of
protein concentration on the refolding reaction of bacterial
luciferase. First, the rate of assembly of the heterodimer would
be expected to show a second-order dependence on the con-
centration of the refolding subunits. Second, the expected
yield of the heterodimer would be compromised at low protein
concentrations by the competing first-order processes leading

to a, and/or 3, (see Fig. 1). To test these predictions, we

investigated conditions for reversible unfolding of luciferase.
For unfolding, we employed 5 M urea in 50 mM phosphate
buffer, 1 mM EDTA. 1 mm DTT, pH 7.0, at 18-20 °C. Under
these conditions, the unfolding reaction was complete within
a few minutes, as shown by the ultraviolet circular dichroism
spectrum in Fig. 2. The spectrum of the protein in 5 M urea
did not change with time. For all subsequent experiments, the
luciferase was unfolded in 5 M urea for at least 30 min prior
to initiation of the refolding reaction.

Effect of Protein Concentration on the Final Recovery of
Luciferase after Refolding from 5 M Urea—The optimal con-
centration of protein for reversible refolding was determined
by investigation of the effect of concentration on the yield of
active enzyme (Fig. 3). At low protein concentrations (<1 ug/
ml), the control samples appeared to be unstable unless BSA
was included in the renaturation buffer. BSA was included in
the refolding buffers in the earlier studies on luciferase re-
folding, and we found that addition of BSA at 0.2% resuited
in a dramatic stabilization of the activity of the controls at
lower protein concentrations with no effect on the activity of
controls or percent recovery of the refolded enzyme at higher
protein concentrations (data not shown). We therefore in-
cluded 0.2% BSA in the renaturation buffer for this experi-
ment and all subsequent experiments. As predicted by the

FiG. 1. Initial model for folding and assembly of luciferase
in vivo (adapted from Waddle et al. (1987)). a, and 3, are new
partially or completely synthesized subunits, o, and §, represent
gqmally folded intermediates, o, and 8, represent folded conforma-
tions incompetent to form heterodimers, and af is the active heter-
odimeric enzyme.
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FiG. 3. Effect of luciferase concentration on final yield of
active enzyme following dilution from 5 M urea. Luciferase at
the concentration indicated was permitted to refold for 24 h at 18 °C
after rapid 50-fold dilution from 5 M urea into renaturation buffer
(50 mM phosphate, 0.2% BSA, 1 mm EDTA, 1 mM DTT, pH 7.0)
(final concentration, 0.1 M urea). The different symbols represent the
yields obtained in different experiments. Percent recovery is ex-
pressed relative to the activity of a native control sample at each
concentration diluted into the same renaturation buffer, 0.1 M in
urea, and incubated for the same period of time.

model in Fig. 1, the final yield of active enzyme was signifi-
cantly reduced at low protein concentrations. Maximal yields
of 75-90% were observed at 20-50 ug/ml, whereas the yield
at 1 ug/ml was about 40%.

At protein concentrations above 50 ug/ml, the percent yield
was compromised, presumably due to aggregation, a phenom-
enon that has been reported for other proteins (London et al.,
1974; Orsini and Goldberg, 1978; Zettimeissl et al., 1979;
Mitraki et al, 1987) and attributed to intermolecular inter-
actions of folding intermediates (Goldberg and Zetina, 1980;
Goldberg, 1985; Mitraki and King, 1989). We have not further
investigated the cause for the reduced yield at higher protein
concentrations, but we have limited the conditions of our
experiments to protein concentrations of 50 ug/ml and below.

Effect of Protein Concentration on the Rate of Formation of
Active Enzyme—The time course of formation of active en-
zyme following dilution from 5 M urea for a series of luciferase
concentrations is presented in Fig. 4A, with earlier times
expanded in panels B and C. These data demonstrate four
aspects of the concentration dependence of the refolding
process. First, the yield of active enzyme was reduced at both
low and high protein concentrations (Figs. 44 and 3). Second.
the refolding reaction showed a definite lag at earlv times that
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FiG. 4. Effect of luciferase concentration on rate and extent
of recovery of active enzyme. The enzyme was denatured in 5 M
urea, and after initiation of refolding by rapid 50-fold dilution of the
enzyme into renaturation buffer, the time course of formation of
active luciferase was monitored by removal of aliquots for assay (see
“Experimental Procedures™). The complete time course is shown in
panel A, the first 60 min are expanded in panel B, and the initial 15
min are expanded in panel C. Protein concentrations in the refolding
mixtures were 0.2 (O), 0.4 (A), 0.8 (2), 2.0 (W), 4.0 (A), 10 (¥), 20
@), 50 (x), and 100 (@) ug/ml. Percent recovery is expressed relative
to the activity of a native control sample at each concentration diluted
into the same renaturation buffer, 0.1 M in urea, and incubated for
the same period of time.

was comparatively independent of concentration (Fig. 4, B
and C), indicating the existence of folding intermediate(s)
whose formation involved first-order processes, i.e. partial
folding of the individual subunits prior to formation of the
heterodimeric form required for high specific activity. Third,
from low protein concentrations up to about 10 xg/ml, the
rate of formation of the active form of the enzyme was strongly
dependent on the concentration of the refolding subunits, as
would be expected if the rate-determining step were a second-
order process (interaction between the partially folded « and
8 subunits). Fourth, at concentrations of 20 ug/ml and above,
the rate of refolding into the active form appeared to be
concentration-independent. Interpretation of this observation
was complicated by the fact that at higher concentrations, the
initial rate (following the lag) was rapid, but the reaction
appeared to terminate prematurely, compromising the final
yield (Figs. 3 and 4).

[ —
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The saturation in the rate of refolding at high protein
concentrations was not predicted by the model presented in
Fig. 1. One explanation for the observed saturation in rate at
high protein concentrations is that at high concentrations
some first-order process becomes rate-limiting. If the initial
product of the subunit association reaction were inactive,
requiring additional first-order folding steps to become active
afl, then the maximum observed rate of recovery of activity
would be limited by the rate of the first-order process at high
protein concentrations. Alternatively, the apparent saturation
could be due to limiting of the observed rate by higher order
competing processes such as aggregation that become signif-
icant only at the higher concentrations. To distinguish these
possibilities, we performed refolding experiments at a concen-
tration that gave the maximal rate (50 ug/ml) and, 6 min
after initiation of the refolding reaction, diluted the protein
10-fold, conditions under which the rate should be much
slower and strongly concentration-dependent (see Fig. 4). As
shown in Fig. 5, upon dilution of the refolding mixture from
50 to 5 ug/ml, the rate did not decrease immediately to the
rate expected for the lower concentration, but rather contin-
ued at the same (maximal) rate for 2-3 min before changing
to the slower rate. Similar results (not shown) were obtained
when secondary dilutions were performed 4 or 8 min after
initiation of the refolding reaction. These results suggest that
at the time of dilution, there exists a subpopulation of lucif-
erase molecules that have already formed heterodimer, but
have not yet become active.

DISCUSSION

Since the classic experiments of Anfinsen and his colleagues
on ribonuclease (Anfinsen, 1973), it has been generally agreed
that the information that dictates the folding of a polypeptide
into its native, biologically active structure is resident in the
sequence of amino acids that comprise the polypeptide, and
thus the process of protein folding has been referred to as
“the second translation of the genetic message” (Goldberg,
1985). It has been an article of faith among many investigators
in the field of protein folding that the native structure of a
protein is at a global energy minimum. However, our previ-
ously reported investigations of the folding in vivo of the

4
4

b

0 4 8 12 16 20
Time (min)

F1G. 5. Secondary 10-fold dilution of luciferase during re-
folding. Luciferase was diluted 50-fold from 2.5 mg/ml in 5 M urea
to 50 ug/ml in renaturation buffer (0.1 M urea) at time O, and after 6
min of refolding, an aliquot was diluted 10-fold into recovery buffer
(again 0.1 M in urea) to yield 5 ug/ml luciferase. The time course of
activity recovery in several replicate original samples (open symbols)
and in the secondary dilution (4#) was monitored by removal of
aliquots for assay. Activity is expressed as percent of a native control
sample at 50 ug/ml in renaturation buffer, 0.1 M in ures; the activities
in the diluted sample were multiplied by 10 to correct for the dilution.

Luciferase Activity in Percent
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subunits of luciferase led us to question the latter dogma
(Waddle et al., 1987; Sugihara and Baldwin, 1988). The sep-
arate luciferase subunits, a and 8, appear to fold in vivo into
structures that do not interact to form active luciferase when
mixed in vitro unless they are first unfolded in urea-containing
buffers. These observations led us to conclude that the active
heterodimeric enzyme was not at a global energy minimum,
but rather constituted a kinetic trap, and that if the subunits
did not associate during folding, they ultimately achieved
stable structures that were assembly-incompetent (Waddle et
al., 1987). The issue of whether the native structure of a
protein is at a global energy minimum has been the subject
of some controversy in recent years, and recent reviewers
have been careful to point out that the folded structure must
be the thermodynamically most stable state that is kinetically
accessible (Goldberg, 1985; Kim and Baldwin, 1990; Jaenicke,
1991a, 1991b) and not necessarily at a global energy minimum.

Earlier examples of competing off-pathway folding proc-
esgses in other systems, such as the tail spike protein of
bacteriophage P22 (Mitraki and King, 1989) and denatured-
reduced egg white lysozyme (Goldberg et al, 1991), generally
involved aggregation of intermediates. The luciferase sub-
units, however, did not aggregate but rather folded into soluble
structures (Waddle et al., 1987; Sugihara and Baldwin, 1988;
Waddle and Baidwin, 1991). More recently, other examples
of proteins with kinetically controlled folding processes (a-
lytic protease and the serine protease inhibitors antithrombin
and plasminogen activator inhibitor-1) have been reported
(Baker et al., 1992; Carrell et al, 1991; Mottonen et al., 1992).

The experiments reported here were designed to begin the
process of dissecting the overall kinetic mechanism of the
folding and assembly of the subunits of bacterial luciferase.
The kinetic features of the refolding reaction that were pre-
dicted by the model advanced by Waddle et al. (1987) (Fig. 1)
were confirmed in these experiments. First, at low protein
concentrations, the yield of active heterodimeric enzyme was
reduced, due to the alternative (off-pathway) first-order fold-
ing processes available to the individual subunits. Second, a
marked, protein concentration-independent lag in recovery of
activity was observed, suggestive of first-order folding steps
for one or both subunits prior to assembly into the heterodi-
mer. Further investigation of the cause of this lag has shown
it to be due to slow steps in the folding of both the « and the
8 subunits prior to the step in which heterodimer is formed
(Baldwin et al, 1993). Third, the rate of formation of the
active heterodimeric enzyme after the lag was strongly con-

Oy

a—e— a

> (o8], —> af

By—o—> Br

Bx

FiG. 6. Revised model for folding of luciferase subunits,
assembly into the heterodimer, and isomerization to the active
enzyme. o, and 3, are unfolded subunits; a; and 8; represent partiaily
folded intermediates that are competent to interact, forming a het-
erodimer if both are present; a, and 3, represent folded conformations
incompetent to form heterodimers; [aS]; represents inactive hetero-
dimeric intermediate; and ag is the active heterodimer. Although
there is presently no direct evidence for intermediate forms of the
subunits between the fully unfolded forms and the species (a; and §;)
competent to form heterodimer, the conversion is surely not a single-
step process.
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centration-dependent, as expected for a second-order process.
At the highest protein concentrations investigated (100~144
ug/ml), the reduced yield of active enzyme (Fig. 3) suggests
that there may be aggregation occurring as well.

The results presented here also suggested a new feature of
the refolding reaction not shown in the original model, the
apparent saturation in the rate of recovery of active enzyme
at higher protein concentrations (Fig. 4). Below 10 ug/ml, the
rate of formation of active enzyme after the initial lag ap-
peared to be determined by the second-order dimenzation
process; at 20 ug/ml and above, the rate appeared to be limited
either by the first-order isomerization of inactive heterodimer
to form active heterodimer or by competing higher order
aggregation processes that would become significant only at
higher concentrations, leading to an apparent limit to the rate
of formation of active enzyme. The results of the secondary
dilution experiment presented in Fig. 5 permitted us to pos-
tulate the intermediacy of an inactive heterodimeric species,
{aB]i, which is converted to active enzyme by one or more
(first-order) isomerization steps. By switching from condi-
tions (50 ug/ml) under which the rate was presumably limited
by the isomerization of the inactive heterodimer to conditions
(5 ug/ml) under which the rate was limited by the second-
order assembly step, we were able to monitor directly the
conversion of the inactive heterodimer to the active hetero-
dimer (Fig. 5). We have incorporated both first-order folding
steps for the individual subunits and an inactive heterodi-
meric intermediate into a revised scheme for the pathway of
folding and assembly of the luciferase subunits, presented in
Fig. 6.

We have established conditions (18 °C, 50 mM phosphate
at pH 7.0, protein concentrations of 15-50 ug/ml) under which
luciferase can refold reproducibly to its active structure in
high yield following rapid dilution out of 5 M urea. These
methods should allow a more complete examination of the
properties of the temperature-sensitive folding mutants de-
scribed in our earlier report (Sugihara and Baldwin, 1988).
Based on the results of the experiments reported here, we
conclude the following.

1) Refolding of the « and g subunits of bacterial luciferase
occurs by a multistep process involving intermediates both
preceding and following assembly of the heterodimer.

2) The encounter complex between the two subunits, in-
volving intermediates on the pathway of folding of the indi-
vidual subunits, is inactive; formation of the active structure
requires one or more subsequent isomerization steps.

3) At low protein concentrations, the yield of active heter-
odimer is compromised by competing first-order folding proc-
eases involving folding of one or both individual subunits into
structures incompetent to form heterodimer, as predicted by
Waddle et al. (1987).

These results support our earlier hypothesis that the for-
mation of the active heterodimeric luciferase is a kinetically
controlled process. Under conditions that limit the ability of
the intermediate a; and §; structures to associate, the individ-
ual subunits appear to assume thermodynamically stable
structures (o, and/or 8,) incompetent to interact with each
other, by processes that are experimentally irreversible on a
time scale of days (Waddle, 1990; Sinclair et al., 1993). This
interpretation suggests that the biologically active heterodi-
meric structure of native luciferase may reside at a local
energy minimum with a lifetime, determined by high activa-
tion energies of interconversion, that is meaningful on a
biological time scale, rather than at the global energy mini-
mum that would prevail on a geological time scale.
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Bacterial luciferase is an af heterodimer with a sin-
gle active center in which the reaction of reduced FMN,
04, and an aliphatic aldehyde yields a photon of blue-
green light. We have shown that refolding of the lucif-
erase subunits from 5 M urea occurs via the interme-
diacy of several species, one of which is an inactive
heterodimeric structure, resuiting from the dimeriza-
tion of « and 8, which isomerizes to the active af
structure in a first-order reaction (Ziegler, M. M.,
Goldberg, M. E., Chaffotte, A. F., and Baldwin, T. O.
(1993) J. Biol. Chem. 2688, 10760-10785). We have
also demonstrated the existence of an inactive hetero-
dimeric species that is well populated at equilibrium in
the presence of 1.6-2.8 M urea (Clark, A. C., Sinclair,
d. F., and Baldwin, T. O. (1993) J. Biol. Chem. 268,
10773-~10779). We have separated the a and 8 subunits
by ion exchange chromatography and investigated the
effects on reformation of active luciferase of allowing
the individual subunits to refold separately prior to
mixing. These investigations show that the lag in for-
mation of active luciferase is due to slow steps in fold-
ing of the individual subunits. The 8 subunit appears
to fold faster than the « subunit, but folding of the 8
subunit also shows a distinct lag. When the a and 8
subunits were allowed to refold from urea for periods
of several hours or more prior to mixing, the yield of
active heterodimeric luciferase was compromised,
which is consistent with the finding that individual
subunits produced in vivo fold into structures incom-
petent to interact with each other to form the active
heterodimer (Waddle, J. J., Johnston, T. C., and Bald-
win, T. O. (1987) Biochemistry 26, 4917-4921). It
appeared that the rate with which the 8 subunit as-
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sumed the heterodimerization-incompetent structure
was faster than the rate with which the « subunit
became heterodimerization-incompeteqt. These obser-
vations support a model for folding and assembly of
the subunits of luciferase in which the two subunits
fold into assembly-competent structures that associate
to form the heterodimer. In a slow competing process,
the subunits undergo a conformational rearrangement
to form stable structures incompetent to form hetero-
dimers. It appears that the association of the luciferase
subunits might constitute an example of one polypep-
tide modifying the folding pathway of another, a model
that is consistent with the suggestion that the forma-
tion of the heterodimeric structure of luciferase is a
kinetic trap on the folding pathway of the individual
subunits (Sugihara, J., and Baldwin, T. O. (1988) Bio-
chemistry 27, 2872-2880).

The luciferase from luminous marine bacteria catalyzes the
bioluminescent oxidation of FMNH;' and a long chain ali-
phatic aldehyde by molecular oxygen, producing FMN, the
corresponding chain length fatty acid, and (presumably) H:0,
with the emission of blue-green light (see Baldwin and Ziegler
(1992) for a recent review). The enzyme, an af dimer (Fried-
land and Hastings, 1967; Hastings et al., 1969), lacks disulfide
bonds (Tu et al, 1977); the subunits are homologous, with
32% amino acid sequence identity between the a and g sub-
units from Vibrio harveyi (Cohn et al., 1985; Johnston et al,
1986). Although the high quantum yield reaction requires
both subunits and appears to result from a single active center
on the heterodimer, the separate o and § subunits expressed
in Escherichia coli each shows very low but authentic biolu-
minescence activity in the absence of the other (Waddle and
Baldwin, 1991; Sinclair et al.,, 1993).

We have found that the individual luciferase subunits fold
in vivo into stable structures that do not interact to form the
active heterodimeric structure (Waddle et al,, 1987). Further-
more, we have reported the existence of variant forms of the
enzyme from V. harveyi that do not fold correctly at temper-
atures of 30 °C but that are stable at 30 °C once folded
(Sugihara and Baldwin, 1988). These mutants appear to be
very similar to the temperature-sensitive folding mutants of
the phage P22 tail spike protein that have been described by
King and co-workers (Goldenberg et al., 1982). The luciferase
subunits interact during the folding process, but if they fail
to form the heterodimer, the folding will proceed toward

! The abbreviations used are: FMNH,, reduced flavin mononucleo-
tide; DTT, dithiothreitol.
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alternative structures that do not interact. Furthermore, the
final structures that the subunits assume do not appear to be
in equilibrium with the structures that are capable of inter-
acting to form heterodimer. That is, we have suggested that
the native form of the luciferase enzyme constitutes a kinetic
trap for the folding subunits (Waddle et al, 1987; Sugihara
and Baldwin, 1988).

The heterodimeric quaternary structure of luciferase is
obviously advantageous to the investigator with an interest
in the detailed dissection of the folding pathway of a multi-
meric protein, since it permits distinction between (first-
order) folding processes of the individual « and 8 subunits
and the (second-order) step of assembly into the heterodi-
meric structure. The rapidity of the single-turnover assay
(Hastings et al., 1978) permits the monitoring of the kinetics
of formation of active enzyme from urea-unfolded luciferase
upon dilution of the urea. The preceding paper demonstrated
that at low protein concentrations, dimerization appears to
be rate-limiting #nd that there are one or more isomerization
steps between the initial dimeric complex and the final active
enzyme (Ziegler et al, 1993). Upon dilution of an equimolar
mixture of unfolded a and 8 subunits from 5 M urea into 0.1
M urea, a lag of 3.5-4 min was observed prior to the onset of
recovery of active enzyme. This lag was essentially independ-
ent of the luciferase subunit concentration, suggesting that
the lag was due to slow first-order steps preceding dimeriza-
tion. At low protein concentrations, the yield of active heter-
odimer was compromised, apparently due to the competing
first-order folding of one or the other, or both, of the subunits
into the presumed assembly-incompetent form (Ziegler et al,
1993). Based on these observations, we have proposed the
model presented in Fig. 1 (Ziegler et al., 1993).

This model makes certain predictions regarding the folding
of the individual subunits and the assembly of the heterodi-
mer. Specifically, if the lag in the formation of the active
enzyme is due to first-order steps in the folding of the a and
8 subunits following dilution from urea, then allowing the
individual subunits to refold for a short time prior to mixing
should reduce or eliminate the lag. Furthermore, by allowing
one subunit to refold from urea for a short time prior to
mixing with the other unfolded subunit, it should be possible
to determine whether the lag is due to slow steps on the
refolding pathway for one subunit or the other, or both. The
proposed dimerization process involving intermediates on the
refolding pathway of the two subunits suggests that the rate
of dimerization should depend on the concentration of both
subunits. If a low concentration of one unfolded subunit were
titrated with the other unfolded subunit, the rate of recovery
of activity should depend on the concentration of the subunit

Cy

/

o, ——> 0

>+ [aB],—> aB

B—>—" Bi
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F1G. 1. Model for folding of luciferase subunits, assembly
into the heterodimer, and isomerization to the active enzyme.
a, and B, are unfolded subunits; a; and §; represent partially folded
intermediates that are competent to interact, forming a heterodimer
if both are present; a, and 5, represent folded conformations incom-
petent to form heterodimers; [a8]; represents inactive heterodimeric
irgéermediate: and ag is the active heterodimer (from Ziegler et al,
1993).
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in excess, regardless of which subunit is in excess. F'mall)’-. f
the dimerization requires intermed.ate structures of subunits
that dimerize in a kinetically controlled interaction but that
also can fold independently into structures that do not inter-
act with each other, then refolding of the subunits independ-
ently from urea should result in structures that are heterodi-
mer assembly-incompetent. To investigate these possibilities,
we have separated the luciferase subunits using chromato-
graphic methods so that we could investigate the effects of
varying the concentrations of the two subunits independently
in the refolding mixture and varying the time of refolding
prior to mixing of the subunits.

EXPERIMENTAL PROCEDURES

Materials—FMN was obtained from Fluka and was used without
further purification. Bovine serum albumin (Fraction V powder) and
n-decyl aldehyde were purchased from Sigma. Ultra-Pure urea was
the product of Schwarz-Mann. DEAE-Sephadex A-50 was a product
of Pharmacia LKB Biotechnology Inc. All other chemicais were of
the highest quality commerciallr available and were used without
further purification.

Phosphate buffers were prepared by mixing the appropriate pro-
portions of the monobasic and dibasic sodium or potassium salts to
obtain the desired pH.

Luciferase Purification and Assay—E. coli (LE392) cells carrying
the V. harveyi luxAB genes on a pUC9-derived plasmid, pLAV1, were
grown, and the luciferase was purified as previously described (Bald-
win et al., 1989), the purification method being a modification of that
described by Hastings et al (1978) for purification of the enzyme
from the native organism, V. harveyi. Enzyme concentrations were
determined by absorbance at 280 nm, using an extinction coefficient
of 0.94 (mg/ml)~'.cm™ (Gunsalus-Miguel et al, 1972). The enzyme
was assayed (22 °C) using a photomultiplier-photometer to detect the
light emitted with n-decyl aldehyde as the substrate upon rapid
injection of FMNH, photoreduced in a solution containing 2 mM
EDTA (Hastings et al, 1978).

Purification of Luciferase Subunits—The a and 3 subunits of
luciferase purified from recombinant E. coli (Baldwin et al, 1989)
were resolved by chromatography on DEAE-Sephadex in 5 M urea as
previously described (Tu, 1978). The enzyme to be applied to the
column (85 mg) was dialyzed at 4 °C versus 40 mM phosphate, 1 mM
EDTA, 0.5 mM DTT, pH 7.0; immediately before application to the
column, enough solid urea was added to make the sample 5 M in urea.
The sample was then applied to a 2.5 x 42-cm column previously
equilibrated in 40 mM phosphate, 1 mM EDTA, 1 mM DTT, 5 M urea,
pH 7.0, at 4 °C and eluted with a linear gradient consisting of 400 ml
of the equilibration buffer and 400 ml of the same buffer 120 mM in
phosphate.

The pooled subunits (in 5 M urea) were concentrated by ultrafil-
tration using CentriPrep-10 centrifugal concentrators (Amicon), di-
alyzed against 5 M urea, 50 mM phosphate, 1 mM EDTA, 1 mMm DTT,
pH 7.0, and stored at —20 °C. Subunit concentrations in 5 M urea
were determined by absorbance at 280 nm, using the extinction
coefficients for denatured subunits determined by Waddle (1990),
which are very similar to those determined by Gunsalus-Miguel et al
(19712): E for a = 1.23 (mg/mi)™'-cm™ and for 8 = 0.72 (mg/mi)™*-
cm-

Refolding of Luciferase and of Individual Subunits from 5 M Urea—
When refolding of luciferase alone was to be followed, the enzyme in
5 M urea (50 mM phosphate, 1 mM EDTA, 1 mM DTT, pH 7.0) was
diluted (defining time 0) 1:100 into renaturation buffer (50 mMm
phosphate, 0.2% bovine serum albumin, 1 mm EDTA, 1 mm DTT,
pH 7.0), which was aiso 0.05 M in urea so that the final urea
concentration after enzyme addition would be 0.1 M in the sample
during refolding. When individual subunits alone were to be refolded,
the same procedure was followed. When luciferase was to be refolded
in the presence of added subunit, the enzyme and the subunit (both
in 5 M urea) were premixed, and the mixture was diluted 1:50 at time
0 into renaturation buffer. When a subunit was to be “prefolded” for
a given length of time prior to addition of luciferase, the subunit in 5
M urea was diluted 1:100 into renaturation buffer (so the urea con-
centration during prefolding was 0.05 M), and the luciferase refolding
was subsequently initiated by 1:100 dilution (time 0) of the enzyme
in 5 M urea into the solution of prefolded subunit in renaturation
buffer (final urea concentration, 0.1 M). All dilutions of enzyme or
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subunit from 5 M urea into buffer were carried out by rapid addition
to the buffer on a vortex mixer. Activity recovery was monitored by
withdrawal of 10-4«! aliquots of the renaturation mixture and dilution
at time ¢ into 1.0 ml of assay buffer containing 15 ul of a sonicated
suspension {0.01% v/v) of n-decyl aidehyde in H;0, followed approx-
imately 12-135 s later by initiation of the assay by injection of FMNH,.
In experiments in which luciferase was renatured in the presence of
added excess a or 8 subunit, or in which a subunit was “prefolded”
prior to mixing with the other subunit or with luciferase, the activities
of the individual subunits were monitored in separate control samples
and the activity attributable to the free subunit was subtracted from
the activity obtained in the final mixture. This correction was signif-
icant only for the a subunit and only at early times or high concen-
trations.

RESULTS

Upon dilution of unfolded luciferase subunits in 5 M urea
into buffer w*h a final urea concentration of 0.1 M, a lag of
about 4 min is observed prior to the recovery of biolumines-
cence activity (Ziegler 2t al, 1993). The rate of recovery
following the lag is strongly concentration-dependent below
10 ug/ml, whereas the duration of the lag is comparatively
concentration-independent (Ziegler et al., 1993). This obser-
vation suggested that the lag might be due to slow (first-
order) steps in the folding of either « or 8 (or both) preceding
the dimerization step. Experiments to test this possibility
required pure isolated subunits. For this purpose, we have
separated the subunits of luciferase using DEAE-Sephadex
column chromatography in buffers containing 5 M urea (Fig.
2). The resoiution afforded by this method was excellent, but
nonetheless, to avoid contamination of cne subunit with the
other, we were conservative in the pooling of fractions.

To test the possibility that the lag in recovery of activity
was due to folding steps that precede dimerization, we allowed
the individual subunits to refold separately for various periods
of time prior to mixing (Fig. 3). Upon mixing of subunits that
had been allowed to refold separately for 5 min or longer,
recovery of luciferase activity was observed without a lag,
demonstrating that the lag was in fact due to refolding steps
that preceded dimerization.

The active form of bacterial luciferase is the heterodimer;
formation of the heterodimer on the folding pathway would
require a second-order process that should be apparent in the
concentration dependence of the rate of dimer formation. We
have shown that the rate of formation of active luciferase is
strongly concentration-dependent at concentrations below 10
ug/ml (Ziegler et al, 1993). Above 10 ug/ml, the rate of

25 . - — ' y—
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F1G. 2. Separation of luciferase subunits by DEAE-Sepha-
dex A-850 column chromatography in 5 M urea. Luciferase
purified from E. coli was denatured in 5 M urea, and the a and 8
subunits were resolved by a phosphate gradient in 5 M urea as
described under “Experimental Procedures.”
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F16. 3. Time course of recovery of luciferase activity fol-
lowing refolding of the individual subunits prior to mixing.
The a and B subunits (each 1.0 mg/ml in 5 M urea) were permitted
to refold separately after 1:50 dilution into renaturation buffer (see
“Experimental Procedures”), for 30 min (M) or 60 min ( ) prior to
mixing. The subunit concentration during the separate refolding was
20 ug/rl, and the final urea concentration in each refolding mixture
was 0.1 M. At time 0 (30 or 60 min after dilution from 5 M urea).
equal volumes of the solutions of the two refolding subunits were
mixed, so that the final protein concentrations were 10 ug/ml o and
10 ug/ml 8, or 20 ug/ml total, and aliquots were removed periodically
for activity assay. In the control (@), equal volumes of the 1 mg/mil
subunits in 5 M urea were mixed prior to dilution, and the mixture
was diluted 1:50 (to 20 ug/ml final protein concentration) into rena-
turation buffer at time 0 to initiate refolding. Percent recovery is
expressed relative to the activity of a native sample diluted to 20 ug/
ml into the same renaturation buffer, 0.1 M in urea, and incubated
for the same period of time.

formation of the active enzyme appears to saturate, suggesting
that some other process becomes rate-limiting (see Fig. 1). At
low concentrations (2 ug/ml and below) a marked reduction
in yield of active enzyme is observed that appears to be due
to competing first-order folding steps involving the individual
subunits that lead to stable structures that are incompetent
to form heterodimer (Ziegler et al., 1993). This model (Fig. 1)
predicts that if the concentration of one subunit were held
constant at 1 ug/ml, and the concentration of the other varied
from 1 ug/ml to above 20 ug/ml, the rate of formation of the
active enzyme should increase with the concentration of the
subunit in excess and that the excess subunit should rescue
the limiting subunit from undergoing the competing first-
order folding reaction. The results of this experiment are
presented in Fig. 4, A and B. Addition of an excess of either
subunit to a limiting concentration of the other resulted in a
concentration-dependent increas2 in the rate of formation of
active enzyme after the lag (Fig. 4) and also an increase in
the yield of active enzyme (Table I), as predicted from the
model presented in Fig. 1.

An additional observation apparent in Fig. 4, A and B, was
that with high concentrations of either the « or the 8 subunit
present, there was still a lag preceding formation of the active
heterodimer. This result suggested that the lag might be due
to slow steps in the folding of both subunits. However, to
better approach this question, we allowed one subunit to refold
from urea for 4 min prior to mixing with the other unfolded
subunit. By so doing, we hoped to obtain some idea of the
relative rates (for a versus 8) of the presumed first-order steps
that precede the dimerization step in the assembly of active
luciferase. The results are presented in Fig. 5. In both cases,
the lag was still apparent, indicating the existence of slow
steps in the refolding of both subunits. However, addition of
excess prefolded a subunit to unfolded 3 subunit resuited in




Luciferase Subunit Folding and Kinetic Control of Assembly

n
('

S

4 - a0

[ ]
L )
o

% %,
"%
:
-

L a2 I L A

0 5§ 10 15 20 25 30
Time (min)

Luciferase Activity in Percent
S &
AR |
LY
x ° 8
*o
-]
LS
"¢
"3 ,
o°°
-3
L)
-3

(=

N
[
p
.

n
(<]
M 2
%
[ 4
(-]
'

o»
| |
>
)
G

Oa.
o

Luciferase Activity in Percent
- b
(=] (2]
T Ty
[ ]

8.
o
LS LY
> o
° >
%o »
%o
%
1 Il

10 15 20 25 30
Time (min)

Fi1c. 4. Time course of recovery of luciferase activity fol-
lowing dilution from 5 M urea in the presence of excess o
subunit (panel A) or 8 subunit (panel B). Luciferase (200 ug/
ml) in 5 M urea was mized with an equal volume of a subunit in 5 M
urea or of 8 subunit in 5 M urea (or of 5 M urea buffer alone if no
subunit was to be added), and at time 0, refolding was initiated by a
1:50 dilution of the mixture from 5 M urea into renaturation buffer
(see “Experimental Procedures”). The final luciferase concentration
in the refolding mixture was thus 2 ug/mi (1 zg/ml « and 1 ug/ml 8)
alone (W), or 2 ug/ml plus additional subunits as follows. A, a subunit
at 5 ug/ml (O), 10 ug/ml (A), 20 ug/ml (), or 36.6 ug/ml (@); B, 8
subunit at 5 ug/ml (O), 10 ug/ml (A), 20 ug/ml (O), or 38.2 ug/ml
(@). Percent recovery is expressed relative to the activity of a native
sample diluted to 2 ug/ml into the same renaturation buffer, 0.1 M in
urea, and incubated for the same period of time.

TABLE 1
Relative yield of active luciferase after renaturation in the presence of
excess a or 3 subunit
Luciferase sample Relstive yield®
2 ug/mi luciferase alone 1.0
+ 5 ug/ml a subunit 14
+ 10 ug/ml a subunit 1.3
+ 20 ug/ml a subunit 1.6
+ 36.6 ug/ml a subunit 15
+ 5 ug/ml 8 subunit 18
+ 10 ug/ml B subunit 1.7
+ 20 ug/ml B subunit 19
+ 38.2 ug/ml B subunit 1.9

* Yields are given relative to that of 2 ug/ml luciferase alone diluted
1:50 from 5 M urea into renaturation buffer after 21 h at 18 °C, from
the experiment described in the legend to Fig. 4. The recovery from
the 2 ug/ml sample with no added subunits was itself about 45% of a
control that had not been denatured.

a reduction in the duration of the lag, suggesting that the a
subunit refolds more slowly than does the 8 subunit.

The final prediction that we explored in these studies was
the issue of the folding of the individual subunits into struc-
tures that do not interact with each other. The model shown
in Fig. 1 is based on two observations. First, if the twc . .ounits
are synthesized independently in E. coli, one or the other or
both fold into structures that do not assemble into active
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Fic. 5. Time course of recovery of luciferase activity in the
presence of excess a or § subunit that had been allowed to
refold for 4 min prior to the addition of luciferase from 5 M
urea. The individual a or 8 subunit (2 mg/ml in 5 M uresa) was
diluted 1:100 into renaturation buffer. After “prefolding™ of each
subunit alone for 4 min at 18 °C, luciferase in 5 M urea was added
(time 0) to each prefolding subunit solution such that the final
luciferase concentration was 5 ug/ml in the presence of 20 ug/ml
excess prefolded « (M) or 8 (A) subunit, and the final urea concentra-
tion was 0.1 M. In the control (@), luciferase was permitted to refold
at 5 ug/ml after dilution from 5 M urea in the absence of prefolded
subunits. Percent recovery is expressed relative to the activity of a
native sample diluted to 5 ug/ml into the same renaturation buffer,
0.1 M in urea, and incubated for the same period of time. Final yields
in this experiment (relative to the activity of the native sample at 5
ug/ml) were 73% for renatured luciferase alone and 77% for luciferase
plus either subunit in excess.
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luciferase upon mixing (Waddle et al., 1987). Second, the yield
of active heterodimeric enzyme that forms during refolding
from urea is compromised at low concentrations, indicating a
competing folding process involving the independent subunits
(Ziegler et al., 1993). Neither of these results demonstrated
over what time course the conversion of the subunits to the
assembly-incompetent form was occurring, or which of the
two subunits is responsible.

To address the question of the time course of the competing
off-pathway folding of the individual subunits, we permitted
the subunits to refold separately for various periods of time
up to 21 h and then mixed them and followed the time course
and final yield of active heterodimer recovery. The early time
courses of two such experiments, involving prior refolding of
both subunits for 30 and 60 min, were shown in Fig. 3, and
the effect on the lag in activity recovery is discussed above.
The final yields of active enzyme recovered in those two
experiments, as well as following prefolding for longer periods
of time, are shown in Table II. Permitting both of the subunits
to refold separately for up to about 3 h prior to mixing had
relatively little effect on the final recovery of active enzyme,
but the yield obtained in the experiment with 21 h of prefold-
ing was much lower, suggesting that the off-pathway conver-
sion of the species competent to form heterodimer to the
assembly-incompetent form must be slow, with a first-order
rate constant in the range of 0.06-0.12 h~' at 18 °C.

To address the question of which of the two subunits was
being converted to a stable, heterodimer assembly-incompe-
tent form, we allowed each to refold for 24 h prior to mixing.
Upon mixing of the separately refolded subunits, very low
activity that formed at a very slow rate was observed (Fig. 6
and Table III). Likewise, dilution of unfolded « subunit into
a solution containing fo'ded 8 subunit resulted in a very low
yield of active enzyme, indicating that most of the 3 subunit
had refolded over the 24-h period into an assembly-incompe-
tent form. Dilution of unfolded §# subunit into a solution of
folded « subunit, however, resulted in rapid recovery of activ-
ity with a shorter initial lag than was observed when unfolded
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TabLe II
Refolding both subunits separately prior to mixing
Effect on the final yield of active enzyme. The experiment was
performed as described in the legend to Fig. 3, with the subunits being
permitted to refold separately at 20 ug/ml for various periods of time
prior to mixing. The final protein concentration following mixing was
20 ug/ml, 10 ug/ml of each subunit.

Duration of refolding

prior to mixi % yield*
0 min 50
30 min 50
60 min 45
90 min 40
167 min 40
21 h 6

* Final activities were determined 24 h after mixing of the subunits.
Yields are given relative to a control consisting of 20 ug/ml luciferase
alone that had never been denatured. For reference, luciferase diluted
1:50 from 5 M urea into renaturation buffer at 20 ug/ml recovered
about 80% of the control activity after 21 h at 18 °C (Ziegler et al,
1993).
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F16. 6. Time course of recovery of luciferase activity fol-
lowing refolding of one subunit for 24 h prior to dilution of
the other subunit from 5 M urea. The a and 8 subunits (each 1.0
mg/ml in 5 M urea) were permitted to refold separately upon 1:50
dilution into renaturation buffer (see “Experimental Procedures”),
the urea concentration being 0.1 M, for 24 h prior to addition of the
other subunit from 5 M urea. After 24 h of prefolding, 0.5 mi of the
refolded subunit was diluted with an equal volume of renaturation
buffer (so that the final concentration of refolded subunit was 10 ug/
ml), and at time 0, the other subunit (in 5 M urea) was diluted 1:100
into the solution of the refolded subunit, so that the final urea
concentration was again 0.1 M and the final protein concentrations
were 10 ug/mli refolded « and 10 ug/ml unfolded 8 (A), or 10 ug/ml
unfolded a and 10 ug/ml refolded 8 (CJ). For reference, subunits that
had each been permitted to refold separately for 21 h were mixed in
equal volumes (final concentrations, 10 xg/ml of each subunit) at
time O (#) (as described in Fig. 3 for shorter times of refolding). In
the control (@), the subunits in 5 M urea were mixed prior to dilution
and diluted together 1:50 into renaturation buffer (final concentra-
tions, 10 ug/mi of each subunit) to initiate refolding at time 0. Percent
recovery is expressed relative to the activity of & native sample diluted
to 20 ug/ml into the same renaturation buffer, 0.1 M in urea, and
incubated for the same period of time.

a subunit is mixed with unfolded 8 subunit, indicating that a
substantial fraction of the 24 h-folded conformation of the «
subunit is able to interact with 8 subunit as 8 refolds from
urea. The shorter lag is consistent with the observation that
the 8 subunit folded faster than did the a subunit, such that
the folding of o determined the length of the lag when both
subunits were diluted from urea at the same time (see Fig. 5).
However, the sample in which the a subunit was permitted to
fold for 24 h prior to the addition of unfolded 8 eventually
recovered only half of the activity of the sample in which the
two subunits refolded together from the outset (Table III),
suggesting that some fraction of a may also be assuming a
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Tasee III
Refolding the a and/or 8 subunit separately for 24 h prior to mixing
with the other subunit
Effect on final yield of active enzyme
Sample % yield®
Quyen + ﬂ\nl 50*
Cratoided + Burea 26¢
Cures + Oretorded 5
rotoided + Oretoided 6

“ Final protein concentrations were all 20 xg/ml, 10 ug/ml of each
subunit. Yields are given relative to a control consisting of 20 ug/ml
luciferase alone that had never been denatured. For reference, lucif-
erase diluted 1:50 from 5 M urea into renaturation buffer at 20 xg/ml
recovered about 80% of the control activity after 21 h at 18 *C (Ziegler
et al., 1993).

* The subunits in 5 M urea were mixed prior to 1:50 dilution of the
mixture into renaturation buffer.

© Either the a or the 8 subunit was permitted to refold for 24 h
prior to the addition of the second subunit by dilution from 5 M urea,
as described in the legend to Fig. 6.

“ Both subunits were permitted to refold separately for 21 h prior
to mixing, as in the experiment described in the legend to Fig. 3.

heterodimer assembly-incompetent conformation when per-
mitted to refold for 24 h in the absence of the 8 subunit.

DISCUSSION

The experiments reported here were undertaken in order
to develop an understanding of the overall kinetic pathway
for the folding and assembly of the luciferase subunits. Be-
cause of the nature of the experiments, we deemed it unrea-
sonable to attempt to extract specific rate constants for indi-
vidual steps or combinations of steps. Rather, we elected to
utilize the approach described in this and the preceding pub-
lication (Ziegler et al, 1993) to investigate the overall folding
reaction. Knowledge of the overall folding mechanism shouid
allow us to design spectroscopic methods by which we may
monitor the rates of conversion of one identifiable interme-
diate into the next. Our results allow qualitative estimates to
be made of the rates of interconversion of folding intermedi-
ates.

We have demonstrated the existence of a series of inter-
mediates involved in the folding and assembly of the luciferase
subunits. These include the unfolded subunits (a, and 8,) and
the heterodimer assembly-competent subunit species (a; and
8:), which can either fold on to form the heterodimer assem-
bly-incompetent species (a, and 8,) or associate to form
heterodimeric species, the inactive heterodimer ([af];), and
the active heterodimer (). Knowledge of these intermediates
and their apparent interconversions allowed us to formulate
a minimal model for the kinetic mechanism for the folding of
the luciferase subunits and the assembly of the active heter-
odimer (Fig. 1) that is consistent with the results of studies
carried out at equilibrium (Clark et al., 1993).

The results reported here demonstrate the existence of one
or more comparatively slow steps between the unfolded sub-
units and the assembly-competent form of the subunits. Only
a few proteins have been investigated by circular dichroism
spectroscopy on the stopped-flow time scale, but for such
proteins a clear generalization can be made. The majority of
the secondary structure of a protein forms within much less
than 1 s following dilution from a denaturant solution (Ku-
wajima et al, 1991; Chaffotte et al, 1992). The same is true
for the luciferase subunits,? but we obser.ed a prolonged lag
of 3-4 min between the time of dilution of the subunits from

#T. 0. Baldwin, M. M. Ziegler, A. F. Chaffotte, and M. E. Goldberg,
unpublished results.
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urea and the onset of accumulation of active enzyme (Ziegler
et al., 1993). Thus, there must already be considerable struc-
ture present in the assembly-competent species (a; and 3.
Although supplementation of luciferase during refolding with
a large excess of either individual subunit indicated that the
rate of recovery of the active heterodimer was a function of
the concentration of the subunit in excess (Fig. 4), the lag
appeared to be nearly independent of the concentration of the
subunit in excess. This observation, and the observation that
the lag was independent of the concentration of the refolding
subunits maintained at a stoichiometry of 1:1 (Ziegler et al.,
1993), suggested that the lag was due to a slow (first-order)
step or steps in the folding of both subunits, since the lag
persisted regardless of which subunit was in excess. The
suggestion that the lag was due to slow steps preceding dimer
assembly was confirmed by allowing the two subunits to refold
for various periods of time prior to mixing (Fig. 3). By this
method, we eliminated the lag, demonstrating that the lag
was due to the delay in the formation of the assembly-
competent forms of one or both subunits.

In all of our experiments, we found only a single way to
alter the duration of the lag in the formation of active lucif-
erase without completely eliminating it. By allowing the «
subunit to refold from urea for 4 min prior to mixing with
unfolded 8 subunit, we observed a somewhat shorter lag (Fig.
5). The converse experiment, in which we allowed the g
subunit to refold briefly prior to mixing with unfolded «
subunit, resulted in a lag of nearly the same duration as if
both subunits were diluted together from urea sirultaneously.
This experiment demonstrated that the lag is determined
primarily by the rate of folding of the a subunit, but that
although the 3 subunit appeared to fold faster than the a
subunit, there was not a major difference in the rates.

The final conclusion that we may draw from these experi-
ments relates to the failure of folded subunits to assemble
into the active enzyme, as originally reported by Waddle et
al. (1987) for subunits folded in vivo. We found that if the
individual subunits were permitted to refold from urea for 21
h prior to mixing, little active enzyme was formed (Table II).
To determine if both folded subunits were heterodimer assem-
bly-incompetent, we mixed one folded subunit with the other
unfolded subunit and monitored both the rate of formation
and the yield of active enzyme. Mixing of refolded « subunit
with unfolded 3 subunit resulted in some reduction in yieid
of af relative to the yield observed when unfolded a was
mixed with unfolded 8. This observation suggests that the a;
species may be very slowly converted to a,, with a half-time
for the conversion of the order of 24 h at 18 °C in 0.1 M urea
and 50 mM phosphates, pH 7.0. The 8 subunit appeared to
convert to the 3, species slowly as well but significantly faster
than the a subunit, with a half-time between 6 and 12 h.
When both subunits were allowed to refold for periods of 60-
90 min prior to mixing, the rates of formation and yield of
active enzyme were not seriously compromised. However,
when the 8 subunit was allowed to refold for 24 h prior to
mixing with either unfolded or refolded a, very little af was
formed, indicating that about 90% of the 8 subunit had been
converted to the 8, species. These observations suggest that
the half-time for the 8, — 3, conversion is less than 12 h but
greater than 3 h.

Gunsalus-Miguel et al. (1972) have reported a similar ex-
periment (permitting the individual subunits to refold for 48
h, whereas our maximum refolding time prior to mixing was
24 h), with qualitatively similar but quantitatively different
results. These authors allowed the individual subunits to
refold at 4 °C and found no loss in the ability of the refolded
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« subunit of V. harveyi (then called “MAV") luciferase to
interact with 8 and only about a 32% decrease in the ability
of the refolded 8 subunit to interact with a. Presumably, the
apparent difference in the rates of the a; — a, and 3. — 3
conversions between our present results and those of Gunsa-
lus-Miguel et al. (1972) is due to the temperature difference;
the reactions appear to be quite slow at 18 °C (present results)
and to occur even more slowly at 4 °C (Gunsalus-Miguel et
al., 1972).

The structures of the heterodimer assembly-incompetent
forms of the luciferase subunits, a, and 3, are of great interest
but beyond the scope of the experiments reported here. We
have investigated the circular dichroism spectra of the sepa-
rately folded subunits and find that both have well defined
spectra in both the far ultraviolet and the near ultraviolet,
indicating that they have folded into well defined structures
with the aromatic side chains packed into chiral environments
(data not shown). A detailed investigation and interpretation
of these observations will require much additional experimen-
tation.

Our results suggest that the folding of the luciferase is
similar in certain respects to the folding of proteases such as
subtilisin (Zhu et al, 1989; Ohta et al., 1991) and the a-lytic
protease (Silen and Agard, 1989; Baker et al., 1992), as well
as the serpin plasminogen activator inhibitor (Carrell et al.,
1991; Mottonen et al., 1892). The correct folding of the pro-
teases requires interaction with the propolypeptide, either in
cis or in trans (Zhu et al, 1989; Silen and Agard, 1989; Silen
et al., 1989). These proteases appear to fold to a stable but
inactive conformation, requiring interaction with the propol-
ypeptide to be converted to the active conformation. For the
a-lytic protease, the activation barrier between the two con-
formations has been estimated to be 27 kcal/mol (Baker et
al,, 1992). A similar process has been reported for plasminogen
activator inhibitor-1, which fol.s .. 2 an active conformation,
but then slowly is converted in., an inactive hyperstable
species, apparently through the insertion of a stretch of poly-
peptide into a 8 sheet to yield a structure of enhanced stability
(Carrell et al., 1991; Mottonen et al., 1992). The § subunit of
bacterial luciferase appears to be similar to the serpin in that
it folds into an assembly-competent species that slowly con-
verts into an assembly-incompetent form. The 3 subunit is
similar to the proteases as well, in that it appears to be the
interaction with the a subunit that converts it into the bio-
logically active form.

We have separated the « and 8 subunits of bacterial lucif-
erase by column chromatography in 5 M urea so that we could
study the effects of varying the concentrations of each in
refolding experiments in which we measured the recovery of
bioluminescence activity. The results of our experiments dem-
onstrate the following. 1) The lag in recovery of activity,
described in the experiments of Ziegler et al. (1993) is due to
first-order steps in the refolding of both subunits prior to
formation of the dimerization competent species. 2) The rate
of refolding of 8 is faster than the rate of refolding of a. 3)
The rates of formation of the heterodimerization-incompetent
species, a, and £, are indeed quite slow, with half-times of
hours. 4) The heterodimerization-incompetent species that
form in vivo (observed by Waddle et al.(1987)) also form upon
refolding in vitro.
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Bacterial luciferase is a heterodimeric enzyme that
catalyzes the reaction of reduced FMN, O, and an
aliphatic aldehyde to yield the carboxylic acid and an
excited flavin that emits blue-green light upon return
to ground state. The two subunits of the luciferase from
Vibrio harveyi, a and 8, have molecular weights of
40,108 and 36,349, respectively; the single active cen-
ter resides primarily, if not exclusively, on the a sub-
unit.

We have found that bacterial luciferase can be un-
folded in urea-containing 50 mm phosphate buffer, pH
7.0, and refolded by dilution of the urea with final
luciferase concentrations of 5-25 ug/ml. We have ana-
lyzed the urea-induced equilibrium unfolding of bac-
terial luciferase by monitoring changes in both the far
ultraviolet circular dichroism (predominantly second-
ary structure) and intrinsic fluorescence emission (pre-
dominantly tertiary structure) resulting from incuba-
tion in various concentrations of urea at 18 °C for 18-
24 h. Both spectral methods indicated a biphasic un-
folding transition; the first phase was protein concen-
tration-independent, whereas the second phase was
protein concentration-dependent. Equilibrium unfold-
ing curves showed an increase in fluorescence up to 2
M urea followed by a decrease in intensity and red shift
of the emission maximum. The ratio of the fluorescence
emission in the presence of 2 M urea relative to that in
the absence of urea was greater when fluorescence was
excited at 205 nm than at 280 nm. The fluorescence
increase in the 0-2 M urea range corresponded to the
first phase of the biphasic unfolding process. The urea-
induced loss of luciferase enzymatic activity appeared
to correspond to the first transition observed with the
spectroscopic methods, and likewise to be protein con-
centration-independent. These cbsorvations suggested
a three-state unfolding mechanism in which the native
heterodimeric enzyme rearranges to an inactive het-
erodimeric species that is well populated, followed by
dissociation and unfolding of the « and 8 subunits. The
data were fit to a three-state mechanism using a non-
linear least squares method. At 18 °C in 50 mM phos-
phate, pH 7.0, the free energy change for the intercon-
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version of the active heterodimer and the inactive bet-
erodimeric species was estimated to be 4.52 £ 0.30
kcal/mol; the free energy change for the interconver-
sion of the inactive heterodimer and the individual
subunits was 19.7 £ 0.2 kcal/mol. These measurements
demonstrate that the equilibrium unfolding of bacte-
rial luciferase proceeds through a well populated in-
active heterodimeric species that appears to be par-
tially unfolded and are consistent with the observation
(Ziegler, M. M., Goldberg, M. E., Chaffotte, A. F., and
Baldwin, T. O. (1993) J. Biol. Chem. 268, 10760
10768) of an inactive heterodimeric intermediate that
forms from the individual subunits and precedes the
active heterodimeric enzyme on the refolding pathway.

Extensive investigations of many small globular proteins
have yielded detailed information concerning the thermody-
namics and kinetics of folding (see Creighton (1990), Dill
(1990), Kim and Baldwin (1990), and Jaenicke (1991), for
recent reviews). Most proteins are only marginally stable, and
in many cases, folding can be approximated by a two-state
model in which only the native or the unfolded protein can
be found in significant quantities (Pace et al, 1991; Shortle
et al., 1990; Serrano et al, 1990; Chen and Schellman, 1989;
Pakula and Sauer, 1989; Bowie and Sauer, 1989). However,
intermediates on the folding pathway have been detected for
both small and large polypeptides (Fuchs et al., 1991; Hughson
et al, 1991; Zetina and Goldberg, 1980; Hurle et al, 1987;
Touchette et al, 1986; Tandon and Horowitz, 1986; Borden
and Richards, 1990). If the long term goal of protein folding
studies is the prediction of the tertiary structure of a protein
from the primary sequence, then detailed information con-
cerning the existence and structures of even transient inter-
mediates is crucial and generally lacking. Models based mainly
on studies of small globular proteins may not fully explain
the folding and assembly of larger multidomain or multisub-
unit proteins.

For these and related reasons, we have begun to study the
folding of bacterial luciferase, a heterodimer consisting of two
dissimilar subunits, « and 8, with molecular weights of 40,108
and 36,349, respectively, for the subunits of the enzyme from
Vibrio harveyi (Cohn et al, 1985; Johnston et al, 1986).
Bacterial luciferase is a flavin monooxygenase that yields a
quantum of light as a product of the enzymatic reaction (for
reviews of the system, see Ziegler and Baldwin (1981) and
Baldwin and Ziegler (1992)). The overall reaction is FMNH,
+ RCHO + 0; — FMN + RCOOH + H;0 + light, where
FMNH; is reduced flavin mononucleotide, RCHO is long
chain aldehyde, typically n-decyl aldehyde, and RCOOH is
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the corresponding long chain fatty acid. Measuring the inten-
sity of emitted light allows rapid and sensitive analysis of
enzymatic activity over a wide range of protein concentra-
tions. This assay has been used extensively to monitor pro-
duction of active luciferase in vivo and in vitro (Baldwin and
Ziegler, 1992). The luciferase assay is uniquely sensitive and
well suited to such investigations.

The genes encoding the « and 3 subunits of bacterial
luciferase from V. harveyi have been cloned and expressed in
E. coli (Cohn et al., 1983; Baldwin et al, 1984; Belas et al,
1982), and the amino acid sequences of the subunits are known
(Cohn et al, 1985; Johnston et al, 1986). Since bacterial
luciferase is a heterodimer and the genes encoding the a and
B subunits (luxA and luxB, respectively) may be expressed
together or individually, the products of folding of the indi-
vidual subunits may be studied in the absence of formation
of the heterodimer (Waddle et al., 1987; Waddle and Baldwin,
1991; Sinclair et al., 1993). The individual subunits and the
heterodimer have been overexpressed and purified in large
quantities (Baldwin et al, 1989; Sinclair et al., 1993), and the
system i3 amenable to mutagenesis (Baldwin et al, 1989;
Sugihara and Baldwin, 1988; Chen and Baldwin, 1989; Chlum-
sky et al,, 1991). There is no posttranslational modification
of the luciferase subunits, and the enzyme is not prone to
aggregation (Baldwin and Ziegler, 1992). Because of these
features, bacterial luciferase appears to be an ideal protein
with which to study the basic properties of the folding and
assembly of multisubunit enzymes.

By measuring the kinetics of the overall refolding reaction
by which subunits diluted from 5 M urea refold and assemble
into the active heterodimeric enzyme, we have shown that on
a time scale of a few minutes, the individual subunits assume
conformations that are competent for heterodimer formation
(Ziegler et al., 1993; Baldwin et al, 1993). At low concentra-
tions of subunits, heterodimer assembly appears to be rate-
determining, whereas at higher protein concentrations, the
rate-determining step is independent of protein concentration
and appears to comprise a rearrangement of an inactive
heterodimeric species into the active af structure. The results
of these studies confirmed our earlier proposal, based on
luciferase subunit folding in vivo (Waddle et al., 1987), that

the luciferase subunits interact as partially folded intermedi-

ates to form the heterodimer; subunits that do not interact
(or cannot interact due to their synthesis in different cells)
fold into stable structures that cannot interact upon mixing,
even with prolonged incubation.

In this paper, we describe the urea-induced unfolding of
bacterial luciferase monitored at equilibrium using enzyme
activity and spectroscopic probes that are sensitive to protein
secondary and tertiary structure. Bacterial luciferase contains
8 tryptophanyl residues, 8 in the a subunit and 2 in the 8
subunit (Cohn et al, 1985; Johnston et al, 1986). We have
monitored fluorescence emission with excitation either at 295
nm, which excites primarily tryptophanyl residues, or at 280
nm, which allows excitation of both tyrosinyl and trypto-
phanyl residues. We have also monitored circular dichroism
at 222 nm and enzymatic activity over a range of protein
concentration. The data presented demonstrate that the un-
folding of bacterial luciferase occurs by a multistep process
that includes as a minimum an inactive heterodimeric species
as g folding intermediate that is well populated at equilibrium
between 1.6 and 2.8 M urea.

EXPERIMENTAL PROCEDURES

Materials—Ultra-Pure urea was purchased from Schwarz/Mann.
Dithiothreitol and Tween 20' were obtained from Boehringer Mann-

! The abbreviation used is: Tween 20, poly(oxyethylene),-sorbitan
monolaurate.
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heim, and NaH,PO, and K,HPO, were from J. T. Baker. All other
chemicaia were reagent-grade. Bacterial luciferase was isolated from
E. coli LE392 carrying the plsamid pLLAV1 as described previously
(Baldwin et al, 1988) and was judged greater than 95% pure by SDS-
polyacrylamide gel electrophoresis analysis (Laemmli, 1970).

Stock Solutions—Urea stock solutions (10 M), prepared as de-
scribed previously (Pace et al, 1989) in a bufter of 50 mm NaH,PO./
K:HPO,, pH 7.0 (+0.02), 1 mM dithiothreitol, and 0.005% Tween 20,
were prepared daily for each experiment and filtered (0.22-um pore)
prior to use. The urea concentration of each stock solution was
calculated by weight and by refractive index (Pace et al, 1989), and
solutions were used only if these two values differed by less than 1%.
This buffer solution without urea is referred to below as “phosphate
buffer.”

Equilibrium Unfolding Curves—All equilibrium unfolding experi-
ments in urea were performed as described by Pace et al (1989).
Briefly, stock protein solutions were prepared in phosphate buffer to
be 10 times the desired final protein concentration. Phosphate buffer,
urea from the 10 M stock solution, and 200 ul of stock protein solution
to give a final volume of 2 ml were added to 2 ml siliconized Eppendorf
tubes (National Scientific Supply). This yielded final urea concentra-
tions of 0-6 M and the finai protein concentrations indicated in the
figure legends. Each sample was mixed by vortexing and incubated
in a water bath at 18 *C for a minimum of 18 h.

For renaturation experiments, protein was denatured in 2 ml
siliconized Eppendorf tubes that contained phosphate buffer and 10
M stock urea such that when the protein was added, the final urea
concentration was 6 M and the protein concentration was 10 times
the desired final concentration used in the experiment. After incu-
bation for 1 h at 18 °C, 200 ul of denatured protein was added to
tubes containing phosphate buffer and urea such that the final volume
was 2 ml, and the final urea and protein concentrations were as
indicated. Each sample was mixed by vortexing and was incubated
for a minimum of 18 h at 18 °C.

Fluorescence emission at each denaturant concentration was meas-
ured using an SLM-Aminco 8000C spectrofluorometer; the signal was
averaged for 50 s. All measurements were corrected for background
signal. Circular dichroism was measured using a Jasco J600A spec-
tropolarimeter using either a 5- or 10-mm cell. The CD signal was
averaged for 60 s using a program created in the Microsoft Quickbasic
environment by J. F. Sinclair. Both instruments were equipped with
thermostatted cell holders, and temperature was held constant at
18 *°C (20.1 °C) using a circulating water bath.

Activity Measurements—Bioluminescence activity was measured
using the FMNH, injection assay (Baldwin and Ziegler, 1992; Has-
tings et al,, 1978) and a Turner Designs TD-20e luminometer. Assay
vials were maintained at 18 *C using a circulating water bath. Samples
for activity measurements in urea-containing buffers were incubated
in urea for a minimum of 18 h at 18 °C; a 1-ml aliquot was used for
each assay, and a minimum of three assays were performed at each
urea concentration.

Data Analysis—Experimental data, collected as described above,
could not be reconciled with a simple two-state mechanism. We
therefore developed a three-state treatment with which all of the data
were satisfactorily analyzed. In developing this mechanism, several
assumptions were made. First, we assumed a single heterodimeric
intermediate in equilibrium with the native enzyme and the unfoided
subunits. That is, we assumed the three-state mechanism

{aBln = [afl] 7 a + B (Eq. 1)

in which the protein is assumed to be in either the native heterodi-
meric state (N), a non-native dimeric state (I), or in the unfolded
monomeric state (a + ). If we set the molar concentration of the
native heterodimer {af]x = [N]r when all the protein is native, we
may define the mole fraction of each species as

(N]
In [Nl (Eq. 2)
(1}
h Nl (Eq. 3
o _ 181 _, _
fs Nl "INl fa=1s (Eq. 4)

where fx = mole fraction in the native state. f; = mole fraction in the
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intermediate heterodimeric state., and /3 = mole fraction in the
subunit state. Note that
hn+hi+fs=1 (Eq. 5)

The equilibrium constants, K, and K;, are then related to the mole
fraction of each species present and the total concentration of protein
[N)r by Equations 6 and 7.

K| hd ﬁ (Eq 6)
fx
and
Kg = % (Eq. 7

where /y, f;, and fs represent the fraction of the protein that is in each
form at equilibrium. Note that when [a} = [N]y = [8], fs = 1.
By :edmging and combining Equations 5 and 6, the following is

- Ki(l ~ fs)
1+ K,) (Eq.8)

Using Equations 3-8, it is possible to solve for the mole fraction of
each species present at equilibrium in terms of the total protein
concentration, Nr, and the two equilibrium constants, K, and K,.
Substituting Equation 8 into Equation 7 and solving for fs yields
Equation 9.

fo = =K Ky + V(K K3)* + 4Nl + KHK K)) (Eq. 9)
s 2(N]«(1 + Ky) -
Substituting Equation 9 into Equation 8 yields the following equation.

NI} + K} + KKy ~ VIK K + N1 + R)(K Ky |
2[Njn1 + K))? J

(Eq. 10)
Finally, substituting Equation 10 into Equation 6 yields Equation 11.

fo= 2INIr(1 + Ki) + KiKs ~ V(K,Ky)* + 4[N]o(1 + K\)}(K.K?)
2[NIH1 + K,)?

h

fx'K-{

(Eq. 11)
From Equations 6, 7, and 9-11 and the relationship
AG = =RT In(Ky) (Eq. 12)

where R is the gas constant and T is the temperature in K, one may
calculate the equilibrium constant and the value of AG at each urea
concentration. We assumed the free energy change for each step in
the reaction to be linearly dependent on denaturant concentration as
described previously (Thomson et al, 1989) (Equations 13 and 14).

AG, = AGH® — m,[denaturant] (Eq. 13)
and
AG, = AGI® — myjdenaturant] (Eq. 14)

where AG!"° and AG|" are the free energy changes in the absence of
denaturant corresponding to steps K, and K,, respectively, snd m,
and m, are the indices sseociated with each step. The
amplitude of the spectroscopic signal determined at each urea con-
centration was assumed to be a linear combination of the fractional
contribution from each species (Equation 15). .

Y= Ynfu + Y|f| + Yafs (Eq. 15)

where Yy, Y), and Ys are the amplitudes of the signals for the
respective species. Note that no distinction was made for the signal
from the a and the 3 subunit. The amplitudes associated with the
native and unfolded forms of the protein were assumed to be linearly
dependent on urea concentration such that

Yn= Yn + m,[um] (Eq 16)
and
Ys = Yy + mJurea) (Eq. 17)

where Yy and Yy are the amplitudes of the signals in the absence of
urea for the native and unfolded species, respectively, and m; and m,

are the slopes that describe the dependence of the amplitudes for
native and unfolded protein, respectively, on urea concentration.

Nonlinear least squares fitting of the data to these equations
employed a Macintosh version of Nonlin (Robelko Software, Carbon-
dale, IL; see Johnson and Frasier (1985)) to determine the eight

parameters, AG'©, AGH®, m,, my, my, m,, Y,, and Y, from
each unfolding curve. The vaiue of Yy, determined in the absence of
urea, was not allowed to vary during the fitting process. Nonlinear,
least squares fits of measurements of enzyme activity in the presence
of urea were done using a simple two-state transition mode! (Santoro
and Bolen, 1988) with the program Kaleidagraph (Synergy Software.
Reading, PA).

Error Analysis—Equation 15 (and associated definitions) and the
average values of m,, ms, AG'®, and AGY© from Table | were used
to calculate a “perfect” data set. To determine if these parameters,
extracted by fitting experimental data to Equation 15, represented a
global minimum in the fitting procedure, random error was introduced
into the calculated data, and the initial estimates of the four param-
eters were varied in separate experiments. The data could withstand
approximately 15% error without divergence from the original values
of my, my, AGH'®, and AGH* during the fitting procedure. Likewise.
the initial estimates of m,, m,, AG?'*®, and AGH*® were varied individ-
ually and in groups of two or more. These parameters could be varied
by about £7% and the fitting routine still converged on the values of
the parameters used to calculate the perfect data. These two tests
demonstrated that the average values of m,, m;, AG!'*®, and AGH* in
Table I represent global minima in the nonlinear least squares fit of
the experimental data to Equation 15. To estimate the error in these
parameters, error was introduced into the calculated data and the
initial estimates of the four parameters simuitaneously. Random error
of 3, 5, and 7% was introduced into the calculated data set; the
residuals of the data in Figs. 2 and 3 fit to Equation 15 showed about
4% variance (not shown). The initial estimates of m,, m,, AG¥®, and
AG}"® were again varied up to +10%. Evaluation of the variance in
the values of m,, m,, AG¥, and AGH*° that were determined from
the various initial estimates of these parameters and the error-
containing calculated data set suggested that the error in these
parameters presented in Table [ is less than 6%.

RESULTS

Denaturation of Luciferase—The spectral changes associ-
ated with the denaturation of luciferase were studied by
fluorescence and circular dichroism. As shown in Fig. 1, native
luciferase had a fluorescence maximum at about 330 nm that
was decreased and red-shifted to approximately 345 nm upon
treatment with 6 M urea. At intermediate urea concentrations,
the fluorescence emission spectra were not intermediate be-
tween the native spectrum and that in 6 M urea. As shown in
Fig. 1B, the emission intensity increased in 2 M urea when
excitation was at 295 nm, whereas emission increased only
slightly when excitation was at 280 nm (Fig. 14). In the range
of 0-2 M urea, the fluorescence intensity increase was not
accompanied by a large red shift. Above ~2 M urea, the
fluorescence intensity decreased and the spectral maximum
shifted to longer wavelengths. The maximum difference in
fluorescence between the native and denatured protein oc-
curred at about 324 nm, so in subsequent experiments in
which fluorescence emission was to be monitored, the emis-
sion wavelength was 324 nm.

The circular dichroism spectrum of native luciferase in the
far UV is suggestive of a high a-helical content (Cohn et al.,
1985; Johnston et al., 1986; Ziegler et al., 1993), and the near-
UV spectrum is indicative of defined packing of the aromatic
side chains (Ziegler et al., 1993). Upon denaturation, both far-
UV and near-UV signals show a large change due to loss of
both secondary structure and tertiary structure (Ziegler et al.,
1993). The fluorescence and CD spectral data indicate that
luciferase was largely unfolded in the presence of 6 M urea,
50 mM phosphate, pH 7.0. Protein unfolded in 6 M urea was
shown to be at equilibrium by monitoring fluorescence emis-
sion (excitation, 280 nm) at 324 nm and CD at 222 nm for 2
h (not shown). Circular dichroism and fluorescence measure-
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F16. 2. Noncoincidence of equilibrium unfolding data. Urea:
induced unfolding of luciferase (25 ug/ml) was measured by CD at
222 nm (A) and by fluoresecence emission at 324 nm with excitation
at either 280 nm (0J) or 2956 nm (O). Closed symbols represent
renatured protein to show reversibility. Error bars show the standard
Jeviation from four unfolding curves. For clarity, error bars are not
shown for the other data sets. Solid lines represent curve fits as
described under “Experimental Procedures.”

ments were made about 30 s after introduction of the protein
into the denaturant; it appeared that the unfolding process
was complete within the time required to manually mix the
sample and introduce it into the spectropolarimeter.
Equilibrium Unfolding of Luciferase—The unfolding of lu-
ciferase at equilibrium was investigated by monitoring circular
dichroism at 222 nm and intrinsic fluorescence emission at
324 nm. Fig. 2 shows typical unfolding curves for luciferase.
With excitation either at 280 or 295 nm, there was an increase
in fluorescence between 0 and 2 M urea (see also Fig. 1).
Excitation at 295 nm gave a higher relative signal change
than did excitation at 280 nm (approximately 50%, as com-
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pared with approximately 20% with excitation at 280 nm at
this protein concentration). Fig. 2 also shows the correspond-
ing equilibrium unfolding curve monitored by changes in CD
at 222 nm. The reduction in secondary structure: appeared to
be biphasic. The first phase of unfolding, between 0 and 2 M
urea, corresponded to the fluorescence increase shown in Fig.
2. The fluorescence emission spectrum of the luciferase in 2
M urea suggested that the tryptophanyl residues remained
buried (see Fig. 1). These results are consistent with the
existence of stable intermediates in equilibrium with the
native and unfolded forms. The error bars in Fig. 2 show the
standard deviation obtained from four denaturation curves at
25 ug/ml luciferase performed on separate days, demonstrat-
ing that the data were highly reproducible.

Effect of Tween 20 on the Unfolding Transition—In order
to obtain maximum refolding of luciferase under all conditions
tested, a small amount (0.005%) of Tween 20 was included in
the buffer and urea solutions (see “Experimental Proce-
dures”). In reconstitution experiments (not shown) in which
protein denatured in 6 M urea was diluted 1:50 into phosphate
buffer and allowed to refold, greater than 85% activity recov-
ery was obtained in the protein concentration range of 5-25
ug/ml when Tween 20 was included in the phosphate buffer.
In analogous experiments without Tween 20, only 25 ug/ml
protein gave greater than 85% activity recovery. There was a
dramatic decrease in activity recovery both below and sbove
the protein concentration range of 5-25 ug/ml, even in the
presence of Tween 20. At higher protein concentrations, the
reduced yield has been attributed to aggregation, whereas at
lower concentrations, the dimerization process appears to be
compromised by the competing first-order folding of the sub-
units into dimerization-incompetent structures (Ziegler et al,
1993; Baldwin et al, 1993). The protein concentration range
of 5-25 ug/ml, within which the activity recovery is optimal,
was used in the experiments reported here. The effect of
Tween 20 on the equilibrium unfolding of luciferase was
minimal (data not shown). There was a larger effect on
reversibility at lower protein concentrations than at higher
concentrations as measured by activity recovery, suggesting
that the detergent may act primarily to prevent protein from
sticking to the incubation tubes. Because there was little
apparent effect on protein stability and because of enhanced
reversibility at the lower protein concentrations, we used
0.005% Tween 20 in the buffer and urea solutions.

Effect of Luciferase Concentration on the Unfolding Tran-
sition—Because bacterial luciferase is a heterodimer, it was
of interest to determine the concentration dependence of the
equilibrium unfolding process. As shown in Fig. 3, A and B,
as the luciferase concentration increased, there was both a
shift in the position of the midpoint of the second transition
to higher denaturant concentration and an increase in relative
fluorescence signal between 2 and 3 M urea. Measurement of
relative CD at 222 nm (Fig. 3C) showed that the first transi-
tion was independent of protein concentration, whereas the
second transition was apparent only at higher protein concen-
trations. Since luciferase is heterodimeric in the absence of
ures, the insensitivity of the spectroscopic signals to changes
in protein concentration ia the 0-2 M urea region suggests
that the changes in the protein that occur upon equilibration
with urea-containing buffer in this concentration range do
not involve subunit dissociation. In contrast, the spectro-
scopic signals showed a strong protein concentration depend-
ence at urea concentrations greater than 2 M, suggesting that
the spectroscopic changes reflect, at least in part. subunit
dissociation. The results shown in Fig. 3 suggested the 3-state
mechanism
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F1G. 3. Dependence of equilibrium unfolding of bacterial
luciferase on protein concentration. For paneis A and B, unfold-
ing was monitored by fluorescence emission at 324 nm with excitation
at either 280 nm (panel A) or 295 nm ( panel B), at protein concen-
trations of 5 ug/ml (C), 10 ug/ml (8), 15 ug/ml (), and 25 ug/ml
{Q). For panel C, unfolding was monitored by CD at 222 nm at protein
concentrations of 10 ug/ml (A) and 25 ug/ml (O). Solid lines represent
curve fits as described under “Experimental Procedures.” Parameters
for these fits are given in Table L.

(Bl 72 [afl #2 o + 8 (Eq. 18)

The free energy changes and the cooperativity indices as-
sociated with each step were analyzed as described (see “Ex-
perimental Procedures”) and are summarized in Table L
These data showed that AG!*° is relatively constant over the
protein concentration range tested. The free energy change
and cooperativity index associated with the first step in un-
folding were 4.5 = 0.3 kcal/mol and 2.38 + 0.21 kcal/mol/M,
respectively, based on measurements of the circular dichroism
and fluorescence emission spectra in 11 experiments. The free
energy change and cooperativity index associated with the
second step were also relatively constant over the protein
concentration range studied. AG$*° and m,, which encompass
the dissociation of the apparent intermediate into the two
subunits, showed an average free energy change and cooper-
ativity index of 19.7 + 0.2 kcal/mol and 3.99 % 0.04 kcal/mol/
M, respectively, from the 11 experiments. The data in Table
I confirm that bacterial luciferase is a very stable protein,
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with a total free energy change for subunit unfolding and
dissociation of approximately 24 kcal/mol. Furthermore, the
relatively high m values suggest that the two steps apparent
in these data are strongly cooperative.

Loss of Enzymatic Activity upon Unfolding—1In addition to
the spectroscopic probes discussed above, we used enzymatic
activity to monitor the denaturation of bacterial luciferase.
Samples were prepared the same way as those used for spec-
troscopic measurements, as described under “Experimental
Procedures,” at the same protein concentrations. The data
from these experiments are summarized in Table II. The
midpoint of the denaturation profiles occurred at about 1.6 M
urea and was independent of the protein concentration. The
values of AGH"® and m, determined by fitting the data t0 a
two-state (native versus denatured) mechanism, were 4.4 +
0.8 kcal/mol and 2.78 + 0.8 kcal/mol/M, respectively, in
reasonable agreement with the same parameters determined
from spectroscopic measurements (Table I).

DISCUSSION

A detailed understanding of protein folding will require not
only information about the structures of the unfolded and
native species and the rates of their interconversion, but also
about intermediates on the folding pathway and possible
parallel pathways. Much of the debate today regarding protein
folding centers on the question of the structures of interme-
diates relative to that of the native protein. Although a great
deal has been learned about protein folding from investiga-
tions of small globular proteins or peptides, it is unlikely that
a general understanding of protein folding will come exclu-
sively from investigations of small model systems. Most pro-
teins are composed either of multiple subunits or of multiple
folding domains that interact in part through the covalent
continuity of the peptide chain. The interactions between
subunits of a multisubunit protein are exclusively noncovalent
(with the exception of disulfide bonds), but otherwise, for
many proteins, interdomain interactions and intersubunit
interactions appear to be similar (Wetlaufer, 1981).

Wetlaufer (1981) proposed a simplifying assumption that
reduces the folding problem for large multidomain proteins
to a series of folding problems involving the individual do-
mains, many of which are small ard globular. This model of
folding suggests that the final step of folding involves inter-
calation of the side chains of the interdomain contact residues.
More recently, Ptitsyn et al (1990) has suggested that as a
protein folds, it passes through a series of intermediates
arriving at a structure resembling in fold the structure of the
native protein, except that the amino acid side chains are not
properly intercalated, either between or within individual
domains. This proposed structure, known as the molten glob-
ule on the basis of the fluidity of its structure and its globular
shape, slowly converts to the native structure as the final
arrangements of the amino acid side chains are achieved. It
appears likely that a molten globule-like structure might exist
as an intermediate on the folding pathway of many proteins
(Ptitsyn et al, 1990; Kuwajima, 1989); this fact and the
similarity of the molten globule to the native structure suggest
that little will be learned about the pathways of folding by its
study. Rather, it would appear that detailed investigation of
transient intermediates that occur during the folding of a
protein might yield more valuable information about the
pathway(s) of folding. To date, the best structural information
regarding folding intermediates comes from studies of bovine
pancreatic trypsin inhibitor with which intermediates have
been trapped as a result of the formation of disulfide bonds
during refolding (Creighton, 1978; Weissman and Kim, 1991).
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TasLe |
Thermodynamic parameters obtained from equilibrium denaturation of bacterial luciferase

The data were analyzed as described under “Data Analysis.”

{Provein) Signal* AGHO AGYe m my
ug/mi heal/mol keal/mol heel/mol/ M keal/mal/ M

25 FL. (280 nm) 4.62 19.9 2.40 3.97

25 FL. (295 nm) 4.67 19.8 2.18 4.00

25 CD (222 nm) 3.86 20.1 2.63 4.08

15 Fl. (280 nm) 4.63 19.7 2.20 3.98

15 F1. (295 nm) 4.64 19.7 221 3.99

15 CD (222 nm) 4.07 19.4 2.74 3.94

10 Fl. (280 nm) 4.72 19.7 231 3.98

10 Fl (295 nm) 4.7 19.7 2.20 397

10 CD (222 nm) 4.33 19.7 2.69 3.96

5 F1. (280 nm) 4.69 19.7 2.30 4.04

5 Fl. (295 nm) 4.73 19.6 2.32 4.04
Average 4.52 £0.30 19.7 £ 0.2 238 £ 0.21 3.99 £ 0.04

* F1., fluorescence; CD, circular dichroism. The excitation wavelength is shown in parentheses; the emission wavelength for all fluorescence

experiments was 324 nm.

TasLE I
Thermodynamic paremeters obtained from measurements of loss of
enzymatic activity

{Protein} AGH® m urea,,
ug/ml keal/mol heal/mol/ M M
25 370 £ 0.74 2.35 = 0.39 1.6
15 4.10 £ 0.36 2.28 £0.24 1.8
5 530 £1.15 3.7 +085 1.4
Average 4408 278+ 08 1.6

Without the stabilizing influence of the covalent disulfide
bonds, it is exceedingly difficult to investigate the structure
of a transient intermediate on the folding pathway of a
protein.

Investigation of the kinetics of refolding of bacterial lucif-
erase following dilution from solutions of 5 M urea demon-
strated the existence of multiple transient intermediates on
the folding pathway. Of particular interest was the finding
that the initial heterodimeric structure that formed from
interaction between partially folded « and § subunit species
was not active, but on a time scale of many seconds, it was
converted into the active heterodimer (Ziegler et al, 1993).
Bacterial luciferase is largely unfolded in urea-containing
buffers of 5 M and above (Fig. 1; Ziegler et al., 1993; Baldwin
et al, 1993). We have established conditions by which the
protein may be diluted from the urea to refold into the
biologically active form. The reversibility of the unfolding
process was enhanced slightly by the addition of 0.005%
Tween 20 to the buffers; this detergent, chosen from a series
of nonionic detergents on the basis of experimental perform-
ance, had very little offoct on the apparent stability of the
folded state. A comparison of the thermodynamic parameters
for the unfolding reaction determined in the presence and
absence of the detergent is presented in Table III. Although
there appeared to be slight changes in the stability of the
protein in the presence of Tween 20, the primary effect was
to give more reproducible resuits, especially in the interme-
diate urea concentration range, ~2-3 M.

The measurements of the rates of formation of active
luciferase following dilution from urea used bovine serum
albumin rather than Tween 20 to enhance recovery (Ziegler
et al., 1993; Baldwin et al, 1993). To avoid spectral interfer-
ence, the experiments reported here employed Tween 20
rather than bovine serum albumin. It appeared that the effects
of bovine serum albumin and Tween 20 were similar.

The equilibrium unfolding processes monitored by intrinsic

TasLE III
Effect of Tween 20 on stability of bacterial luciferase
Signal* Tween 20 JAGH¥© AGY© m, my
keal/mol  keal/mol  heal/mol/m keal/mol/M
Fl. (280 nm) + 4.62 19.9 2.40 3.97
Fl. (280 nm) - 6.26 17.4 217 3.4
F1. (295 nm) + 467 19.8 2.18 4.00
Fl. (295 nm) - 4.67 19.7 2.19 4.00
CD (222 nm) + 3.86 20.1 2.63 4.08
CD (222 nm) - 4.15 20.5 2.53 4.39

* Fl., fluorescence; CD, circular dichroism. Excitation wavelength
is shown in parentheses; the emission wavelength for each fluores-
cence experiment was 324 nm.

fluorescence and far-UV circular dichroism appeared to be
biphasic. The increase in fluorescence in the 0-2 M urea range
sugg-sted the existence of an intermediate that had a higher
fluorescence quantum yield than the native heterodimer. The
fluorescence emission spectrum of this apparent intermediate
was not strongly red-shifted, suggesting that the tryptophanyl
residues remsined largely buried (Figs. 1 and 2). At 2 M urea,
the circular dichroism in the peptide region (222 nm) had
decreased about 30%, suggesting partial unfoiding. Interpre-
tation of this observation is complicated by the contributions
of aromatic amino acid residues to the CD signal in this region
of the spectrum. It is therefore not possible without further
experimentation to interpret the decrease in CD signal at 222
nm in terms of a-helical content of the protein.

The first transition (0~2 M urea) appeared to be independ-
ent of protein concentration, suggesting that structural
changes were limited to isomerization of heterodimer. Above
2 M urea, there was a strong concentration dependence, sug-
gesting that subunit dissociation occurred in this transition
(Fig. 3). The data were fit to a three-state model in which the
first step involved isomerization of the native heterodimer to
a nonnative heterodimer and the second step involved disso-
ciation of the nonnative heterodimer to yield subunits. In our
treatment, we assumed the o and 8 subunits to be identical.
The results of this treatment (Table I) were highly consistent,
both between spectral methods and with different protein
concentrations. By using the average values from the experi-
mental data for AGI© (4.52 kcal/mol), AGH® (19.7 kcal/mol),
m, (2.38 kcal/mol/M), and m; (3.99 kcal/mol/M), we could
calculate the equilibrium distribution of the three species,
native enzyme, intermediate, and subunits, at each urea con-
centration. Results of these calculations are shown in Fig. 4.
Data were calculated for three different protein concentra-
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of, == 9B, a,+ B,

0 1 2 3 4 5
Urea (M)

F1G. 4. Theoretical calculation of the fraction of each spe-
cies as a function of ures concentration in the unfolding
process. The fractions of native, intermediate, and unfolded protein
were calculated as a function of urea concentration for protein con-
centrations of 5 (thin line), 10 (medium line), and 25 ug/ml (heavy
line). apy refers to the native form of luciferase, [agd), refers to a
dn.::::c intermediate, and a, and 3, refer to the individual unfolded
subunits.

tions, 25, 10, and 5 ug/ml. The fraction of protein in the
intermediate form is highest for the highest protein concen-
tration, about 65% at 2.3 M urea and 25 ug/ml total protein.

The loss of enzymatic activity in urea occurred in a single
transition that was protein concentration- mdependent and
corresponded to the first transition observed in the spectro-
scopic measurements (Table [1). These results demonstrate
that the heterodimeric intermediate that has the enhanced
fluorescence is largely or completely inactive in the biolumi-
nescence reaction. This interpretation is consistent with the
ﬁnding from kinetic measurements of an inactive heterodi-
meric intermediate on the refolding pathway (Ziegler et al.,
1993). The results presented here confirm the existence of
this heterodimeric intermediate and suggest that the inter-
mediate is sufficiently stable to allow detailed spectroscopic
analysis.

We have established conditions that allow the investigation
of the conformational stability of the bacterial luciferase
heterodimer. In the course of these studies, we have demon-
strated that the inactive heterodimeric intermediate that iso-
merizes to the active form of the enzyme, demonstrated in
the kinetic experiments of Ziegler et al (1993), is well popu-
lated at equilibrium. In addition, our experiments show the
following. 1) The unfolding of bacterial luciferase at 18 °C, in
50 mMm phosphate, pH 7.0, has been fit to a three-state model
with a free energy change for the first step of 4.52 kcal/mol
and, for the second step, of 19.7 kcal/mol. 2) The first step in
the unfolding reaction iavolves isomerization of the native
heterodimer to yield an inactive heterodimer that is spectro-
scopically distinguishable from the native enzyme. 3) The
inactive heterodimer appears to be prone to aggregation.
However, at low protein concentrations, the unfoldmg tran-
sitions appear to be fully reversible.

These observations explain in quantitative terms the failure
to observe free luciferase subunits in equilibrium with the
heterodimer under nondenaturing conditions (Hastings et al.,
1966). Furthermore, the folding mechanism supported by
these data is entirely consistent with a model of luciferase
assembly in which the interaction between partially folded
subunits leads to a final native conformation in which the a
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and 8 subunits are intertwined, rather than interscting
through a clearly discernible interface between compactly
folded sybunits (Waddle et ai, 1987; Sugihara and Baldwin
1988; Ziegler et al, 1993; Baldwin et al., 1993).
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Purified Native Subunits of Bacterial Luciferase Are Active in the
Bioluminescence Reaction but Fail To Assemble into the af Structure'
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ABSTRACT: We have expressed the a and  subunits of bacterial luciferase, encoded by /uxA and JuxB,
from separate plasmids in Escherichia coli and developed an efficient purification scheme that yields many
milligrams of protein of greater than 90% homogeneity. Earlier experiments showed that subunits synthesized
separately assume conformations that do not assemble into the active luciferase heterodimer without prior
denaturation. This observation led to the proposal that formation of the luciferase heterodimer involved
interactions between intermediate conformations on the folding pathway of one or both of the subunits
[Waddle, J. J., Johnston, T. C., & Baldwin, T. O. (1987) Biochemistry 26, 4917-4921]. Both of the
subunits catalyze reduced flavin- and aldehyde-dependent bioluminescence reactions that are similar to that
of the heterodimer in terms of reduced flavin binding affinity, aldehyde binding and inhibition, and kinetics
of the overall bioluminescence reaction, but at an efficiency of about 5 X 1074 that of the heterodimer.
Spectrophotometric analyses suggest that the structures of the individual subunits are similar to, but not
identical to, the structures of the subunits in the heterodimer. Mixing of the twosubunits under nondenaturing
conditions did not lead to formation of the high specific activity heterodimer, even after prolonged incubation.
Likewise, treatment of a stoichiometric mixture of the individual subunits with 5 M urea followed by 50-fold
dilution of the urea did not yield the active heterodimer under the same conditions that yield high levels
of active enzyme following denaturation of the native heterodimer [Ziegler, M. M., Goldberg, M. E.,
Chaffotte, A. F., & Baldwin, T. O. (1993) J. Biol. Chem. 268, 10760-10765]. However, refolding of the
a and 8 subunits together from 5 M urea following unfolding with 5 M guanidine HC! resulted in formation
of the high specific activity af species, suggesting that the native isolated o and/or 3 species is resistant
to unfolding by 5 M urea. The resuits indicate that formation of the heterodimer in vivo must occur by
interaction of transient subunit species that are distinct from the stable forms of the subunits that we have

purified from cell extracts.

Bacterial luciferase is a heterodimeric (af) enzyme with
a single active center residing primarily if not exclusively on
the a subunit [see Ziegler and Baldwin (1981) and Baldwin
and Ziegler (1992) for reviews of the system]. The a and 8
subunits of the enzyme from Vibrio harveyi are 355 amino
acid residues (Cohn et al., 1985) and 324 amino acid residues
(Johnston et al., 1986) in length, respectively. The two
subunits are clearly homologous; 80% of the residues in § are
either identical to or chemically similar to the corresponding
residue in the a subunit. The shorter length of the 8 subunit
results from an apparent deletion of residues 258286 relative
to the a subunit (Baldwin & Ziegler, 1992).

Luciferase catalyzes the bioluminescent reaction of
FMNH;, O, and an aliphatic aldehyde to yield FMN, the
carboxylic acid, and blue-green light with a quantum yield of
about 0.1. The stoichiometry of the reaction requires 1 mol
of FMNH; (Becvar & Hastings, 1975) and 1 mol of aldehyde
(Holzman & Baldwin, 1983) per mole of the heterodimer.
The preponderance of the evidence from mutant enzyme
analysis and chemical modification studies [discussed by
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Baldwin and Ziegler (1992)] indicates that the single active
center is associated primarily with the a subunit.

Waddle et al. (1987) have shown that expression of the
individual luciferase a and # subunits from recombinant
plasmids in Escherichia coli results in accumulation of large
amounts of subunit in cell lysates, demonstrating that the
individual subunits fold in vivo into structures that are stable
and soluble within the cell. However, mixing of lysates
containing large amounts of the individual subunits did not
yield the highly active af species. Unfolding of the proteins
with 8 M urea and refolding together by dilution of the urea
led to excellent recovery of the active heterodimer. On the
basis of these observations, Waddle et al. (1987) suggested
that invivo the subunits must interact as partially folded species
and that the final steps of folding must occur within the
heterodimeric species. They alsosuggested that the individuai
subunits must be able to fold into siable structures that are
beyond and not in equilibrium with the subunit species that
are capable of interaction to form af. These observations
raised the possibility that formation of the biologically active
heterodimer might constitute a kinetic trap, since the “com-
pletely” folded individual subunits do not recombine upon
mixing, even with prolonged incubation.

It was thought for many years that the individual subunits
of luciferase lacked bioluminescence activity. While subunits
refolded individually from urea-containing buffers following
chromatographic separation do exhibit low activities, it was
concluded that the activity was the result of failure of the
chromatographic systems emploved to completely separate
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the two subunits (Friedland & Hastings, 1967a,b; Tu, 1978).
Recently, Waddle and Baldwia (1991) reported that borh of
the luciferase subunits catalyze a low-efficiency biolumines-
cence reaction. This observation was not expected. If the
active center is confined to the « subunit, then the observation
of bioluminescence activity from the § subunit would be
difficult to understand. In this regard, it is interesting to note
that there is some indication from NMR studies (Vervoort et
al.,, 1986) that more than one flavin can bind to luciferase,
though the second molecule is bound very weakly, perhaps
“nonspecifically”. The homology between the subunits sug-
gests a similar three-dimensional structure and the potential
for a residual active center on the 8 subunit. The apparent
deletion of a region of about 28 residues from the § subunit
could account for lack of a fully functional active center on
the 8 subunit (Baldwin & Ziegler, 1992).

The initial report of the catalytic activity of both individual
subunits (Waddle & Baldwin, 1991) wa« based on studies of
individual subunits produced within E. coli cells carrying
plasmids that encode only a single luciferase subunit, either
a or 8. Since the luciferase subunits were produced from a
recombinant plasmid in E. coli, there was no possibility of
residual cross-contamination of one subunit with the other,
as would occur with subunits separated chromatographicaily
(Friedland & Hastings, 1967a,b; Tu, 1978). The activity
measurements of Waddle and Baldwin (1991) were made
with partially purified subunits.

The purpose of the experiments presented in this paper was
to develop a highly efficient method to purify the individual
subunits from the cellular constituents of E. coli, and using
the highly purified subunits, to investigate the low biolumi-
nescence activity of the subunits and to begin to develop a
better understanding of the structures of the folded individual
subunits. We have determined the binding affinities o: the
subunits for the substrates, FMNH, and aidchyde, and the
kinetics and quantum efficiencies of the reactions catalyzed
by the subunits relative to the heterodimer. The physical
properties of the separate subunits indicate that they exist as
well-defined globular structures that are similar to but distinct
from the structures of the subunits as they exist in the
heterodimer. As was found with partially purified subunits,
the pure a and 8 subunits do not recombine undei native
conditions to form the high specific activity af. Furthermore,
the subunits incubated together in 5 M urea did not associate
to form the highly active heterodimer, indicating that they
did not unfold in 5 M urea. The same conditions have been
shown 1o lead to complete (or nearly so) unfolding of the
subunits of the heterodimer ( Ziegler et al., 1993). Itappeared
that unfolding of the individual subunits required 5 M
guanidine-HCl, after which dilution from denaturant resuited
in associaticn of the two subunits to form the high specific
activity heterodimeric luciferase.

EXPERIMENTAL PROCEDURES

Materials. DEAE Sephadex A-50 was purchased from
Sigma, Ultrogel AcA 54 from IBF Biotechnics, dithiothreitol
from Boebringer Mannheim Biochemicals, EDTA from
Research Organics, n-octanal from Sigma, n-decanal and
n-dodecanal from Aldrich, FMN from Calbiochem, and
UltraPure urea from Schwartz-Mann. All inorganic salts
were purchased from Baker or Fisher and were of the highest
purity grade available.

Bacterial Growth and Cell Lysis. E. coli strain LE392, an
", my- strain derived from ED8654 (Maniatis et al., 1982),
was chosen for its ability to overexpress cloned structural genes
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(Baldwin et al., 1989). Plasmid pJH2. described previously
(Waddle et al., 1987), carries /uxA encoding the luciferase
a subunit from V. harveyi under control of the /ac promoter
in pUC9. Plasmid pJHS (Waddle et al., 1987) carries luxB
encoding the luciferase 8 subunit from V. harveyi under the
control of the /ac promoter in a pUC9 derivative that carries
a kanamycin resistance marker. The [uxA and [ux8 genes
were derived from the primary clone screened from a genomic
bank (Baldwin et al., 1984). The media used wer: LB
supplemented with carbenicillin (100 ug/mL) for LE392/
pJH2 and with kanamycin sulfate (100 ug/mL) for LE392/
pJHS.

Waddie and Baldwin (1991) noted that growth of £. coli
cultures at 30 °C or above resulted in production of luciferase
subunits in the insoluble fraction of the cell lysates, whereas
at 25 °C the majority of the subunit was in the soluble fraction
for both subunits. Similar results were observed in the current
study. Single colonies from overnight growth at25°Con LB
agar plates were picked and used to inoculate 5 mL of LB
medium. Cultures wereallowed togrow at 25 °C with aeration
{250 rpm) for approximately 6 h. The S-mL liquid culture
was used to inoculate 50 mL of medium and allowed to grow
at 25 °C with aeration for 7 h. This culture was used to
inoculate 1.5 L of medium which was then grown at 25 °C
for 24 h. Cells were harvested when the OD' at 600 nm
reached about 4.2.

Purification Procedures. Cells were harvested by centrif-
ugation at 6370g for 15 min at 10 °C. The cell pellet was
resuspended in 72 mL (minimum volume required) of buffer
consisting of 0.2 M phosphate, 0.5 mM DTT, and 1| mM
EDTA, pH 7.0 for the « subunit, or pH 6.2 for the 8 subunit,
and lysed in an SLM/Aminco French pressure cell with 1000
psi applied to the drive. The cells and cell lysate were kept
on ice throughout the procedure. Cell debris was removed by
centrifugation at 27200g for 20 min at 4 °C. The cell lysate
containing the 8 subunit was treated with am-10nium sulfate,
and the protein precipitating between 40% and 75% saturation
at 4 °C was collected by centrifugation at 27200g for 15 min
at 4 °C. The precipitated protein was resuspended in 0.2 M
phosphate and 0.5 mM DTT, pH 6.2, and dialyzed overnight
against the same buffer (three changes of 1 L each). The
lysate containing the a subunit was not treated with ammonium
sulfate. Unless otherwise stated, all steps in the a subunit
purification were carried out at pH 7.0, while the 3 subunit
purification was performed at pH 6.2.

DEAE Sephadex A-50 was equilibrated in0.2 M phosphate
buffer and used to prepare a column with a bed volume of 412
mL (5-cmdiameter). Thedialyzed protein was applied to the
column and allowed to equilibrate with the resin for 30 min,
after which it was eluted from the column at a flow rate of
150 mL/h with a linear gradient between 750 mL of 0.2 M
phosphate and 750 mL of 0.6 M phosphate, both with 0.5 mM
DTT and 1 mM EDTA (1500 mL total, pH 7.0 for a and pH
6.2 for §). Column fractions (20 mL) were monitored for
bioluminescence activity, and protein concentration was
estimated by measuring the absorbance at 280 nm. Fractions
were selected for pooling based on bioluminescence activity
and the results of polyacrylamide gel electrophoresis in the
presence of SDS. Pooled fractions were concentrated in an
Amicon ultrafiitration cell (PM30 membrane) and then
dialyzed against 0.2 M phosphate, 0.5 mM DTT, and | mM
EDTA (pH 7.0for xand 6.2 for 8). The samples wereapplied

! OD, optical density; BSA, bovine serum albumin; DTT, dithiothreitoi;
CD, circular dichroism; SDS, sodium dodecyl sulfate.
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to a second DEAE Sephadex A-50 column (same dimensions
as the first column) and eluted with the same gradient as the
first column, but witha flow rateof about 45 mL /h. Fraciions
with the highest specific activity were pooid, concentrated,
and dialyzed against 0.2 M phosphate buffer. Concentrated
B subunit was applied to an Ultrogel AcA 54 column (2.5 cm
% 90 cm) and ciuted at about 15 mL /h with 0.1 M phosphate,
0.5mM DTT, and 1| mM EDTA, pH 7.0. Fractions of 3 mL
were coliected, activity and protein concentration were
measured, and component proteins were analyzed by SDS gel
electrophoresis. Fractions containing the highest puritysubunit
were pooled, concentrated, and stored frozen. All chromato-
graphic procedures were carried out at 0-4 °C.

Determination of Molar Extinction Coefficients. The molar
extinction coefficients of the luciferase heterodimer, a subunit,
and 8 subunit were determined by the method of Edelhoch
(1967). Highly purified protein samples (4339 ~ 1.5-2.5)
were dialyzed overnight against 50 mM phosphate, pH 7.0,
at 4 °C. Following centrifugation at 15000 rpm for 2 min in
an Eppendorf microcentrifuge, absorbance spectra between
250and 450 nm were recorded against a baseline of the buffer
that had been used in the dialysis. The spectra confirmed
that the centrifugation had removed any light scattering
aggregated materials.

Protein samples were diluted 1:4 into 8 M guanidinium
chloride in 50 mM phosphate, pH 6.5, to yield samples in 6
M guanidinium chloride. The absorbance at 280 nm of each
sample was measured. Equivalent native samples were
prepared by 1:4 dilution of the protein stock into 50 mM
phosphate, pH 7.0, and the absorbances at 280 nm were
determuned. Protein concentrations in 6 M guanidinium
chloride were determined from the extinction coefficients
(Edelhoch, 1967) of N-acetyl-L-tryptophanamide and gly-
cyltyrosinylglycine and the tryptophanyl and tyrosinyl content
of the a and 8 subunits (Cohn et al., 1985; Johnston et al,,
1986). Spectral measurements were taken with a Hewlett-
Packard model 8452A spectrophotometer at 24 °C.

Measurement of Bioluminescence Activity. Biolumines-
cence activity was determined by the flavin injection method
(Hastings et al., 1978) in which the enzyme is incubated with
the aldehyde substrate in an aerobic buffer solution over a
photomultiplier tube. The reaction was initiated by the rapid
injection of 1 mL of FMNH; prepared by catalytic reduction.
Light emission was detected by a Turner Designs model
TD-20e luminometer with a sensitivity of 3.66 X :0°
quanta-s—!-(light unit)~!. Data were recorded by means of a
Macintosh computer and Superscope software (GWI, Cam-
bridge, MA). The data were fit using the model developed
by Abu-Soud et al. (1992) with the program Kinsim (Barshop
etal., 1983). Different chainlength aldehyde substrates were
prepared by sonication in water to obtain a 0.01% v/v
suspension. Assays were performed at room temperature
(~24 °C) in 1 mL of 50 mM phosphate, pH 7.0, 0.2% BSA
with 10 gL of the aldehyde suspension. -

Aldehyde Inhibition. Suspensions of n-decanal were pre-
pared by sonication in water for a 0.01% v/v suspension
(Holzman & Baldwin, 1983). Fresh aldehyde was prepared
every hour to avoid potential interference from oxidation.
Assays were performed in the same manner as described above,
but without BSA. Peak light intensity for each reaction was
measured with a Turner luminometer. Muitiple assays were
performed at each aldehyde concentration.

FMNH, Binding Affinities. The FMNH, binding affinities
of the @ and 8 subunits were determined by the dithionite
assay method of Meighen and Hastings (1971) and compared
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with that of the heterodimer. Dithionite solutions were
prepared as described by Tu and Hastings (1975). Enzyme
was mixed with 1 mL of FMN containing 50 mM phosphate
and | mM DTT. The{lavin wasreduced and molecular oxygen
removed by addition of 4 uL of a 30 mg/mL solution of
dithionite in water. The reaction was initiated by injection
of I mL of 0.01% aldehyde containing 50 mM phosphate, pH
7.0, 1 mM DTT, and dissolved O,. The peak light intensity
was measured using a Turner luminometer; assays were
performed in triplicate.

Spectroscopic Properties of the a and 8 Subunits. Circular
dichroism spectra in the near- and far-UV of the individual
subunits and of the heterodimer were recorded with a Jobin-
Yvon CD-6 spectropolarimeter in the laboratory of Prof.
Michel Goldberg of the Pasteur Institute. Protein samplesin
25 mM phosphate, | mM EDTA, and 0.1 mM DTT, pH 7.0,
were maintained at 18 °C while spectra were being recorded.
The cuvettes used had a 1-cm path length for the 250-320-nm
region and a 0.02-cm path length for the 185~255-nm region.
Far- and near-UV spectra were recorded with a band path of
2 nm, a time constant of S s, and a step of 1 nm. The
concentrations for the far-UV CD spectra were 4.38, 9.60,
and 3.00 uM for a subunit, 8 subunit, and luciferase,
respectively. Near-UV CD spectra were recorded with protein
samples of 17.3, 37.8, and 11.3 uM for a subunit, 8 subunit,
and luciferase, respectively. Spectra were first normalized
on the basis of molar concentration of polypeptide and
converted to mean residue ellipticity on the basis of the total
number of amino acid residues per subunit (355 for aand 324
for B). Buffer baselines were recorded under id~ntical
conditions and subtracted from the spectra of the proteins.
Fluorescence emission spectra were determined with an SLM
8000C spectrofluorometer with excitation at 280 nm. The
concentration of all three samples was 1.0 uM.

Subunit Assembly. The individual subunits (15.2 uM) were
incubated in 5 M guanidine-HCl or 5 M urea, both in 50 mM
phosphate and 0.5 mM DTT, pH 7.0, for 30 min and then
dialyzed against the same buffer with 5 M urea for 4 h at 18
°C. The refolding reaction was initiated by 50-fold dilution
t0 0.304 uM (~23 ug/mL) in SO mM phosphate buffer, pH
7.0, at 18 °C and a final urea concentration of 0.1 M. The
heterodimer was denatured in 5 M urea and renatured under
the same conditions as the individual subunits, using methods
described by Ziegler et al. (1993) and Baldwin et al. (1993).
A fourth solution, with both « and 8 subunits, each at 15.2
uM in 50 mM phosphate buffer, was diluted t0 0.304 M in
phosphate buffer at 18 °Cand 0.1 M urea. The heterodimer
in 50 mM phosphate buffer was diluted to 0.304 gM in
phosphate buffer and 0.1 M urea at 18 °C. The appearance
of activity in these solutions at 18 ®C was monitored with a
Turner luminometer over a period of several days.

RESULTS

Purification. We have found that very high levels of
luciferase accumulate in £. coli strain LE392 transformed
with a pUC9 plasmid encoding both subunits. For this reason,
we chose to use LE392 carrying the /uxA or /uxB gene for
overexpression of the individual subunits. Growth of these
strains in LB medium at 20, 30, and 37 °C was monitored.
The cell density (ODggo) giving the highest accumulation of
asubunit as determined from Coomassie blue staining of SDS
gels was 2.1 for growth at 20 °C, 1.0 for growth at 30 °C, and
0.8 for growth at 37 °C. Estimates were made of the fraction
of the a subunit that was produced in soluble form by
comparing the intensity of staining of the a subunit band




Purification and Properties of Luciferase Subunits

20 v 3.0
A

15p

120
10p

41.0
osp

A
0.0 k . o 0.0
0.0 05 1.0 1.5 20

Activity x 10°° quanta sec’' mi’

4
o

(-3

1.5 20

1.0
Volume (I)

Biochemistry, Vol. 32. No. 19. 1993 5039

14 —y— 30

420

410

0.4

(wu 0g2) 9susqiOoSqQy

0.1 0.18

02 0.26
Volume (1)

FiGure 1: Column elution profiles for the « (left panel) and 8 (right panel) subunits. Bioluminescence activity (open symbols) and absorbance
at 280 nm (closed symbols) are plotted against the elution volume for each column. (Left panel A) First DEAE-AS0 column; (left panel B)
second DEAE A-50 column; (right panel A) first DEAE A-50 column; (right panel B) second DEAE-ASO0 column; (right panel C) Ultrogel
AcA 54 column. Horizontal bars indicate fractions which were pooled from each column. Activity in quanta.s~'-mg-! was determined with

n-decanal as described under Experimental Procedures.

Table I: Purification of the a and 8 Subunits®
total protein (mg) total act. X10~1° (quanta/s) spact. X10-* [quanta/(s-mg)) % yield®
purification step a 8 a /] a 8 a ]
crude lysate 12060 18443 97.4 7.1 08 0.04 100 100
first A-50 162 360 73.6 5e 454 1.6 5 81
second A-50 108 262 190.0 0.3 176.0 2.6 194 97
Ultrogel AcA 54¢ 50 6.0 10.8 84

# Cultures of E. coli LE392 carrying plasmids pJH2 (x subunit) or pJHS (8 subunit), grown as described under Experimental Procedurse, were
the source of the crude lysates from which the subunits were purified. » The percent yield was calculated in each case relative to the total actvity of
the crude lysate. < The purification of the a subunit was complete after two DEAE A-50 columns, while an additional Ultrogel AcA 54 column was

required for the final purification of the 8 subunit.

before and after centrifugation. Atleast 75% of the a subunit
was insoluble in cells grown at 37 or 30 °C, while 75-90% of
the subunit was solublein cells grown at 20 °C. The 8 subunit
behaved in a similar fashion, indicating that cell growth at 20
°C allowed the greatest accumulation of both subunits in
soluble form into stationary phase. Under these conditions
more than 90% of both subunits remained soluble after
centrifugation at 27200g for 30 min at 5 °C. A growth
temperature of 25 °C was chosen for routine work since the
growth rate was much faster than at 20 °C, and production
of soluble protein was at an acceptable level.

After 24 h of growth at 25 °C, cells from 6 L of culture
were harvested, lysed, and treated with ammonium sulfate as
described under Experimental Procedures. The dialyzed
sample was applied to a DEAE Sephadex A-50 column and
eluted as described. Both subunits eluted from the columns
as single peaks at the end of the gradients, after the majority
of the contaminating protein. In the case of the a subunit,

additional 0.6 M phosphate buffer was added after the gradient
to complete elution of the subunit. Chromatography of each
subunit on a second DEAE Sephadex A-50 column yielded
a subunit that was greater than 95% pure, as shown by SDS-
PAGE gels, while the 8 subunit preparation retained one major
and several minor contaminating bands. Chromatography of
the B subunit preparation on an Ultrogel AcA 54 column
yiclded 8 subunit that was greater than 95% pure. The elution
profiles of the various chromatographic steps are presented
in Figure 1, and a summary of the purification is given in
Tablel. The luciferase heterodimer was purified as described
by Gunsalus-Miguel et al. (1972) and modified by Baldwin
et al. (1989).

Determinationof Extinction Coefficients. Usingthe known
amino acid composition of the a and 8 subunits (Cohn et ai.,
1985; Johnston et al., 1986), the extinction coefficients were
determined for theindividual subunits and for the heterodimer
using the method of Edelhoch (1967). The values determined
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FIGURE 2: Effect of n-decanal concentration on bioluminescence
activity. Peak light intensity was determined by the flavin injection
assay in the presence of the indicated concentration of n-decanal.
These values were then normalized to the same scale and plotted.
The relative activities are shown for the luciferase heterodimer
(circles), a subunit (squares), and 8 subunit (triangles). The protein
concentrations used in these assays were 0.817 nM for luciferase,
0.394 uM for the a subunit, and 0.768 xM for the 8 subunit. The
solid line is a smoothed curve drawn through the data points.

were 1.13 (mg/mL)'«cm"!, 1.41 (mg/mL)-'~cm-! and 0.71
(mg/mL)-'«cm™! for luciferase, a subunit, and 8 subunit,
respectively. Thesecorrespond to molar extinction coefficients
of 8.69 X 10* M-! cm-!, 5.64 X 10* M-! cm™!, and 2.59 X 10*
M-'em', respectively. Previously determined values for the
extinction coefficient of luciferase are 0.94 (mg/mL)'-«cm-!
(Gunsalus-Miguel et al., 1972) and 1.2 (mg/mL)-'-cm™! [see
Tu et al. (1977)].

Comparison of the Bioluminescence Activity of Individual
Subunits with that of Luciferase. Bacterial luciferase from
V. harveyi is inhibited by high concentrations of the aldehyde
substrate (Holzman & Baldwin, 1983). A recent detailed
investigation of the kinetic mechanism of the enzyme suggests
that the inhibition is due to formation of a dead-end enzyme—
aldehyde complex; the decrease in activity appears to resuit
from failure of this complex to bind FMNH,, with FMNH,
being removed from the reaction by the competing nonen-
zymatic reaction with O; (Abu-Soud et al., 1992, 1993). The
bioluminescence activity of the « and 8 subunits was likewise
inhibited by high concentrations of aldehyde (Figure 2). The
highest bioluminescence activity occurred at 10 uM n-decanal
for the heterodimer and at 20 4M n-decanal for both the
and 8 subunits.

Upon injection of FMNH; into a solution of enzyme,
aldehyde, and O, there is a rapid rise in light intensity to a
peak which is proportional to the amount of enzyme under
conditions of saturating substrates. In this assay format,
FMNH, that does not bind to the enzyme is rapidly removed
by nonenzymatic reaction with O, such that turnover is not
possible (Hastings & Gibson, 1963). The peak light intensity
is followed by an exponential decay, thought to represent the
decay of an enzyme-bound flavin 4a hydroperoxide-aldehyde
complex to yield the excited state {see Baldwin and Ziegler
(1992) for a discussion of the reaction). The a subunit
exhibited a first-order decay of light intensity that superim-
posed upon that of the heterodimer, while the 8 subunit
displayed a slower decay rate than the heterodimer for all
three aldehyde chain lengths tested (see Figure 3). The first-
order rate constants are presented in Table II.

The binding of FMNH; to the individual subunits was
monitored by an activity assay. Protein was incubated with
various concentrations of FMNH; under anaerobic conditions
(sodium dithionite), and the bioluminescence reaction was
initiated by rapid injection of aldehyde and dissolved O,. In
thisassay, itisassumed that the initial maximum light intensity
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FIGURE 3: Time course of the bioluminescence reaction catalyzed
by the heterodimer (circles), a subunit (triangles), and § subunit
(squares). (Panel A) Light production using n-decanal as substrate.
(Panel B) Light production using n-octanal as substrate. (Panel C)
Light production using n-dodecanal as substrate. The solid lines
represent simulated time courses based on the kinetic mechanism of
the heterodimer proposed by Abu-Soud et al. (1992). The protein
concentrations were the same as for the experiment depicted in Figure
2. _l'_l'he first-order decay rates used in the simulation are presented
in Table I

Table II: Bioluminescence Decay Rate Constants and K, for
Reduced Flavin

decay rate constants
n-octansl n-decanal n-dodecanal Ko[FMNH;)
(s (s) (s-') (xM)
heterodimer  0.050 0.30 0.040 0.44
a subunit 0.050 0.30 0.040 0.18
B subunit 0.033 0.21 0.028 0.60
-y it
N
§ 08 |
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F‘avin Concentration (ﬁ)
FIGURE 4: Interaction of luciferase and the o and 8 subunits with
FMNH;. Bioluminescence activity is plotted versus FMNH;
concentration for the heterodimer (circles), the a subunit (triangles),
and the 8 subunit (squares). The solid lines are the best fits of the
data to the Michaelis—Menten equation. The protein concentrations
were the same as for the experiment depicted in Figure 2.2 The
values of X, determined from these data are presented in Table I1.

following injection is proportional to the concentration of
enzyme-bound flavin at the time of injection of O, and aldehyde
(Meighen & Hastings, 1971). Thedata from such experiments
are presented in Figure 4. The values of K, for the complex
of FMNH,; with the heterodimer and with the individual
subunits were determined from a nonlinear least-squares fit
of a hyperbolic plot of light intensity versus FMNH;
concentration using the Michaelis~Menten equation. These
parameters, 0.44, 0.18, and 0.60 xM for the dimer and « and
B subunits, respectively, are summarized in Table II.
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FiGURE 5: Circular dichroism and fluorescence emission spectra of
luciferase, a subunit, and 8 subunit. (Panel A) Comparison of the
circular dichroism spectra of equimolar concentrations of « subunit
(—) and 8 subunit (- - -). (Panel B) Comparison of the sum of the
spectra in panel A (---) to the circular dichroism spectrum of
luciferase (—). (Panel C) Comparison of the fluorescence emission
spectra (excitation at 280 nm) of equimolar concentrations of
Iuciferase (—), a subunit (- - -), and 8 subunit (- - -). Spectra were
recorded as described under Experimental Procedures.

Spectral Properties of the « and 8 subunits. Figure Sa
shows the circular dichroism spectra for the individual subunits,
and Figure 5b shows a comparison of the sum of the spectra
in Figure 5a with the spectrum of the native heterodimer. The
sum of the spectra for the subunits was similar to, but not
equal to, the spectrum of the dimer in the far-UV, indicating
ecither that there was some secondary structure content that
was unique to the heterodimer or that some aromatic
residue(s), which also contribute(s) to the far-UV CD
spectrum, was in a different environment in the free subunit(s)
than in the heterodimer. Differences between the sum of the
near-UV CD spectra of the individual subunits and the
spectrum of the native heterodimer suggest that several of the
aromatic residues of the individual subunits reside in different
environments from that which exists in the heterodimer. The
fluorescence emission spectrum (Figure 5c) of the a subunit
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FiGURE 6: Time course of formation of the luciferase heterodimer
following dilution of subunits from various solutions of denaturant
at 18 °C. In the first experiment, equimolar amounts of « and £
subunit were mixed in 5 M urea and diluted 50-fold t0 0.1 M urea,
and the activity was monitored as a function of time (closed squares).
In the second experiment, luciferase was added to S M urea at the
same concentration as the subunits in the first experiment and diluted
50-fold, and the luciferase activity was monitored (closed circles).
In the third experiment, a and 8 subunits were treated with § M
guanidine HCI, dialyzed into 5 M urea, and diluted 50-fold, and
luciferase activity was monitored (open circles). Two control
experiments were also performed. In the first, luciferase incubated
in 0.1 M urea was used to indicate the stability of the folded protein
under these conditions, and the activity from this experiment was the
basis for the percent recovery for the other four experiments. The
second control showed the activity of the mixed a and 8 subunits in
the presence of 0.1 M urea (open squares).

had a greater amplitude than that of the heterodimer, while
the spectrum of the 8 subunit was very weak, due in part to
the low content of tryptophan in the 8 subunit and an apparent
quenching of the fluorescence in the folded state (Clark et al.,
1993).

Assembly of the o and 8 Subunits to Form Luciferase.
Waddle et al. (1987) showed that individual @ and 8 subunits
produced in £. coli would not combine to form the active
heterodimer unless first unfolded with 8 M urea. Baldwin et
al. (1993) have suggested that this behavior is due to folding
of the 8 subunit into an alternative conformation that does
not interact with refolding « subunit. To better understand
these observations, we have repeated the refolding experiments
described by Ziegler et al. (1993) except that we used the
individual « and 8 subunits for refolding rather than the
heterodimer. Figure 6 shows that no bioluminescence activity
was observed from mixtures of native @ and 8 subunits or
from mixtures of subunits that had been incubated in 5 M
urea prior todilution into the refolding buffer. Since Waddle
et al. (1987) had obtained complementation with impure
subunits unfolded in 8 M urea, we wished to employ stronger
conditions than 5§ M urea. Subunits first treated with 5§ M
guanidine-HCl were dialyzed into S M urea and then refolded
in phosphate buffer under the same conditions as the first two
experiments. For comparison under these conditions, het-
erodimer that had been unfolded in § M urea was refolded
in phosphate buffer, and, as a control, heterodimer that had
never been unfolded was incubated under the same conditions
as the refolding samples. The mixture of native subunits and
the subunits that had been treated with 5 M urea showed

2 Because the concentrations of the individual subunits in this
experiment were ~ Ky, we also plotted the data correcting for the
concentration of enzyme-bound flavin. The K, values obtained by this
rigorous treatment of the data were within 20% of the values in Table
I1. indicating that subpopulations of the individual subunits bind the
substrate FMNH, (see Discussion).




‘s

——m

$042 Biochemistry, Vol. 32, No. 19. 1993

essentially no increase in activity over the time tested, while
the subunits that had been unfolded in guanidine-HC! and
subsequently transferred to 5 M urea and allowed to refold
together showed essentially the same rate of refolding and
yield of af as the heterodimer unfolded in 5 M urea and
allowed to refold at the same concentration.

DISCUSSION

The luciferase from V. harveyi is a remarkably soluble
enzyme; the procedures that we have developed for overex-
pression of the enzyme in E. coli yield cells in which luciferase
comprises over 50% of the solubie protein (Baldwin et al,,
1989), so each subunit of luciferase comprises over 25% of the
soluble protein. The same methods that resuit in accumulation
of high levels of luciferase also yield high levels of the individual
subunits, but there are several notable differences. First, the
individual subunits appear to be less soluble than the
heterodimer, especially when cells are grown at higher
temperatures. Second, while the accumulation of the indi-
vidual subunits appears to be similar to the level of accu-
mulation of luciferase, the yield of subunit from the purification
scheme is significantly less than from the purification of
luciferase (Table I; Baldwin et al., 1986, 1989; Hastings et
al., 1978). Purification of the luciferase subunits was
facilitated both by the overexpression and by the fact that the
subunits appear to be more acidic than the majority of the
proteins in lysates of E. coli (Waddle et al.,, 1987). The
purification that we have employed relied upon monitoring
the activity of the subunits. We cannot rule out the possibility
that the subunits fold into multiple stable conformations that
are not in rapid equilibrium and that not ail of these
conformations areactive. Ifthis were the case, our purification
protocol might resolve active from inactive conformers, thereby
resulting in a lower than expected yield of protein. In this
regard, it is interesting that the specific activity of the purified
B subunit varies from one preparation to the next by up to
4-fold, while the specific activity of the @ subunit preparations
appears to be relatively constant (data not shown). Further-
more, the total bioluminescence activity of a subunit prep-
arations increased significantly during the purification (note
the 194% yield of a subunit activity in Table I), suggestive
of removal of an inhibitor or conversion from an inactive to
anactive conformation. At this time, we have no explanation
for the variability of the specific activity of purified 8 subunit.

Expressing the individual luciferase subunits in different
cultures permitted purification of each subunit without contact
with the other, thereby eliminating the possibility of trace
contamination of one subunit with the other. By resolving
the « and 8 subunits genetically, it has been possibie to study
each subunit in the absence of the other and to demonstrate
that both subunits express flavin- and aldehyde-dependent
bioluminescence activity. Both subunits were inhibited by
high concentrations of aldehyde, as was the heterodimer. Like
the heterodimer, both subuiiis had a K, for the protein—
FMNH; complex of about 0.5 uM. For all aldehyde chain
lengths tested, the decay of bioluminescence emission from
the a subunit was the same as for the heterodimer, whereas
the decay of light for the 8 subunit was slightly slower. These
experiments suggest that the active sites formed by the separate
subunits are similar to that of the heterodimer. While the
activesite of the heterodimer has been shown toreside primarily
on the a subunit (Cline & Hastings, 1972; Meighen et al.,
1971a,b; Baldwin & Ziegler, 1992), the observation of
authentic catalytic activity from the isolated 8 subunit
demonstrates that the 8 subunit must also have a similar site.
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Whether this site on 8 is utilized in the beterodimer is a question
that is open to debate (Baldwin & Ziegler, 1992). It is
interesting to note that Vervoort et al. (1986), using NMR
methods, have found two flavin binding sites per af, one of
high affinity which appears to be the active site and one of
lower affinity. It should be noted that we cannot, from the
experiments presented bere, distinguish between a low specific
activity from all molecules of subunit or a higher specific
activity from a smaller fraction of the total molecules. That
is, the possibility definitely remains that the activity from the
individual subunits results from a small subpopulation of each
subunit.

Asan initial step in characterization of the structures of the
individual subunits and the structures of the subunits in
combination as they form luciferase, the intrinsic fluorescence
and the circular dichroism of the individual subunits were
compared with the spectra of the heterodimer. If the
environment of the eight tryptophanyl residues [6 in « (Cohn
etal., 1985) and 2 in 8 (Johnston et al., 1986)] and the tyrosinyl
residues were the same in the subunits as in the heterodimer,
the arithmetic sum of the spectra of the subunits would be
expected to yield the spectrum of the heterodimer. However,
thisis clearly not the case: the fluorescence emission intensity
of the a subunit is substantially greater than that of the
heterodimer (Figure 5¢). The urea-induced unfolding of
luciferase monitored by intrinsic fluorescence under equilib-
rium conditions has demonstrated the existence of a het-
erodimeric intermediate that is well-populated at equilibrium
(Clark et al.,, 1993). This nonnative heterodimeric species
has a higher fluorescence than the native heterodimer,
suggesting that the fluorescence of the tryptophanyl residues
in the native structure is partially quenched. In fact, the
fluorescence per tryptophanyl residue in the native heterodimer
is only about 30% of the fluorescence of BSA at equivalent
concentrations of tryptophanyl residues (Waddle, 1990). The
wavelength of maximum emission is the same for the
intermediate as for the native heterodimer, indicating that
the tryptophanyl residues in the intermediate have not
contacted water but are still buried in the hydrophobic regions
of the protein (Clark et al., 1993). Likewise, the spectral
properties of the free a subunit suggest that the tryptophanyl
residues are buried and that interaction with the S subunit to
form the af structure must result in substantial quenching of
the intrinsic fluorescence, suggesting that the structure of the
free asubunit more closely approximates that of the a subunit
in the intermediate heterodimer than that of the a subunit in
the native heterodimer. The 8 subunit has only two tryp-
tophanyl residues, compared with 6 for the a subunit, but its
fluorescence intensity is about 8-fold below that of the o subunit
(Waddle, 1990).

The sum of the near-UV circular dichroism spectrs of the
« and B subunits is very close to the spectrum of the
beterodimer. The differences are, however, significant and
consistent with the observed enhanced fluorescence of the «
subunit relative to that of the heterodimer. Such experiments
require a precise determination of protein concentration;
confidence in the sum of spectra is limited by the confidence
in the concentrations of the three samples, a subuanit, 8 subuait,
and luciferase. In this case, however, there is not only a slight
difference in the amplitude, which might be due to errors in
concentration determination, but there are also shifts in peak
wavelength in the region of the spectrum where tryptophanyl
residues absorb (Figure 5b). In the far-UV, likewise, the
spectra sum to yield a spectrum that is nearly the same as that
of the heterodimer, but not identical. These results suggest
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that the structures of the two subunits as they fold indepen-
dently are very nearly the same as the structures of the subunits
in the luciferase. The fluorescence and near-UV spectral
probes sample the regions of the protein in the vicinity of the
aromatic residues, while the far-UV samples both the aromatic
residue environments and the secondary structure assumed
by the peptide backbone.

Investigation of the effect of protein concentration on the
rate of recovery of the active heterodimeric luciferase following
dilution from 5 M urea demonstrated several features of the
refolding of the enzyme (Ziegler et al., 1993; Baldwin et al.,
1993). Atlow protein concentrations, both the rate of recovery
and the yield of recovery were reduced. The rate of recovery
was low due to the second-order requirement for formation
of the high specific activity heterodimer. The reduced yield
of active enzyme at lower protein concentrations was attributed
to a competing first-order “off-pathway” folding of one or
both of the individual subunits that was significant only at
low concentrations when the second-order heterodimer as-
sembly step was slow. At higher protein concentrations (220
ug/mL) the rate of formation of active luciferase appeared
to saturate, which together with other evidence suggested the
existence of a first-order (isomerization) step subsequent to
the second-order heterodimerization step, the first-order step
becoming rate determining when the assembly step is fast
(Ziegler et al., 1993).

When the subunits separated by chromatography in S M
urea were refolded separately and then mixed, there was only
avery slight increase in activity, consistent with the conclusion
that the activation barrier between the dimerization competent
species and the dimerization incompetent species is very large
and that there is little interconversion between the two species
(Baldwin et al., 1993). It was thus not surprising that mixing
of the native recombinant a and 8 subunits (Figure 6) did not
lead to formation of the high specific activity heterodimeric
luciferase. What was surprising was the observation that
treatment of the individual native subunits with S M urea,
mixing, and 50-fold dilution from the urea did not lead to
formation of the active form of luciferase. The conditions
employed were the same as in the refolding experiments
described above, which yielded >80% active heterodimer
(Ziegler et al., 1993; Baldwin et al., 1993). Toobtain efficient
refolding of the a and 8 subunits to form the af structure,
a stronger denaturant, S M guanidine HCI, was required.
After denaturation in 5 M guanidine HCl followed by dialysis
against buffer containing 5 M urea, the mixed subunits diluted
50-fold from the urea refalded to form luciferase in good yield.
This result suggests that while heterodimeric luciferase placed
into 5 M urea unfolds completely and rapidly (Ziegler et al.,
1993), the native subunits treated with S M urea do not unfold
sufficiently to interact upon dilution of the denaturant.
However, treatment with S M guanidine-HCI apparently
unfolded the subunits sufficiently to allow assembly of the
heterodimer upon dilution; the unfolded subunits remained
unfolded in S M urea during the dialysis step. Earlier
experiments involving refolding of individual subunits from
urea indicated that the 8 subunit assumes a conformation
that does not interact with folding or refolded a subunit, while
refolded a subunit can assemble with refolding 8 subunit
(Baldwin et al., 1993). These experiments suggested that the
B subunit might be resistant to unfolding by 5 M urea. These
results are consistent with the earlier suggestion that formation
of the active heterodimeric luciferase appears to comprise a
kinetic trap and that the individual subunits have available
alternative folding pathways that yield stable structures
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(Sugibara & Baldwin, 1988). The alternative subunit struc-
tures are similar but not identical to the subunits in luciferase,
and, most interestingly, they are much more resistant to
unfolding in urea than is the native luciferase. Kinetic control
of protein folding processes has been suggested for other
systems as well (Baker et al., 1992; Carrell et al., 1991;
Mottonen et al., 1992), and Goldberg (1985) has pointed out
that kinetic control might be expected when kinetic inter-
mediates are detected.
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KINETIC MECHANISM OF THE BACTERIAL LUCIFERASE REACTION

W. A. Francisco, H. M. Abu-Soud, A. C. Clark, F. M. Raushel and T. O. Baldwin

Center for Macromolecular Design and Departments of Chemistry and of Biochemistry and
Biophysics, Texas A&M University, College Station, Texas 77843-2128

INTRODUCTION

We have undertaken a detailed, multidimensional investigation of the kinetic mechanism of
the bacterial luciferase-catalyzed reaction (1-3). Luciferase is a heterodimeric enzyme with a
single active center on the o subunit. While the individual subunits exhibit low but authentic
bioluminescence activity (4, 5), the active form of the enzyme is the heterodimer. The §
subunit is required for the high quantum yield reaction, but its precise function is unknown (6).

Light emission from the enzyme involves reaction of FMNH,, an aliphatic aldehyde and O2
on the surface of the enzyme to yield an excited state flavin and the carboxylic acid (6). One
atom of the oxygen is found in the product carboxylate (7). It is assumed that the other atom
from molecular oxygen is converted to water. £MN is the flavin product that is released
following bioluminescence (8). It is known that the reaction proceeds through the intermediacy
of the C4a-peroxydihydroflavin (9, 10) which can be distinguished from FMNH; by the
characteristic absorbance at 380 nm (10). The formation of FMN can be monitored by
absorbance at 445 nm. Bioluminescence resulting from formation of the excited flavin species
can likewise be monitored. The lifetimes of singlet excited states are typically in the
nanosecond range so that the intensity of light emission at any time is proportional to the rate of
formation of the excited state. It has been proposed that the emitter in the bioluminescence
reaction is the C4a-hydroxyflavin (11); the FMN product is produced by dehydration of the
C4a-hydroxyflavin.

Several chemical mechanisms for the reaction of FMNH2, O and aldehyde have been
proposed (6, 12). We favor a mechanism by which the proposed tetrahedral intermediate
formed by reaction of the C4a-peroxyflavin with the aldehyde collapses to form the dioxirane
and the Cda-hydroxyflavin (13; Fig. 1). The primary excited statc suggested by this
mechanism would be formed on the carboxylic acid product by collapse of the dioxirane. The
C4a-hydroxyflavin would become excited by energy transfer from the primary excited state. In
the presence of lumazine protein (14) or yellow fluorescence protein (15), the secondary
emitter would likewise be excited by energy transfer.

The experiments reported here comprise a detailed investigation of the kinetic mechanism of
the luciferase catalyzed reaction (1-3). All measurements were made under conditions of 25°,
50 mM Bis-Tris HC], pH 7.0. The enzyme concentration was maintained at 75 uM for most
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Figure 1. Schematic representation of the reaction of the flavin C4a peroxide with the
aldehyde substrate to yield the proposed dioxirane intermediate and the Cd4a
hydroxyflavin from a tetrahedral intermediate (E'-FMNHOOR in Scheme I) (13).

experiments, and the FMNH3, aldehyde and O3 concentrations were varied. The highest flavin
concentration used was 15 pM. Experimental data were collected with a stopped flow
spectrophotometer. Rate constants were determined either by fitting of the data to a specific
equation or by simulation using KINSIM (16). The enzyme used in these experiments was
purified from Escherichia coli carrying the IuxAB genes from Vibrio harveyi on a pUC-derived
plasmid. From this recombinant plasmid, we have been able to isolate about 1 gram of
luciferase per liter of culture (17). The high level overproduction of luciferase was essential to
the completion of this project, since the complete analysis required over 75 grams of enzyme.
In some experiments, mutant forms of luciferase having mutations at position 106 of the a
subunit were used. These mutant luciferases, ®C106A, aC106S and aC106V, have been
described previously (17-19).
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Scheme I representing the bacterial luciferase-catalyzed reaction.




RESULTS AND DISCUSSION

Three spectroscopic signals were utilized to
determine the kinetic mechanism of the bacterial
luciferase reaction. Absorbance measurements at 380
nm allowed determination of the formation of E-
FMNHOOH (10). Emission of visible light allowed
measurement of processes occurring following addition
of the aldehyde substrate, and absorbance
measurements at 445 nm allowed detection of FMN
formation from decay of E-FMNHOOH or from
dehydration of the pseudobase, E-FMNHOH (8, 11).
The time courses for the various transformations were
determined as a function of the concentration of
FMNH3, Oy, aldehyde and enzyme. The minimal
model that satisfies the complete data set is presented in
Scheme L. The rate constants presented in Table I were
progressively determined by fitting of the data to rate
equations and by simulation of more complex reactions
(1-3).

The reaction of FMNH3 with O2 to yield FMN and
H70,, in the absence of enzyme was monitored at 380
nm and at 445 nm. The data were fit to the sum of two
consecutive first-order reactions (A—B—C) where the
two rate constants are 4.7 s-1 and 11.5 s°1; the order of
the two rate constants, k21 and k23, is arbitrary.

Formation and Decay of the Peroxydihydroflavin
Intermediate

The second-order rate constant (ks) for the
formation of E-FMNHOOH was determined by mixing
E-FMNH3 with varying concentrations of Q2. The
change in absorbance at 380 nm could be fit to a single
exponential. The resulting pseudo-first-order rate
constants were linearly dependent on the O2
concentration and the plot passed through the origin,
indicating that the reaction is irreversible and that Oz
apparently does not bind to the enzyme prior to
reaction. The slope of the linear plot gave the second-
order rate constant of 2.4¢106 M-1s-1,

Table I: Rate Constants and

Equilibrium Constants for the

Model in Scheme 12

ki 1.7x10" M-1 5l

'g) 1200 s-1

k3 200!

k4 1451

ks 24x 106 M-1 51

kb 1.9x 10" M-1 51

kgb 120 5!

kgt 1.6s-1

kio® 1251

k1p® 1.1s1

ki3 0.60 s-1

kysb 3.0x 103 M-l sl

kig® 0.06 s°1

k197 0.10s°1

ko 9.1 x 105 M-1 51

kag® 5.8s°1

k21 4.7s-1

k23 11551

kasb 12x 106 M-15°1

kagb 37s1

ka7® S.1x 104 M- 151

ki3© 77x 104 M-1 51
L1 0.004 51

Kyd 39x 103 M1

K¢ 6.1 x 103 M1

Kqd 3.5 x 104 M-1

3Determined at pH 7.0, 25°C.

bDetermined with n-decanal.

¢Detesmined with a-decanol.

SEquilibrium constants determined with

n-decanol.

The rate constants for formation of E-FMNH3 were extracted by simulation from data
obtained by mixing of either enzyme and FMNH3 with O or enzyme and O, with FMNH;.
The second order rate constant (ks) for reaction of E-FMNH; with O was known from the
previous experiments, so it was not allowed to vary in the simulations. When increasing
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concentrations of air-equilibrated enzyme were mixed with FMNH3, the rate constant for
formation of E-FMNHOOH reached a limiting value of about 85 s-1, significantly below that
observed when E-FMNH? was mixed directly with O2. These results demonstrate that the
initial complex of E-FMNH3 does not react directly with O2 until after a unimolecular reaction
occurs yielding E-FMNH3. The rate constants ki, k2, k3, and kg presented in Table I allowed
the best simulation of the experimental data with the value of ks fixed at 2.4+106 M-1s-1,

The decay of E-FMNHOOH to yield FMN was monitored by absorbance at 445 nm. The
time course following mixing of luciferase (75 uM) and FMNH3 (15 uM) with O (120 uM)
fit a single exponential with a rate constant of 0.10 s°! (k17 in Scheme I). The formation of E-
FMNHOOH is complete within 10 ms under most experimental conditions. By comparison,
the decay to yield FMN occurs on a time scale of many seconds.

Binding of Aldehyde to the Various Enzyme Species

In the presence of n-decanal, light
emission is observed (Fig. 2). In the
range up to about 500 uM n-decanal,
increased aldehyde results in increased
light emission when aldehyde and O are
mixed with E-FMNHj;. When the
reagents are mixed, light emission rises
rapidly to a peak and then decays
exponentially over a period of several
seconds. The decay rate is strongly
dependent on the chainlength of the
aldehyde and the source of the enzyme Time (seconds)

(6, 12). Figure 2. Effect of concentration of n-decanal on

When the reactions described above the peak light emission from reactions initiated by
were carried out in the presence of n- mixing E-FMNHz with aldehyde and O2. The
decanal, numerous alterations were Concentrations were 30 uM (@), 40 uM (O), 100
observed in the reaction time courses. KM (0) and 500 uM (). T
When enzyme, FMNH; and aldehyde were mixed with O, the formation of E-FMNHOOH
appeared biphasic at intermediate aldehyde concentrations, and could be fit to the sum of two
exponentials; at very low concentrations of aldehyde, the time course approached that observed
in the absence of aldehyde, while at very high aldehyde concentration, the rate of formation of
E-FMNHOOH was again monophasic, but much slower (Fig. 3A). This observation
suggested the existence of a ternary complex E'-FMNH2-RCHO that reacts more slowly with
O- than the binary complex E-FMNHj. The equilibrium constant for the formation of the
ternary complex from E'-FMNH; and the associated rate constants were determined by
analysis of the formation of the 380 nm chromophore as a function of n-decanal concentration.
The same experiment done at constant enzyme (75 pM), FMNH; (1S uM) and n-decanal (500
puM) with Oz varying from 120 uM to 600 UM allowed determination of the second-order rate
constant for reaction of the ternary complex with O2. This reaction (k27) appeared to be about
100-fold slower than the reaction of O with the binary complex.
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Figure 3. Effect of concentration of a-decanal on the time course of formation of the 380 nm
chromophore. Panel A shows the % absorbance change versus time for reactions in which
enzyme, FMNH; and various concentrations of aldehyde were mixed with Oz-containing buffer.
The solid line represent the reaction with no aldehyde, the long dashed line is for 10 yM -
decanal, the intermediate dashed line is for 100 uM n-decanal, and the short dashed line is for
400 uM n-decanal. Panel B shows the effect of n-decanal concentration on the relative
amplitudes of the fast phase (open symbols) and the slow phase (filled symbols) of the reactions
depicted in Panel B.

Measurement of bioluminescence following mixing of enzyme, FMNH2, O and aldehyde
allowed investigation of the processes from aldehyde binding through the formation of E-
FMNHOH (k7 through kj1). In addition, these measurements demonstrated the binding of
aldehyde to the free enzyme (k)9 and k2¢) and confirmed the binding of aldehyde to E'-
FMNH3? to form the temnary complex E'-FMNH2-RCHO. When E'-FMNH? was mixed with
air-equilibrated aldehyde, light emission increased to a maximum about 1 s after mixing and
decayed cxponentially over the next 10 s. The peak intensity increased as the aldehyde
concentration was increased up to about 100 uM, remaining constant thereafter. However,
when enzyme, aldehyde and O; were mixed with FMNH3, the peak light intensity decreased at
aldehyde concentrations above about 100 uM. This phenomenon has been described as
aldehyde inhibition (20), and is strongly dependent upon the chainlength of the aldehyde.
Inhibition is virtually absent with n-heptanal and becomes progressively more pronounced as
the aldehyde chainlength is increased. This behavior appears to be due to binding of aldehyde
to the enzyme to form a binary E-RCHO complex that does not bind FMNH; (Fig. 4). The
inhibition reflects the reaction of FMNH; with O in solution, a competing process that
consumes FMNH3 that would otherwise react on the surface of the enzyme. The order of
addition is therefore crucial to the process of inhibition. If E-FMNH, is mixed with air
equilibrated aldehyde, aldehyde inhibition is not observed, since O reacts quickly with the
flavin on the surface of the enzyme.

The formation of the product FMN following dehydration of the pseudobase, E'-
FMNHOH, was detected by measurement of absorbance at 445 nm. Fixed concentrations of
enzyme (75 uM) and FMNH; (15 uM) were mixed with various concentrations of air
equilibrated n-decanal. At low concentrations of aldehyde, the formation of FMN was
essentially complete after about 15 s, while in the presence of 500 uM n-decanal, the reaction
became distinctly biphasic, with a fast phase with the same rate as that observed in low
aldehyde concentrations, and a slow phase that continued to change after 50 s. These obser-




vations suggest that aldehyde binds to E'-FMNHOH and prevents dehydration of the
pseudobase (kqs and ki¢).

o 100 200 300 400 0 100 200 300 400
Concentration (uM) Concentration (uM)

Figure 4. Effect of order of addition and aldehyde chainlength on aldehyde substrate
inhibition. In Panel A, reactions were initiated by mixing enzyme, aldehyde and O3 with
FMNH3. In Panel B, reactions were initiated by mixing enzyme and FMNH; with aldehyde
and O3. Filled circles represent the relative peak light emission with n-heptanal as substrate
and open circles represent relative peak light intensity with n-undecanal as substrate. The
symbols represent the experimental data and the lines were calculated based on the rate
constants given in Table L.

Mode of Binding of Aliphatic Inhibitors

Luciferase is known to be inhibited by a variety of aliphatic compounds (21-23), including
n-alkyl alcohols, carboxylic acids, amines and trifluoromethylketones. We have determined
the effects of these compounds on the rate of formation of E-FMNHOOH (absorbance at 380
nm following mixing of E-FMNH3 t inhibitor with O7) and on the rate of formation of FMN
from E-FMNHOOH (absorbance at 445 nm following mixing of E-FMNH 1 inhibitor with
O t inhibitor). The results of these experiments (3) demonstrate that the aliphatic inhibitors
decrease the rate of reaction of O with enzyme-bound FMNH} in the same manner as the
aldehyde substrates, suggesting that the mode of inhibition by these compounds is similar to
aldehyde substrate inhibition. Furthermore, these compounds decrease the rate with which the
E-FMNHOOH intermediate decays to FMN and H202, demonstrating the existence of a
ternary complex of E-FMNHOOH-inhibitor. Tu has demonstrated that n-decyl alcohol has a
strong stabilizing influence on E-FMNHOOH and has used n-decyl alcohol as a buffer additive
for isolation of E-FMNHOOH by column chromatography (22). Aldehyde binding to E-
FMNHOH appears to stabilize the product complex and prevent or slow the dehydration
reaction (kj3, k15 and kjg); inhibitor binding to E-FMNHOOH appears to exert a similar
influence.

Effect of Mutations at a106 on the Enzyme-Catalyzed Reaction
Luciferase is known to possess an "essential” thiol (24) that resides at position 106 (25).

Modification of this residue with even the very small nonpolar -SCH3 group renders the
enzyme inactive (26). By site-directed mutagenesis, we demonstrated that this thiol is not
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essential for activity (18). The aC106S, aC106A and aC106V variants were created and the
enzymes analyzed and shown to be active in the bioluminescence reaction (17); the aC106S
variant had essentially wild-type activity and appeared to be less sensitive to aldehyde substrate
inhibition than the wild-type enzyme, implying that the mode of inhibition might be through
formation of a thiohemiacetal (18), an hypothesis that we have since discounted (17). The
same mutant luciferases have been studied in the laboratory of Tu (19) confirming the
conclusion that the @106 cysteinyl residue is not essential for bioluminescence activity. Xi et
al. (19) studied the reaction of the valine mutant with FMNH; and O3 and concluded that the
mutation converted luciferase from a flavin monooxygenase to a flavin oxidase. We have
demonstrated that with the valine mutant, the E-FMNHOOH intermediate forms at essentially
the same rate as for the wild-type (2), disproving the hypothesis of a mechanistic switch. The
aC106V enzyme, however, exhibits a reduced bioluminescence quantum yield due to a greatly
increased (>100 fold) rate of decay of the E-EFMNHOOH intermediate to yield FMN and H202
(k17) (2). The instability of the C4a-hydroperoxyflavin intermediate for the valine mutant (2)
probably accounts for the results of Xi et al. (19).

CONCLUSIONS

The results of these studies (1-3) comprise a set of rate constants defining the primary
reactions catalyzed by the bacterial luciferase from Vibrio harveyi. These rate constants were
determined under a single set of well-defined experimental conditions. It is clear from the
complexity of the reaction that few valid conclusions can be drawn about the effects of
inhibitors, mutations, buffer conditions, etc., on the reaction without performing a detailed
kinetic analysis. The discovery of an isomerization of the E-FMNH2 complex to yield the O2-
reactive E'-FMNH; was unexpected, but is consistent with reports of a two step mechanism
for binding of FMNH> to the enzyme of Photobacterium phosphoreum (27) and a
conformational change that occurs in the Vibrio harveyi enzyme during the catalytic cycle (28).

The mechanism of aldehyde substrate inhibition appears to reside simply in the ordered
binding of substrates (1-3). If enzyme and aldehyde are mixed prior to addition of FMNH3,
FMNH binding cannot occur uatil after aldechyde release. The inhibition is due to loss of the
free FMNH3 to reaction with Oy prior to binding to the enzyme. Formation of the temary
complex E-FMNH2-RCHO reduces the rate of formation of E-FMNHOOH, but does not
greatly reduce the bioluminescence quantum yield. Oxygen can react directly with the
complex, albeit at a reduced rate, and if the aldehyde temporarily dissociates, O can react with
the E-FMNH3 very rapidly (1).

The rate constants shown in Table I allow simulation with high precision of the various
reaction time courses that occur on the V. harveyi enzyme. These results should serve as a
foundation for investigations into the details of the chemical mechanism of bacterial luciferase.

ACKNOWLEDGEMENTS
The research in the laboratories of FMR and TOB is supported in part by grants from the

National Institutes of Health (GM 33894), the National Science Foundation (DMB 87-16262),
the Office of Naval Research (N00014-91-J-4079 and N00014-92-J-1900), and the Robert A.




Welch Foundation (A865). The enzyme used in these studies was purified by Vicki Green.
We are indebted to Dr. Miriam M. Ziegler for advice and criticism of the manuscript, and to
Nancy Harvey for preparation of the manuscript.

REFERENCES

1. Abu-Soud, H., L. S. Mullins, T. O. Baldwin and F. M. Raushel. 1992. Biochemistry 3/,
3807-3813

2. Abu-Soud, H., A. C. Clark, T. O. Baldwin and F. M. Raushel. 1993, J. Biol. Chem.
268, 7699-7706

3. Francisco, W. A,, H. M. Abu-Soud, T. O. Baldwin and F. M. Raushel. 1993. J. Biol.
Chem., in press

4. Wagdle. J. and T. O. Baldwin. 1991. Biochem. Biophys. Res. Commun. 178, 1188-
119

S. Sinclair, J. F., J. J. Waddle, E. F. Waddill and T. O. Baldwin. 1993. Biochemistry. 32,
5036-5044

6. Baldwin, T. O. and M. M. Ziegler. 1992. In: Chemistry and Biochemistry of
Flavoenzymes, Vol. III. (F. Miiller, ed.). CRC Press, Boca Raton, FL. pp. 467-530

7. Suzuki, K., T. Kaidoh, M. Katagiri and T. Tsuchiya. 1983. Biochim. Biophys. Acta
722, 297-301

8. Hastirgs, J. W. and Q. H. Gibson. 1963. J. Biol. Chem. 238, 2537-2554

9. Vervoort, J., F. Miiller, J. Lee, W. A. M. van Den Berg and C. T. W. Moonen. 1986.
Biochemistry 25, 8062-8067

10. Hastings, J. W., C. Balny, C. LePeuch and P. Douzou. 1973. Proc. Natl. Acad. Sci.
U.S.A. 70, 3468-3472

11. Kurfuerst, M., P. Macheroux, S. Ghisla and J. W. Hastings. 1987. Biochim. Biophys.
Acta 924, 104-110

12. Ziegler, M. M. and T. O. Baldwin. 1981. Curr. Top. Bioenerg. 12, 65-113

13. Raushel, F. and T. O. Baldwin. 1989. Biochem. Biophys. Res. Commun. 164, 1137-
1142

14. Lee, J., 1. B. C. Matheson, F. Miiller, D. J. O'Kane, J. Vervoort and A. J. W. G.
Visser. 1990. In: Chemistry and Biochemistry of Flavoenzymes, Vol. II (F. Miiller, ed.).
CRC Press, Boca Raton, FL. pp. 109-151

1§. Dau:ner. S. C. and T. O. Baldwin. 1989. Biochem. Biophys. Res. Commun. 161, 1191-
119




16.
17.

18.

19.
20.
21.
22.
23.

24.
25.

26.

217.

28.

Barshop, B. A, R. F. Wrenn and C. Frieden. 1983. Anal. Biochem. 130, 134-145

Baldwin, T. O., L. H. Chen, L. J. Chlumsky, J. H. Devine and M. M. Ziegler. 1989. J.
Biolumin. Chemilumin. 4, 40-48

Baldwin, T. O., L. H. Chen, L. J. Chlumsky, J. H. Devine, T. C. Johnston, J.-W. Lin,
1. Sugihara, J. J. Waddle and M. M. Ziegler. 1987. In: Flavins and Flavoproteins (D. B.
McCormick and D. E. Edmondson, eds.). Walter de Gruyter, Berlin. pp. 621-631

Xi, L., K.-W. Cho, M. E. Herndon and S.-C. Tu. 1990. J. Biol. Chem. 265, 4200-4203
Holzman, T. F. and T. O. Baldwin. 1983. Biochemistry 22, 2838-2846

Spudich, J. and J. W. Hastings. 1963. J. Biol. Chem. 238, 3106-3108

Tu, S. C. 1979. Biochemistry 18, 5940-5945

Makemson, J. C., J. W. Hastings and J. M. E. Quirke. 1992. Arch. Biochem. Biophys.
294, 361-366

Nicoli, M. Z., E. A. Meighen and J. W. Hastings. 1974. J. Biol. Chem. 249, 2385-2392

Cohn, D. H,, A. J. Mileham, M. 1. Simon, K. H. Nealson, S. K. Rausch, D. Bonam and
T. O. Baldwin. 198S. J. Biol. Chem. 260, 6139-6146

Ziegler. M. M. and T. O. Baldwin. 1981. In: Bioluminescence and Chemiluminescence:
Basic Chemistry and An:lt{tical Applications (M. A. DeLuca and W. D. McElroy, eds.).
Academic Press, New York. pp. 155-160

Watanabe, T., K. Yoshida, M. Takahashi, G. Tomita and T. Nakamura. 1976. In:
Flavins and Flavoproteins (T. P. Singer, ed.). Elsevier, Amsterdam. pp. 62-67

.3A;4o701(hair, N. K, M. M. Ziegler and T. O. Baldwin. 1985. Biochemistry. 24, 3942-




Flavins and Flavoproteins 199
(K. Yag1, ed.) Walter de
Gruyter & Co., Berlin New Yor

KINETIC CONTROL OF FOLDING AND ASSEMBLY OF HETERODIMERIC
BACTERIAL LUCIFERASE

T. O. Baldwin, M. M. Ziegler, J. F. Sinclair, A. C. Clark and A.-F. Chaffotte

Center for Macromolecular Design and Departments of Chemistry and of Biochemistry and
Biophysics, Texas A&M University, College Station, Texas 77843-2128

Introduction

Bacterial luciferase is a heterodimeric enzyme (af8) with a single active center that resides
primarily if not exclusively on the a subunit (1, 2). The role of the B subunit is not known,
but it is required for the high quantum yield of the bioluminescence reaction. The individual
a and P subunits exhibit an authentic bioluminescence activity with a very low quantum
efficiency (3, 4). Over 20 years ago, Hastings and colleagues demonstrated that the & and f§
subunits could be resolved by anion exchange chromatography in urea-containing buffers (5,
6). Mixing of the subunits and dilution of the urea resulted in renaturation of the enzyme.
The low level of bioluminescence activity observed upon refolding of the individual subunits
was attributed to incomplete chromatographic resolution of the subunits (5). More recently,
we expressed the two subunits independently from recombinant plasmids in cultures of
Escherichia coli (7). We were surprised to find that (a) the individual subunits do exhibit low
but authentic bioluminescence activity (3, 4), and that (b) mixing of the o and B subunits
produced in separate cultures of E. coli did not lead to formation of the biologically active af
heterodimer, even after prolonged incubation, indicating that proper assembly of of af
requires folding in the same cell (4, 7). Following unfolding of the & and B subunits with
urea or guanidine HCIl, the subunits recombined upon dilution of the denaturant,
demonstrating the covalent integrity of the recombinant subunits. These observations
suggested that the formation of the off heterodimer in vivo might constitute a kinetic trap (8);
under conditions of folding that preclude heterodimerization, an alternative structure(s)
appears to form that is not in equilibrium with the conformations of the subunits that interact
to form the heterodimer. To test this hypothesis, we have undertaken an analysis of the
folding and assembly of the luciferase enzyme by both equilibrium and kinetic techniques (4,
9-11). We have used both the wild-type luciferase and mutants at position BD313 that exhibit
a strong kinetic defect in the refolding reaction. We conclude that our hypothesis was correct:
the B subunit, when allowed to fold independeatly of a, forms a hyperstable B2 structure that
does not unfold in 5§ M urea. The structure of the carboxyl terminal region of the B subunit
appears to play a critical role in the process of both heterodimerization and homodimerization,
but it has little or no effect on the structure, stability or activity of the heterodimer once it is
formed. These observations suggest that the native form of a protein need not be at a global
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energy minimum. Rather, it would appear that the native structure of a protein must be
kinetically accessible and possess sufficient conformational stability to exist on a biological
time scale.

Results and Discussion

When bacterial luciferase from Vibrio harveyi is placed in S M urea, 50 mM phosphate,
pH 7.0 and 18°, denaturation is complete within a few seconds. The unfolded protein has no
detectable bioluminescence activity and a far UV circular dichroism spectrum indicative of a
random structure (9). Rapid 50-fold dilution of the unfolded protein into buffer without urea
with a final protein concentration of 5-25 pg/ml leads to refolding of active enzyme with a
high yield (9; Fig. 1). At concentrations above 50 pg/ml, the yields are reduced due to
aggregation, while at low concentrations, the yield is compromised due to apparent
competing folding reactions of the individual subunits (9, 10). The latter observation is
consistent with the inability of individual subunits produced from recombinant plasmids to
associate to form the active heterodimer (4, 7). One would expect each individual subunit to
fold into a heterodimerization-incompetent form similar to that formed upon folding in vivo.
Under dilute refolding conditions, the first order processes involving the individual subunits
would become apparent, whereas at higher concentrations, the second order
heterodimerization process would predominate.
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Figure 1. Time courses for the recovery of luciferase activity following 50-fold dilution of
protein from S M urea into S0 mM phosphate, pH 7.0, 18°. Both panels depict the results of
the same experiments, but with different time axes. Each data point represents a single

activity determination in which an aliquot of the refolding reaction mix was diluted into assay
buffer and the luciferase activity determined by rapid injection of FMNH2. Refolding reactions
typically were monitored for a period of 20-24 hours. The solid lines are calculated time
courses based on the kinetic model and rate constants given in Figure 2. Each curve was
calculated with the same set of rate constants but different protein concentrations. The final
protein concentrations were 1.0 pug/ml (@), 2.0 pg/ml (), 4.0 ug/ml (&), 10 pg/ml (A), 25

pg/mi (X), and SO pg/ml (+).

When the unfolded protein was diluted into buffer and luciferase activity followed as a
function of time, a lag phase of about 3-4 min was observed that did not change significantly
with protein concentration (9). Following the lag, the enzyme activity increased at a rate that
was strongly dependent on the protein concentration up to 10-20 pg/ml (9). At lower




concentrations, the rate of recovery of enzyme activity appeared to be limited by the second
order rate of association of the a and B subunits. However, at higher concentrations, the rate
became independent of protein concentration, suggesting that a first order step following
heterodimerization was rate limiting. To test this possibility, we initiated a refolding reaction
at 50 pug/ml, and after 6 min, diluted the refolding prot:in 10 fold to a final concentration of §
ug/ml (9). At the higher concentration, the rate of recovery was concentration-independent,
while at 5 jug/ml, the rate was strongly concentration dependent. When the refolding protein
was diluted to the lower concentration, the refolding reaction continued at the same (fast) rate
for a period of about 1 min before slowing to the rate expected for protein refolding at S
ug/ml. This observation demonstrated the existence of an inactive heterodimeric species on
the folding pathway. The inactive heterodimer formed quickly at the high protein
concentration and slowly isomerized to the active conformation. Upon dilution, this process
continued until the concentration of the intermediate decreased to a level at which the overall
rate became limited by the rate with which the a and B subunits interacted to form the
intermediate.

When the & and B subunits were separated by anion exchange chromatography in urea-
containing buffers and allowed to refold separately (10), several interesting features emerged.
First, if the subunits were allowed to refold for 4 min or more prior to mixing, no lag was
observed, indicating that the lag is due to first order folding steps involving the individual
subunits. Second, if the subunits were allowed to refold overnight prior to mixing,
essentially no active luciferase was formed. This observation was consistent with the
observed decrease in yield at low refolding concentrations, discussed above, and the reported
inability of the subunits from recombinant E. coli to assemble (4, 7).

To better understand the cause for the failure of the subunits produced independently in
E. coli to assemble, we have purified and studied subunits from that source (4). The separate
subunits have circular dichroism spectra in the near ultraviolet which are indicative of packing
of the aromatic residues, and far ultraviolet spectra indicative of well-ordered secondary
structure. Comparison of the sum of the spectra of the two subunits with that of the
heterodimer (4) indicates that the secondary and tertiary structures of the separate subunits are
similar to the structures in the heterodimer. Comparison of the intrinsic fluorescence of the
individual subunits with that of the heterodimer indicates some alteration in the environment
of several tryptophanyl residues (4). The & subunit has 6 tryptophany: residues (12) and the
B subunit has 2 (13). The intrinsic fluorescence of the B subunit is extremely low, indicating
a strong quenching of the fluorescence in the folded protein, while the intrinsic fluorescence
of the a subunit is about twice that of the aff enzyme, demonstrating that the final packing of
residues within the heterodimer results in significant quenching of the fluorescence of
tryptophany! residues within the a subunit (4).

Subunits from luciferase, separated by column chromatography in urea and refolded
independently by dilution from the urea, had circular dichroism spectra identical to those of
the recombinant subunits. However, when the recombinant f subunit was placed in 5 M
urea, it did not unfold, as shown by the fact that the CD spectrum did not change. The
subunit, however, unfolded rapidly in § M urea. Unfolding of the f§ subunit did occur in 6
M guanidine HC1 (4); when the B subunit unfolded in 6 M guanidine HCl was dialyzed into 5
M urea, it remained unfolded. Dilution into buffer resulted in refolding into a structure that
was stable in 5 M urea.




The strong hysteresis in the unfolding and refolding of the B subunit is clearly indicated
in the rate constants for the process. When unfolded B subunit is diluted into buffer
containing o subunit, it will fold with & to form active enzyme (10). If o subunit is added to
the refolding P at various times, the amount of available B subunit decreases dramatically
over a period of hours. The rate of loss of heterodimerization-competent f subunit is second
order, suggesting the possibility of a homodimerization process. Likewise, the formation of
the urea-stable form of the B subunit, monitored by circular dichroism in 5 M urea, following
dilution from urea is second order, with an apparent second-order rate constant very similar
to that for loss of heterodimerization competence. Recombinant B subunit was analyzed by
analytical ultracentrifugation and found to be a dimer, as suggested by the kinetics of
formation of the heterodimerization incompetent species. The a subunit, however, appears
to be monomeric.

These observations offer an explanation for the inability of the recombinant subunits to
assemble into the heterodimeric structure. The B subunit forms a stable homodimer that is
not available for interaction with the & subunit. The formation of the active af structure
appears to be kinetically preferred, but in the absence of a, f will self-associate in a very
slow reaction to form a homodimer that is stable indefinitely in 5 M urea.

Under equilibrium conditions, we have shown that the luciferase unfolds by a three state
process (11). When luciferase is introduced into urea-containing buffers (0-6 M) and
allowed to incubate at 18° for 24 hours, the protein at high concentrations of urea appears to
be completely unfolded as determined by fluorescence and circular dichroism. At
intermediate urea concentrations (ca. 2.5 M) an intermediate structure is formed in high yield
that is heterodimeric but inactive, has a reduced negative CD signal at 222 nm, and has an
increased intrinsic fluorescence (11). The conversion from the native protein into this
intermediate is independent of the protein concentration, but the conversion from this
intermediate to the unfolded state is concentration dependent (11). We have therefore
proposed a three-step unfolding mechanism; the equilibrium constant at 18°, 50 mM
phosphate, pH 7.0 for the aB—ap; interconversion was determined to be 4 x 104, and for
the afi—a + P equilibrium, 1.6 x 10-15 M. The overall equilibrium constant for the
unfolding reaction under these conditions was 6.4 x 10-19 M.,
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of the subunits of bacterial luciferase. The rate
constants were determined by a combination of direct
experimental measurements and simulation of the
refolding data presented in Figure 1 (9).

form the active heterodimer af. The
subunit species a4 appears to be the
form of « that is isolated directly from
lysates of E. coli that carry the luxA

gene (4). The rate constant for the first order process oy—>04, which undoubtedly involves
numerous steps, was estimated as the rate constant for the slowest step in the formation of the




native circular dichroism signal at 222 nm (Chaffotte, Ziegler and Baldwin, unpublished).
Likewise, the rate constant for the By—Bj process was estimated from stopped-flow CD
measurements. The estimates of these rate constants were then varied from the measured
values to allow an optimal fit to the lag observed in the experimental data for recovery of
activity following dilution from urea (Fig. 1) (9). The final values giving the best fits to the
experimental data were very close to the values determined from the CD kinetic data. The
first order rate constant for the afj—ap isomerization was initially estimated from the
kinetics of the shift that occurred in the rate of formation of af§ upon dilution from 50 pg/ml
to S ug/ml (9). The rate constant was then varied to obtain the optimum fit to the
experimental data, including the secondary dilution experiments. The second order rate
constant for the homodimerization of the B subunit was measured using two approaches.
First, the rate with which refolding P subunit became heterodimerization-incompetent was
determined over a range of concentrations and the data fit to a second order mechanism.
Second, the rate with which refolding B subunit formed the 5 M urea-insensitive structure
was determined over a range of concentrations and the data fit to a second order mechanism.
Both approaches gave similar values for the second order rate constant. The
heterodimerization rate constant was determined by simulation. When we attempted to fit the
data presented in Figure 1 using these S rate constants, we were able to simulate the early and
intermediate portions of the curves quite satisfactorily, but at later times, the simulations
invariably continued to give a slow increase in activity that was not demonstrated by the data.
To account for the flattening of the time courses of activity recovery at later times of
refolding, we have introduced a first order conversion of fj-—f', a monomeric form of B
subunit that is incompetent to heterodimerize. With the addition of this step, we have been
able to fit the experimental data quite well (Fig. 1). It is this proposed first-order step that
results in reduced yield of active enzyme at lower protein concentrations. The variance of the
50 pg/ml data from the simulation is due, we believe, to aggregation of folding intermediates
that occurs at the higher protein concentrations, which has not been incorporated into Fig. 2.
Sugihara and Baldwin (8) have described § subunit termination mutants that appear to
fold and assemble correctly at lower temperatures into proteins that have normal activity and
stability, but at higher temperatures fail to assemble into the heterodimer. Based on the
properties of these mutants, it was proposed that the carboxyl-terminal region of the f
subunit must play a critical role in the folding and assembly reaction, but have little or no
effect on the activity or stability of the successfully folded product (8). We have designed a
series of mutants at position 313 based on the original termination mutants. The mutants,
BD313A, BD313N, BD313G, and BD313P, all exhibit kinetic defects in the refolding
reaction. However, they display the same conformational stability as the wild-type protein; in
fact, the asparaginyl and alanyl mutants are slightly more stable than the wild-type protein.
The prolyl mutant has the strongest kinetic defect of the four mutant enzymes. The lag phase
in recovery of activity is the same as for the wild type, indicating that the process Bu—pBi is
the same. It appears that the heterodimerization rate constant is much lower for the mutant
than for the wild-type protein; the time courses of activity recovery for the fD313P mutant
can be satisfactorily fit to the model in Fig. 2 by changing only the heterodimerization rate
constant. Likewise, the homodimerization rate constant of the prolyl mutant appears to be
extremely low or non-existent. Examination of the prolyl mutant B subunit by analytical
ultracentrifugation showed it to be monomeric. The fD313P mutant f§ subunit does not fold
into a 5 M urea hyperstable structure, but rather folds into a structure without significant near-




ultraviolet circular dichroism, suggestive of a molten globule-like structure. It appears that
the proposed fj—f' reaction for the wild-type protein also occurs for the D313P mutant
subunit, whereas the homodimerization reaction does not occur.

Conclusions

It appears that the folding of luciferase subunits into the biologically active aff structure is
a kinetically-determined process. The slow formation of B leads to a hyperstable structure
that does not catalyze the high quantum yield reaction. The observation of mutant proteins
exhibiting kinetic defects in the folding reaction is entirely consistent with this hypothesis. It
thus appears that the native structure of a protein must (a) be kinetically accessible and (b)
have sufficient conformational stability to exist on a biological time scale. Alterations in the
amino acid sequence may alter the kinetic pathway such that alternative structures become
kinetically accessible. Clearly, in a folded protein there is substantial conformational
flexibility, but it is unlikely that all conformations are in equilibrium under native conditions.
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Kinetic partitioning during protein
folding yields multiple native states

James F. Sinclair, Miriam M. Ziegler and Thomas O. Baldwin

The prevalling view in the fleld of protein folding holds that the native state is the
most stable structure possible. A corollary of this thermodynamic hypothesis is
that the native state Is In equilibrium with all other conformations of the protein.
We have found an example of a protein that may exist in two different states,
both of which may be regarded as ‘native’, but which cannot equilibrate on a
timescale that Is biologlcally meaningful. We propose that the active conformation
of this protein is at only one of several possible energy minima, and that during
the process of refolding in vitro — and we assume folding /n vivo — the choice of
which state the polypeptide finally attains Is determined by kinetic partitioning

between folding pathways.
rall U
Canter for Protein fol%.i:g is g to be under thermodynamic 5‘“‘“ y %
Maaamalecular control € eSSy tha t the stable, compact, 4 nmplywb
M-;': ‘nanve’mml!ofapolypqmdecompmaanasmﬂe

Siochemistry and of conformations at 2 globel energy minimum'2. In the
Siophysics, Texss process of conversion fromone state to another, the path-
ASM University way that will predominate will be the one with the low-
College Suation, Teus  estactivation energy which will have the highestrate. For %\ Ceomma.)
7843-2128, USA a reaction under thermodynamic control which yidds
Comespondence two or more products, the ratios of the products will be
shoud be sddresseg  determined by their relative free energies. For a reaction
o108 under kinetic control, the ratio of the final concentra-
tions of the various products will be determined by the
ratio of the rate constants for the reactions by which these
products sre formed. Iu principle, the products of 2 ki-
netically determined reaction will in time equilibrate, but
if the activation barviers are high enough to cause ki-
Detic partitioning, the time required to achieve equilib-
rium may be t00 Jong to be of biclogical significance.
The role of kinetic considerations in the determina-
tion of the folding pathway and/or the finally folded state
has been discussed?, but the examples so far studied are
generally dismissed as curiosities; the possibility thatki-
netic control could playan important role in protein fold-
ing is not widely accepted. Our previous studies on the
folding and sssembly of bacterial luciferase i vivo and
in vitro** led us W0 propose that kinetic control plays a
crucial role in determining the final conformation of this

enzyme. ¥ regard subunit assambly to be an integral Te should be m“ed here -th“* we
part of protein folding, Many proteins are composed of A -

rultiple folding domains; interactions between such E4.: We {QQ\ S
domains differ from interactions between subunits of a <t ly

rmultimeric protein primarily in the covalent continuity f“"“'% Ahls back in. J
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of the peptide backbone in thefglig] case’. former

A=A NS Luciferase structure and assembly
Bacterial luciferase is a heterodimeric (aB) flavin
monooxygenase that catalyzes s light-emitting resction
in certaim bacteria, found primarily in marine environ-
ments. Previous studies have defined both the kinetics
of forrmation of active af luciferase from urea-unfolded
subunits™and the equilibrium unfolding of the enzyme’.
We haveshown that the formation ofactive off structure +he
in vivo requires that the two subunits fold within the same A
cell 2t the same time’. Furthermore, the individual sub-
units allowed to fold independenty in vitro assume con-
formtioms thatappear unable, upon mixing, 1o assemble
b%u:dtpmdm I-dy-euher at25eC o
units, i jther in vivo 8t 25°C or in
vitro at 18°C, were shown by near UV circular dichro- CWinat is this mack? Auw)
ism (CD) spectroscopy to form stable structures with
well-defimed tertiary packing of aromatic side chains®,
Here we demonstrate that the inability of the sepa-
rately folded subunits 10 assemble into the heterodimer
is the consequence of folding of the B subunit into a
heterodimerization-incompetent form which has a
homodimeric (B,) structure. The luciferase § subunit
thus has st least two options ss it folds within the cell
(Fig. 1). 1t can heterodimerize with the @ subunit, if a is
available, o form active aff enzyme. Alternatively, it can
homodiznerize %o form a B, structure which has only
marginal bioluminescence activity (< 10°* that of the
heterodianer)*”®. Under all conditions tested, induding
different ioaic strength, pH and temperature, the afi and
B, species do not achieve equilibrium, but appear to be
separated by a large activation barrier. We propose that
the biologiclly active conformation of the luciferase
sudbunit (the conformstion it assumes in the af
heterodiener) is atone of several possible energy minima,
and that during the process of refolding i vitro (and we
assume folding in vivo) the choice of which conforma-
tion the polypeptide finally attains is determined by ki-

netic partitioning between folding pathways.
The heterodimerization-incompetent form
s studies of the P subumit We feet Strengly abeut
Previoted that ARER cifher the a or the P subunit (or both 4 G thuis change. GThe
este permitied © fold separately in vive® or in vitrd! is im- A "hes) edited vedien b in
paired im its abillity to assemble into the .In teefs 9 is T ‘*hu
order ©0 quantitate heterodimerization-incompetence seatence , and o) .
and © establish which subunit was responsible for the fost the sense (whic
phenomenon, the native and unfolded @ and  subunits is net so simer to
were permitied 10 refold in all four possible combina- Canvey) . A

tions (Table 1). The individual Juciferase a and P sub-
units were produced in soluble form using an

overexpression system in recombinant Escherichia coli C *
grown at 222 and purified o5 previously described®, The A (aa® o)
mulbdléuﬂdin;andauuwymtm

that the separately folded f subunit cannotassemble into
sctive heterodimer with either the native & subunit or
the refolding @ subunit, wheress the refolding p subunit
mixed with either native a or refolding aassembled into
the active af form with good yield (Thble 1).
‘To determine the characteristics of the folded B sub-
unit that prevent beterodimerization, we analyzed the .
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!mta'lbyandyﬁal ultracentrifugation and by unfold-
mg and refolding in buffer solutions containing urea or
guanidinium chloride. The results of equilibrium ultra-
centrifugation (Fig. 2) demonstrate that the B subunit
produced and folded in E. coli without the@subunit a3- {
sumes a dimeric structure. Nonlinear lesst squares fits
of the data to a single exponential equation indicate that

sasi imenting species with 2 molecular weight
gr’-‘n.ooo .mmuhrwekh:of&ebmbuh delete M,
i the sum of the molecular weights of

the rasidues in the encoded amino acid sequence, is
36,349 (ref 11). It thus appears that the B subunit, al-
lowed W fold without @, can assume & homodimeric
structure which cannot associate with & to form the ac-
Prolonged incubstion of B, with @ subunit results in
no detectable (active) aff dimer, suggesting that on the
time scale of the experiments (weeks), the B, species does
notdissociate, and thus cannotcome to brium with
of. We therefore investigated the unfolding and refold-
ing of the B, species in buffers containing urea (Fig. 3).
The sear UV CD spectrum of folded f is thesame in 5§
M urea as it is in buffer (Fig. 34), even after prolonged
{> 481) incubation of the folded protein in ures. Once
the protein is unfolded by treatment with 9 M ures, it
remains unfolded when the ures concentration is de-
creased © $ M, demonstrating that the folded and un-
folded conformmtions can coexist in 5 M ures without
any deectable interconversion between the two forms.
The § subunit in the aff dimer is rapidly (< 30 sec) and
fully unfolded when placed in 5 M urea’. D further evalu-
ate this apparenthysteresis, the CD of the protein at 222
om-—monitoring prisnarily secondary structure— has 3 ‘)
been camined (Fig. £5). The beterodimer is able 1o - 3 (Ras.
tablish equilibriumbetween the native, intermediate, and
denatured conformations whether starting from the na-
tiveor denstured stav’, and appears to be fully unfolded
hsumv.m&mdmm s strong hyster-
esis between unfolding protein and refolding protein.
‘lhe'-nodeaa:ahs';ml fothﬂatcom“ﬂt::,omd
urea in which the o} enzyme is y , sug- ot 2
gesting that the rate of unfolding of [Pis very siow under /GQ (sbserpt 2)
the conditions employed, so hat equilibrium is not *e
(ymbel € schieved. Incubetion, of the protein for 18 h at 18%n ¢ . (18%ec)
‘m“‘:.\ p- con 6 M urea Di8 resul{ in apparent Sdid £ ’ .
Yl *) wntolding, but dilwtion of the unfolded proftin into buff- .
s st lower urea concentration resultin refold- Jpﬂ . &)
ing, This spparent hysteresis (Fig. %) in the unfolding 3 (Fig. 3
and refolding processes of 3, is in marked contrastto the
reversible equilibrium unfolding and refolding of the off
luciferase’. Since the failure of B and B, o interconvert
on 2a experimentally achievable timescale prevented di-
rect messurement of the equilibrium constantand thus
the conformations] stability of B, we obtained an esti-
mate of the equilibrium constant by measuring the rate
constants of forrwtion and dissociation of B, (k, and k ,
in Fg 1). :
Folding and unfolding of b,

We have used two approaches o investigate the rate of -
formaton of the B, homodimer. First, we observe the ,ﬂ.
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rate at which unfolded B becomes heterodimerization-
incompetent during the process of refolding. Unfolded
P subunit in $ M ures is diuted from the urea and al-
lowed 10 refold as described®. At various times, aliquots
areremoved and mixed with excess native & subunitand
allowed to continue refolding overnight. The apparent
rate of loss of heterodimerization competence shows a
<ﬁnrdqnndunzonﬂuemuzn&adonofwnblubunh
in the initial mixture; the data in Fig. 44, fit o
1 second order fu , yields 2 nlnefork‘(rbl)d
167 £ 30 M™ sec. The second method is based on the
observation (discussed sbove) that the B, structure is
stablein 5 M ures. In & refolding experiment simiar to
that presented in Fig. 44, we withdrew aliquots of the
refolding protein atvarious times and increased the ures
coacentration %5 M. conditions under “m&nm
had formed should remmin folded We

rate of formation of B, the ures-stable species, by mea-
clﬂuﬂnCDmdatmmmSMmo(
withdrawn at various times. Indeed, the data (Fig. 40) fit
wedl ©0 a second order process with a rate constant (k,
Fig. 1) of 200 £ 30 M~ sec™, in good sgreement with the
experimental results presented in Fig. 46. Since the dif-
ference between these two numbers is less than the error
in the individual determinations, we conclude that loss
of heterodimerization competence and formation of the
urea-stable B, species occur with thesame rate constant.

The native f,, which has two tryptophanyl residues
per polypeptide chain", has an intrinsic flucrescence
emission spectrum blue-shified relative % that of most
folded proteins, with 3 maxirmumat 320 nm (Fig. 5, in-
set)". The intensity of the Suorescence is quite low com-
pared with that expected for a protein with two
tryptophany! residues” suggesting that the
residues of the B, species reside in & hydrophobic eavi-
roament and that the fluorescence of these residues is
quenched by interactions with other smino scid residues,
ItenquV(H)qnanmufﬁ“ﬁp&ﬂdnnuum:gg
well-organized packing of arormatic side chains, consis-
tent with the intrinsic fluorescence emission spectrun,

Upoa unfolding in 6 M gusnidinium chloride (Fig. 5,
iuet)orhOMm(dau not shown), there is 2 red
shiftof the Buorescence Wwabout 350 am. This change in
fiworescence occurred over the sameures concentration
sunge as the change in CD signal shown in Fig. 36 (data
notshown).

The unfolding of f, mogitored by either finorescence
or Cff 24 h following mixing with denaturant, occurs
between 2-3 M guanidinium chloride. The rate of un-

of the B, structure was determined by mouitor-

ing the increase in fluorescence following mixing of ns-
tive protein with a series of guanidinium chloride con-
centrations (Fig. 5) using 2 stopped-flow mixing device
atiached 10 the fluorometer, Each reaction was fit 0 &
sisgle exponential 10 determine the rate constant for
at each concentration of guanidinium chio-

ride. Between 3—4 M guanidinium chioride, the unfold-
ing reactions with readly messurable rates.
The observed rate constants determined are the micro-
scopic rate constants of unfolding, since there is no con-
tribution from the refolding reaction under the condi-
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tions of the messurements. The dats have been extrapolaied

0 native conditions (no denaturant) to obtin an estimate .

of the first order rate constant of dissociation up,ﬁg;; Za\ @ (Sﬁ‘smrf -7)
1) of 1.6 10-*sec. This rateis 30 slow that B once formed,

does not dissociate on 2 biological timescale under non-de-
naturing conditions.

The ratio of the rate constants (k_JKk,) yidds an estimate

. of the dissociation equilibrium constant for the §,63)2
E‘d..m‘i&. . process of about 10 M st 18 *C. This equilibrium con-
Aovble-hendad corresponds 10 a free energy of about -21
A e Mere,  close 10 the value of -24 for theover-
e all process af@)x + B, also determined a1 18 °C (ref. 7).
(= ) Counsidering the error involved in the extrapolation to zero

denaturant ¥ determine the rate of dissociation of the
homodimer, as well as the error intrinsic 10 estimation
the equilibrium constant from the rate constants, we con-
dude that the conforma tional stabilities of the heterodimer
1nd homodimer are not significandy different.

Based on messurements of the rates of refolding of lu-
ciferase (o) from unfolded subunits, we have estimmted
the second order rate constant for heterodimer assembly («
+ B - af), k in Fig. |, 10 be about 2600 M- sec (A.C.
Clark, E.F. Waddill, A.-F. Chaffotte and T.O.B, menuscript
in preparation). The second order rate constantk, for the
competing homodimerization reaction (B + p — B,) re-
ported here is about 180 M™* sec™’, over 10 times less than
the rate constant for heterodimerization.

Alupadlutlonb&r barrier
The f subunit refolding in the presence of@has at least two ol
svailable folding pathways, the kinetically preferred

heterodimerization pethwayleading %0 the sctive off enzyme,

and the slower homodimerization petiway leading 0 the

B, species. Based on earlier investigations of the folding and
assembly of the enzyme én vivo, we proposed that the ss-
serubly of the enzyme was under kinetic cuntrol™, We now

folding reaction. .

The experiments reported here demonstrate that the in-
ability of the folded & and B subunits © assemble into ac-
tive luciferase is due 10 the formation of & B, homodimer
which is prevented from dissociation under non-desatur-
ing coaditions by a large activation barrier. The B
bomodimer s not unfoldedin SM ares, even efter prolonged
incubation, whereas treatinent of the luciferase heterodimer
with $ M ures results i rapid unfolding of both subunits®.
Both structures arestable under non-denatnring conditions
on e biclogical timescale, 30 both conformations can be de-
scribed as ‘native,

If the f subunitis unfolded by treatment of p, with 9 M
ures,or isolated in the unfolded state by ion exchange chro-
matography of luciferase subunits unfolded in 5 M ures, it
remeins unfolded in the presence of urea under conditions
that do not unfold B,. At ures concentrationsless than 2 M,
the unfolded § subunit regains native structure. We have /3
shown that the hysteresis is due 10 the extrandy slow rate
of homodimer dissociation, implying that 2 substantial en-
ergetic input is required t interconvertf subunit between
the folded and unfolded conformations. A consequence of
this large energy barrier is that the rates of foldingand un-
folding are very siow. The rate constant for the unfolding

g | Clelete prrveds, ’}?_'2,_,)

et

-

structural biology galley proof, page S




b b RS o o i

P

: l" . Brian ¢ Il'.ll Produshon Edites "..; Or. Tam Baidemn Osle. 33104 Time. 10.45.03

o gt galley proof

mmmbzmphﬁuboumaidinium
chioride, is 1.6 x 10-“sec™, 50 slow that the half time for
this reaction would be over one million years. The foe-
mmtion of the B, homodimer is also very slow, with a
rate constantof about 180 M- sec. This rateconstant is
much less than would be expected from diffusional lim-
its, suggesting that there may be sigaificant conformm-
tional Wuinmepsubuitpﬁorwwdut-
ing the formmtion of specific contacts at the dimer inter-
face. The simplest explanation for the observation of the
same second order rate ;ouunlufdor loss of
heterodimerization competent f subunit and appearance
of urea-stable B, is that both heterodimerization and
homodimerization involve the same P subunit interme-
. diate. If the two second-order processes involve different
' m«uummmﬁmnﬁdqﬁ
librium through some common
By comparison of the near and far UV ob # speciva #
heterodimer with the sumof the spectra of the indi A
! subunits purified from recombinant E. cof{, we have con-
i duddht&lmolﬂxn::b:ddhd&
' are oot different structures
5?:: s"lbuih h’:heuodinr'y . High resclution
structural information for the luciferase or its subunits
is not curready available, s0 it is not possible © com-
ment sbout structural differences between aff and . It
is possible that the kinetic stabilization of the  subunit
in the P, structure relstive 10 the B subaait in the o
structure could be due solely to differences in the sub-
unit interface. Howeves, the experiments reported here
were developed %0 investigate the kinetic trap that oc-
curs the refolding reaction, aot to place a struc-
tural interpretation on the kinetics and thermodynam-
ics of the refolding reactiocn.

Kinetic partitioning

Protein folding occurs through s sesies of intermedinte
conformations, most of which have oaly a transient ex-
istence. It should be spparent @t any pathway involv-
ing intermediates is subject to kimetic partitioning®.
Amiao ucid substitations in proteins mey slter the fold-

= ——— -

. sl
stracture, but also 0 define the which that sy in this pTOP°
(eoried) @  swwchwreisachievedfA hmll'z:iouinln -"‘x‘""“
coding sequence for the protein tially canm alter the
folding patiewy and cause the protein 1 foid into an
incorvect structure. This proposal should be contraseed
. C with the generally applied interpretation that mutations
that decrease the yield of correctly folded protein do so0
H by altering the free energy of the mative structure, the
unfolded ide, or both. However, it is aleo pos-
siblefor mutations 10 alter the foldiag pethway; allowing
alternative structiures % form, without slwering the sta-
bility of the correcty folded structure. The product par-
tition ratiocould bealtered by chunges in the ragnitude
of the activation energy barriers between intermadisees

on (or off) the folding pativay. )

the pati s onding w formution of the phage P32 M. et
“ - -

hl&thzudoﬂ-pﬁmw&n"xm- ¥ aygrequction § 0
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OUS mutants that can alter the ¢ rent partition ratio , s tants have alse
have been isolateq' 3 u';”nndﬂgtiom of the mlﬁ'@ SA‘“"- matan iFeruse s
carbaxyl-termina) &; of theluciferase B subunit can ceparted Qe luc
clusea hnmmmmiﬁwfoldin; Phenotype’, 1t ap- been
pears that these mutations Jead 10 2 partitioning of the detetions oues

folding B subuaije into (at least) ewo conformation)
states, one that js capable of interacting with the o sub-
p B .

i tion-incompeten t Unlike the wid-
Ype B subunit described herr, heterodimerization.
ineonpeutl‘omofummuuui mogomerict, The
of dimer formed ﬁomﬂ!aedlaedbmbunitm
has aorma) activity and stability, leading o the conciu-
sion lluttlnnrbom-lauiml Tegion of the B subunit
plays 2 crucial role duri the fol reaction, perhapg
by stabilizing min“m‘!auudiaugi:t‘hu litde or no of-

y folded”
tare does notresult fromg mutation, and tbatmeal‘:-
Dative folding h:yisdsekhcﬁcwmequmof -
moﬂhetwo" 3 auda.b:'nmc:duﬁng
Ndhg"‘.mheproﬁmbrwhidakiu&&may-
ml?dnamhuwwdg&dchmnw

mcﬁonkundckhakmuu;!heaamd struc.

mmmhqﬂibﬁmmnrdﬁonnﬁoudem

uinedbymeirrehﬁnnuoffonmﬁon.notby!hﬁr
tvestabilities, -
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Methods

Mreparsdon of ludferash and & and P subunits. Lucierase
was purified from recombinant €. coli cells containing a plsmid
carrying the JuxAB genes from Vibro harvey, grown 25°C, &
previously clescnbed™ . Natve & and P subunits were purified
under natwve conditions® directly from £ colr cells containing
plasmuds carrying either the AxA or kux gene from V hanvey®
Growth was at 22 °C, at which tamperature the subunits were
overopressed in soluble form’. The netive subunits were never
subjectad 10 any ures treatment,: and prior to the experiment
each had never been exposed 10 the other subunit. Unfolded &
and P subunits were obtained by denaturing luciferase (ofd) in §
M urea and separating the unfolded subunits by ion exchange
chromatography in 5 M urea™. Foided (native) subunits were in
50 mM phosphate buffer, 1 mM EOTA, 0 SmM OTY, pH 70.
WMMMMmmmbuﬁuSMhummb
initistion of refolding/assembly

Subunit refolding/assembly. All refoiding and sssembly
wperiments in wtro were done at 18 °C, consistent with previous
detailed kinetic and equilibrium studies of refolding®™. The
temperature used in these experiments is consistent with the
manne habitat of the luminous bacterium Vibno heneys, from
which the AxA and AxS genes were deried. Refolding of the
subunits was initisted by S0-fold dilution from S M ures (or non-
vrea-containing buffer in the case of the native subunits) into S0
mM phosphate buffer, 1 mM EDTA, 0.5 mM DTT, 0.2% bovine
serum albumin (BSA), pH 7.0, at 18 °C, with » residual yres
concentration of 0.1 M (ref. S).

Luciferase saivity assays. Activity of the iuciferase heterodimer

was measured by a flavin injection assay in which the substrate

FMNH, i3 injected into a solution of enzyme and the other two

lubstmn. and sidehyde™ 2. The subsequent light emission
with » Turner Designs TD20e fuminomater.

Amaiydcal wmmdmﬂwwmm
for analytical vitracentrifugetion ware dialyzed edaustively agai

200 mM phosphate, pH 7.0, mmmosmonw
vitracentrifugation of native B subunit (0.1 mg mi-') was
performed &t 16,000 rpm and 23 °C, using » Beckman Optima
XIA instrument Equilibrium was established after 24 h, and &t
this time, the sbsorbance st 280 nm was determined a3 a function
of radial position. The density of the buffer was determined (o e
1.025 g mi* at 23 °C by the mechanical osciliator technique®,
and the partisl specific volume of the protein was calculated ©©
be 0.7234 mi g* from the amino acid compoasition™ . The data

were fit 10 the single exponential equation A = A0 e MW [(1- A

WA 2"} where A = absorbance st radial position ¢,
A= abaorbance at the meniscus, r, MW = molecular weight, @ =
“Mwmﬂwmf&m p = density, R = the
idesl gas constant, and T = sbsolute temperature.

Spectroscoplic methods. Sovine serum sibumin was omitted from
the nefolding butfer for experiments involving spectroscopic
methods. CO spectrs were obtained with ¢ Jasco J600A
spectropolarimeter. samples were maintained at 18 °C. folded §
subunit was in 50 mM phosphate or in the same duffer with S M
urea. The latter sample was incubated in S M ures for more then
48 h prior to recording the spectrum.

T obtsin urea denaturation curves of B subunit, the initial
samples were either native (in buffer without ures) or unfolded
(in bufferwith 9 M urea); these solutions were diluted mio different
concentrations of ures in SO mM phosphate, 1 mM EDTA, 0.5
mM DTY, pH 7.0, at 18 °C, finsl prowin concentratians being 12
pg m*. After spprasimately 24 h, CD st 222 nm wes messured
for esch sample.

Determinetion of the second-order rate constant for

homodimerization of P. ™wo methods wers employed to
determine the rate of formation of §,. First, the rate of lom of
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heterodimenzation competence was determmned at a vanety of §
wbunit concentrabons Unfolded P subunit was diuted $0-fold
nio miokcing buffer (above) plus 0 2% BSA. At various Umes,
sliquots were withdrawn and miomd with excess natve @ subunit
(7S pg mr*, or 1 87 pM finsl concentration in the same buffer)
The bioluminescence aclivity was measured after 12 h to
determune the final actvity recovered, the maximum yeld being
Emited by the concentration of heterodimerization-competent B
subunit .

The second method relied upon the stability of B, 10 SM urea.
At regular intervals following dilution of § subunit into refolding
buffer without 8SA, aliquots were remowed and adjusted to S M
ures, condrtions under which B, is stable, but the B monomer
unfoids® Following eduilibration at 18 °C for 24 h, the CD st 222
nm was recorded. From the signal for each sample and the signal
of the natwe protein (homodimer) in S M urea, the fraction of
ursa-stable B subunit in each sliquot wes determined.

Data from both experiments were fit to the second order rate
squation kt = 1/§] ~ 1/{P], where k = second order rate constant,
t= time in 39¢, I = concentration of monomer, and B, = initisl
concentraton of B subunit. A nonlinesr least squares fit 1o the
concentrabon of monomer was performed, and the fraction of
eixch species was computed by dividing by the initisl protein
concentration. For the formation of the urea-stable state the fit
was © the quantity I, ~ IPl.

Determination of the first order rate constant for
dissodetion into monomers. fluorescence emission spectra
fokied B in buffer (50 mM phosphate,! mM EDTA, 0.5 mM OTT,
pH 7.0} and unfoided B in S M ures under the same conditions
were obwained with an SLM 8000 fluorometer st 8 protein
concentraton of 1 pM, with exitation st 280 nm. The first order
rate constant for B, dissociation was determined at a number of
different guanidinium chioride concentrations by stopped-fiow
fluorescence, using 8 rapid mixing device attached to the SIM
fluorometer. Guanidinium chioride was used instead of ures
because sufficiently high concentrations of the latter 1o do the
unfoiding experiment could not be achieved. The f, homodimer
in buffer was injected against guanidinium chioride in a ming
ratio of 1 : 2.5 for a final protein concentration of 1 pM in sach
denaturant concentration (S0 mM phosphate, 1 mM EDTA, 0.5
mM DTT, pH 7.0, 18 °C). The change in fluorescence between
the native and denatured state was followed at 365 nm using an
exitation wavelength of 280nm. The change in signal could be
fit 1o theequation Y = Y, [A] + Y, (IA], - {A]) with Y = fluorescence
signal, ¥, = signal of dimer, Y, = signal of product, [A], = initial
dimer concentration, and [A] = the concentration of dimer
determined Dy the first order rate equation [A] = [A), ¢ k = first
order e constant, and t = time in sec 10 obtain an observed
first order rate constant for dissociation at each guanidinium
chioride concentration.
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Table 1 A recovered after refol of
folded or un B subunit mized with folded
or unfolded o subunit

Starting conditions® Peccent recovery®
Unfolded B + Unfolded o 100

Unfolded B + Folded o 60

Folded P + Unfolded o <0.005

Folded B + Folded o <0.005

Unfolded and folded subunits were prepared as
described in Methods. :

100 percent is based on enzyme activity recovered 24 h
after mixing unfolded o and unfolded PB. Rofolding
sssembly was carried out at 18 °C for 24 h as dexcribed

ﬂothodt. with a final protein concentration of S&? mt

{equimolar « and §). The appearance of luciferase
heterodimer was followed by measuring bioluminescence
activity as s function of time.

1 Kinetic partitioning of luciferase p subunit during
ding. B, unfolded DM active heterodimeric
luciferase; @, homodimer.

2 Analytical ultracentrifugation of native@ subunit
m Moth'rds). The excellent fit of the data to the
equation given in Methods indicates thatfsediments as
a single species with a molecular weight of 71,889,
spproxi the molecular weight of )} homodimer.
A sample was also cn::lud with an initial loading
concentration of 0.3 mg mt-' P subunit, withsimilar results
(singlesedimenting species of molecular weight 66,697).

:I‘g!a.'lm UV CD spectra of folded and unfolded

Folded B in 50 mM phosphate buffer (1) and in
S M wee (2) have essentially the same spectrum.
Unfolded psubunit inS M ures &]shmdm.mrw
€D, and remained unfolded under these conditions over
long pariods of time. b, Urea denaturation curves of B
subunit {circles) and off luciferase (squares). Protein
samples in buffer were with ures at the indicated
concentrations (open symbols) or were diluted from 9M
urea tothe indicated concentrations (filled symbolks) (see
Methods). incubation at 18 °C for ~24 h, the
CD signal at 222 nm was recorded. Data for the
foquiﬁvm"' 4 unfolding of luciferase (off 4t 25 g mi-) are
romref. 7.

Fig. 4 Determination of the second order rate constant
for P, formation at 18 °C. The concentrations of Bsubunit
durs Mddu;% follewmg dilution from S M ures were
0.13 uM (4), 0.26 uM (@), 0.52 uM {O), or 0.78 uM (). &,
lows of heterodimerization competence of refolding B
subunit. b, appearance of 5 M ures-stable form of thob
subunit (see Methods). The solid lines in panel d

are fits to the second order rate equation kt = 148} - V/
[P], a8 described in Methods. e

Sons

WM e WY . L i oew ww

$ Determination of the first order rate constant for
B, disscciation into monomers. The first order rate
constant for B, dissociation was determined at a number
of different guanidinium chioride concentrations using
stopped-flow fluorescence (see Methods). The observed
first order rate constants determined by fitting the data
(increase in fluorescence signal at 365 nm) to a single
sxponential equation are plotted as a function of
&uanédinium chioride concentration; extrapolation to 0
guanidinium hloride yielded a value of 1.6 x 10
sec forthero:  onstant for unfolding of , homodimer
under native conditions. inset, Fluorescence emission
spectra of folded and unfolded B subunit. Native B in
butfer (- - -) has an emission maximum at about 320 nm.
Unfolded 8 in 6 M guanidinium chioride (—) has a red-
shifted emission maximum at about 350 nm. The vertical
line shows the maximal difference between the folded
and urfolded spectra at 365 nm, the atwhich
the ;!;:n e in fluorescence during unfolding was
mon
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Scheme |. Kinetic partitioning of luciferase B subunit during
folding. B, unfolded B subunit; af, active heterodimeric
luciferase; B,, homodimer.
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