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ABSTRACT: The kinetic mechanismin Vitro of the folding and assembly of the heterodimeric flavin
monooxygenase bacterial luciferase has been defined by a unique set of rate constants which describe
both the productive refolding pathway and competing off-pathway reactions in 50 mM phosphate, pH 7.0
at 18 °C. The individualR and â subunits fold independently to form heterodimerization-competent
species,Ri andâi. TheRi andâi species can interact to form an inactive heterodimeric intermediate,
[Râ]I, which isomerizes to form the activeRâ structure; the structure of the enzyme has been determined
to 1.5 Å resolution [Fisher, A. J., Thompson, T. B., Thoden, J. B., Baldwin, T. O., & Rayment, I. (1996)
J. Biol. Chem. 271, 21956-21968]. In the absence ofRi, âi can form a kinetically trapped homodimer,
â2, with a second-order rate constant of about 180 M-1 s-1 [Sinclair, J. F., Ziegler, M. M., & Baldwin,
T. O. (1994)Nat. Struct. Biol. 1, 320-326]; the structure ofâ2 has recently been reported [Thoden, J. B.,
Holden, H. M., Fisher, A. J., Sinclair, J. F., Wesenberg, G., Baldwin, T. O., & Rayment, I. (1997)Protein
Sci. 6, 13-23]. Theâi species, or some other form that precedesâi on the refolding pathway, can also
undergo a first-order conversion into a form (designatedâx) that cannot associate withRi to form the
native enzyme. The rate constant for this process, assigned here, accounts well for the previously observed
dependence of final yield on concentration of refolding species [Ziegler, M. M., Goldberg, M. E., Chaffotte,
A. F., & Baldwin, T. O. (1993)J. Biol. Chem. 268, 10760-10765]. In simulations of the refolding
reaction, all processes associated with the refolding of the individual subunits were combined into single
first-order rate constants for each subunit which were consistent with the rate constants determined from
stopped-flow circular dichroism studies. The first-order rate constant for the folding of theR subunit,
estimated from the concentration-independent lag preceding the appearance of active enzyme, and the
second-order rate constant for assembly ofRi andâi into the heterodimer, estimated from the concentration-
dependent rate of appearance of active enzyme, were consistent with the rates of first- and second-order
processes monitored by changes in fluorescence of an extrinsic probe [the product of modification with
N-(4-anilino-1-naphthyl)maleimide] on theR subunit during refolding. The rate constant for the
isomerization of [Râ]I to form the active heterodimer was estimated from the kinetic data of a secondary
dilution experiment and from fluorescence measurements of protein diluted 20-fold from 2.1 M urea-
containing buffer. The rate constants reported here for the kinetic mechanism of refolding permitted
simulation of the time courses and yields for activity recovery during the refolding of luciferase from
about 1 to 25µg/mL which are in excellent agreement with our previously reported data.

The pioneering work of Anfinsen and colleagues led to
the “thermodynamic hypothesis” of protein folding which
states that “the three-dimensional structure of a native protein

in its normal physiological milieu...is the one in which the
Gibbs free energy of the whole system is lowest” (Anfinsen,
1973). This concept remains today axiomatic in the field
of protein conformation and folding. Several models have
been proposed to explain the folding properties and stabilities
of globular proteins, all relying to a greater or lesser extent
on the thermodynamic hypothesis (Srinivasan & Rose, 1995;
Jaenicke, 1991; Creighton, 1990; Dill, 1985).

Because many proteins do not fold by a simple two-state
mechanism, but rather form multiple transient intermediates
during refolding, the possibility cannot be neglected that these
intermediates may partition into nonproductive, off-pathway
structures (Goldberg, 1985; Tandon & Horowitz, 1986;
Waddleet al., 1987; Sugihara & Baldwin, 1988; Goldberg
et al., 1991; Baker & Agard, 1994; Ransonet al., 1995).
Folding studies withR-lytic protease (Bakeret al., 1992),
the serpin plasminogen activator inhibitor-1 (PAI-1) (Carrell
et al., 1991), and bacterial luciferase (Sinclairet al., 1994)
have shown that formation of the biologically active state
of these proteins depends on the activation barrier between
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the native state and other kinetically stable structures. Earlier
work with bacterial luciferase showed that formation of the
active heterodimer required that the two subunits fold within
the same cell at the same time (Waddleet al., 1987). In
kinetically controlled processes, the relative yield of products
formed is dependent on the relative rates of formation of
those products rather than on the differences in free energies
of those products. These examples show that a complete
understanding of a protein folding pathway for most larger
proteins may be attained only with the inclusion of detailed
information on rates of formation and conversion of inter-
mediate structures that occur on the pathway to the formation
of the native conformation.
The folding pathway of bacterial luciferase has been shown

to involve several intermediates, including both on-pathway
and off-pathway species (Ziegleret al., 1993; Baldwinet
al., 1993; Clarket al., 1993; Sinclairet al., 1994). This
pathway has been summarized in a recent review of the
luciferase structure by Baldwinet al. (1995). The unfolded
subunits,Ru and âu, undergo isomerizations to form het-
erodimerization-competent species,Ri andâi, as shown in
Scheme 1. These species can interact to form an inactive
heterodimeric intermediate, [Râ]I, which isomerizes to form
the activeRâ structure. An inactive heterodimeric interme-
diate was also shown to be present under equilibrium
conditions (Clarket al., 1993). In the absence ofRi, âi can
form a kinetically trapped homodimer,â2, whose dissociation
rate is so slow that it is not in equilibrium withâi and thus
cannot associate withRi to form native enzyme (Sinclairet
al., 1994). The structure of thisâ2 species at 1.95 Å
resolution has been determined (Thodenet al., 1997).
We describe here the kinetic mechanismin Vitro of folding

and assembly of bacterial luciferase in 50 mM phosphate,
pH 7.0 at 18 °C. The rate constants for formation of
secondary structure upon dilution of unfoldedR and â
subunits from urea-containing buffer were determined by
monitoring the circular dichroism at 222 nm; both subunits
undergo multiple transitions during refolding. The rate of
heterodimerization to form [Râ]I was estimated by simula-
tions of previously reported data on the rate of recovery of
activity during refolding (Ziegleret al., 1993) and agrees
well with the apparent second-order rate constant determined
by measuring the effect of theâ subunit concentration on
refolding of R subunit labeled with the fluorescent probe
N-(4-anilino-1-naphthyl)maleimide (ANM).1 Simulations of
these fluorescence data as well as those for recovery of
activity during refolding reported by Ziegleret al. (1993)
indicate that the heterodimerization-competent form of the
â subunit,âi, or some species that precedes it on the refolding
pathway, undergoes a first-order transition to form a kineti-
cally stable species, which we have calledâx, that is not in
equilibrium with âi. These data show that formation of

heterodimer is the kinetically preferred process when theR
and â subunits are both present in a (re)folding mixture.
When the concentration ofR subunit is low, such that the
heterodimerization reaction becomes rate-limiting, the kineti-
cally preferred folding pathway of theâ subunit yieldsâ2.
When theâ subunit concentration is very low, the competing
first-order formation ofâx results in reduced yields of both
Râ andâ2.

MATERIALS AND METHODS

Enzyme and Chemicals. Vibrio harVeyi luciferase was
overexpressed inEscherichia coliand purified as described
previously (Baldwin et al., 1989). Our overexpression
protocol results in accumulations of luciferase to levels over
50% of the soluble protein inE. coli. Urea (Ultra Pure) was
purchased from Schwarz/Mann Biotech or Gibco BRL, ANM
and â-mercaptoethanol were obtained from Sigma, and
dithiothreitol and Tween-20 were from Boehringer Mann-
heim Biochemicals. “Phosphate buffer” refers to NaH2PO4/
K2HPO4, pH 7.0. All other chemicals were reagent grade.
Stopped-Flow Circular Dichroism Measurements of the

Refolding of Luciferase Subunits.TheR andâ subunits of
luciferase for stopped-flow CD studies were separated using
ion exchange chromatography (DEAE Sephadex A-50) of
luciferase samples in 5 M urea, as described previously
(Baldwin et al., 1993), and were diluted 1:50 into 50 mM
phosphate buffer, pH 7.0, to initiate the refolding reaction.
Data were collected on a CD6 spectrodichrograph (Jobin-
Yvon Instruments, Longjumeau, France) equipped with a
Biologic stopped-flow attachment essentially as previously
described (Chaffotteet al., 1992) except that samples were
maintained at 18°C.
Separation of LuciferaseR and â Subunits by Ion

Exchange Chromatography on Q Sepharose.An ion ex-
change column of Q Sepharose (2.6× 10 cm; Pharmacia)
was equilibrated at 4°C with 20 mM phosphate buffer
containing 5 M urea, 1 mM EDTA, and 1 mM dithiothreitol,
pH 7.0. Approximately 300 mg of heterodimer in 5 M urea
was applied to the column, and the column was washed with
75 mL of 20 mM phosphate buffer containing 5 M urea.
The subunits were eluted with a linear gradient (total volume
of 425 mL) from 20 mM phosphate to 120 mM phosphate
(5 M urea, 1 mM EDTA, and 1 mM dithiothreitol, pH 7.0)
with a flow rate of 2 mL/min. Protein in the eluate was
monitored by absorbance at 280 nm, and fractions with the
highestA280 were analyzed by polyacrylamide gel electro-
phoresis in sodium dodecyl sulfate (Laemmli, 1970) to
determine which fractions to pool. Base line resolution was
obtained between elution positions of the subunits. The
isolated subunits were concentrated using an Amicon con-
centrator and stored at-20 °C. The isolatedâ subunit was
used in the refolding experiments described below.
Carbamoylation of proteins may occur as a result of

incubation in high concentrations of urea for prolonged
periods of time [cf. Pace (1986)]. Such modification may
affect the behavior of a refolding protein. Appropriate
control experiments were performed to assure that no such
modification was observed during the refolding of luciferase.
First, Clarket al. (1993) showed that the native fluorescence
and CD signals returned completely after 18-24 h of
incubation in 6 M urea. Second, Ziegleret al. (1993)
demonstrated that the rate of activity return upon 50-fold

1 Abbreviations: ANM, N-(4-anilino-1-naphthyl)maleimide; CD,
circular dichroism; DTT, dithiothreitol; em, emission; exc, excitation;
Tween-20, poly(oxyethylene)20 sorbitan monolaurate.

Scheme 1
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dilution out of 5 M urea was independent of the time of
incubation, whether it be several minutes, 3-4 h, or about
24 h.
Labeling of R Subunit with N-(4-Anilino-1-naphthyl)-

maleimide and Refolding of the Labeled Enzyme. The
cysteinyl residue at position 106 of theR subunit (Nicoli &
Hastings, 1974; Nicoliet al., 1974; Cohnet al., 1985) was
labeled with the fluorescent probe ANM (Kanaokaet al.,
1973) by mixing heterodimeric luciferase (50µM) in 50 mM
phosphate, pH 7.0, at room temperature with the reagent.
Modification of this residue results in the loss of enzymatic
activity. The labeling reaction was quenched with excess
â-mercaptoethanol when the residual activity was ap-
proximately 12%. Labeled protein was separated from
excess reagents by Sephadex G25 column chromatography;
from the absorbance at 280 and 355 nm and the extinction
coefficients of 1.13 (mg/mL)-1 cm-1 at 280 nm (protein;
Sinclairet al., 1993) and 13 180 M-1 cm-1 at 355 nm (ANM;
Kanaokaet al., 1973), the molar ratio of probe to protein
was estimated to be about 0.84. The fluorescence of the
ANM-labeledR subunit was monitored during refolding from
urea-containing buffer using an SLM 8000C spectrofluo-
rometer. An excitation wavelength of 355 nm and an
emission wavelength of 428 nm were used.
Determination of the Rate Constant for Isomerization of

the Heterodimeric Intermediate to NatiVe Luciferase.Lu-
ciferase (38µg/mL) was incubated in 50 mM phosphate
buffer containing 2.1 M urea, pH 7.0 at 18°C for 16 h. One
hundred microliters of the solution was mixed rapidly with
1.90 mL of phosphate buffer, stirring in a 1× 1 cm
fluorescence cuvette at 18°C. The final luciferase concen-
tration was 1.9µg/mL. The decrease in tryptophanyl
fluorescence at 330 nm was monitored using an SLM 8000C
spectrofluorometer. The samples were maintained at 18°C,
and an excitation wavelength of 295 nm was used.
Simulation of the Time Course of ActiVity RecoVery for

Refolding Luciferase.The data analyzed here, described
previously by Ziegleret al. (1993), were simulated using
the program Hopkinsim [a version of Kinsim (Barshopet
al., 1983) developed for use with a Macintosh computer],
the kinetic model shown in Scheme 2 of the text, and the
set of rate constants shown in Table 2. The rate constants
were determined from the experimental results of Ziegleret
al. (1993), Baldwinet al. (1993), and Sinclairet al. (1994)
and by agreement of the simulated time courses with the
experimental data presented here, as described under Results.

RESULTS

Rate of Formation of Secondary Structure during Refold-
ing of LuciferaseR andâ Subunits.The luciferase subunits
used in these experiments were separated by ion-exchange
chromatography in 5 M urea-containing buffers; the refolding
of each unfolded subunit was monitored by circular dichro-
ism at 222 nm following rapid 50-fold dilution into phosphate
buffer. For both subunits, the formation of secondary
structure, as monitored by circular dichroism at 222 nm, was
a multistep process (Figure 1). Approximately 63% of the
final amplitude for each sample was obtained within the
dead-time of mixing, ca. 4 ms. The initial burst phase was
followed by two kinetic phases. The observed rate constants
for the transitions detected by the far-UV CD signal are given
in Table 1.

Simulations of Luciferase Folding and Assembly.Earlier
studies of the kinetics of refolding of luciferase based on
the recovery of active enzyme (Râ) (Ziegler et al., 1993;
Baldwin et al., 1993), and refolding of theâ subunit alone
(Sinclairet al., 1993, 1994), demonstrated several features
which must be accounted for in any kinetic scheme:
(1) A concentration-independent lag of about 3 min prior

to appearance of active enzyme (Ziegleret al., 1993), shown
to be due to folding of the individual subunits. The overall
folding is somewhat slower for theR subunit than for theâ
subunit (Baldwinet al., 1993).
(2) A concentration-dependent rate of formation of active

enzyme following the lag, presumably reflecting the het-
erodimerization step.
(3) A saturation of the concentration dependence of the

rate of formation of active enzyme at concentrations above

FIGURE 1: Stopped-flow circular dichroism measurements of the
refolding of luciferase subunits. TheR andâ subunits of luciferase
were separated as described in under Materials and Methods and
rapidly diluted 50-fold from 5 M urea-containing buffer into 50
mM phosphate buffer (pH 7.0) to initiate the refolding reaction.
The temperature was held constant at 18°C, and the final protein
concentration was 50µg/mL. The initial signal (in 5 M urea) was
0 mdeg, and the final signal approached-15.8 mdeg. The data are
an average of 50 refolding experiments. (A) Refolding of luciferase
R subunit. (B) Refolding of luciferaseâ subunit. The thick solid
lines are fits of the data to a sequential reaction mechanism (initial
burst followed by two exponential phases). The rate constants for
the two exponential phases obtained from these fits are given in
Table 1.

Table 1: Rate Constants and Amplitudes of Circular Dichroism
Detected Transitions

R subunit â subunit

phase
rate constant

(s-1) amplitude
rate constant

(s-1) amplitude

burst >250 0.66 >250 0.62
intermediate 0.0238 0.16 0.209 0.23
slow 0.0045 0.19 0.0027 0.15
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about 25µg/mL, suggesting that at high concentrations a
first-order process following heterodimerization becomes
rate-limiting.
(4) A continuation of the rapid rate of activity recovery

characteristic of the high protein concentration for about 2
min following a secondary 10-fold dilution of the refolding
mixture, eventually slowing to a rate characteristic of the
lower protein concentration, a result which was interpreted
as evidence for an isomerization step between inactive
heterodimer and active heterodimer (Ziegleret al., 1993).
(5) The loss of ability ofâ subunit folded in the absence

of R to interact subsequently withR (Baldwin et al., 1993;
Sinclair et al., 1993), shown to be due at least in part to
formation of a kinetically trappedâ2 species (Sinclairet al.,
1994).
(6) A markedly reduced yield of active heterodimer at low

protein concentrations (Ziegleret al., 1993), reflecting an
additional off-pathway process which appears to be first
order. Since theR subunit refolded in the absence ofâ
retains its ability to associate withâ and subsequently to
form active enzyme, this first-order off-pathway process must
involve theâ subunit.
The sixth condition required modification of Scheme 1

by addition of a first-order conversion ofâi to a species (âx)
incompetent to associate withR, i.e., not in equilibrium with
âi. A kinetic mechanism accounting for all of these
observations is shown in Scheme 2.
The following constraints were used to obtain the best

agreement of the simulated time course with the experimental
data of Ziegleret al. (1993). Initial estimates for the rate
constantsk1 and k2 for the first-order folding steps of the
individualR andâ subunits, respectively, were derived from
the slow phases of the data presented in Figure 1, and were
subsequently adjusted to accommodate the duration of the
lag shown in Figure 2. It is clear that multiple rate constants
for the isomerizations that occur during the transformations
Ru f Ri and âu f âi are contained withink1 and k2.
However, for simplicity, we have reduced the numerous rate
constants for folding of each subunit to the single first order
rate constantsk1 andk2; the best-fit rate constants of 0.003
and 0.006 s-1 for the folding ofR andâ, respectively, are
of the same order as the slowest observed transitions in the
recovery of the circular dichroism signal (Figure 1 and Table
1).
The rate constant for the isomerization step [Râ]I f RâN,

k6, was estimated from the secondary dilution experimental
data of Ziegleret al. (1993), and from fluorescence changes
of protein diluted 20-fold from 2.1 M urea, both discussed
below. The second-order rate constant for formation of the
â2 homodimer,k4, was determined previously (Sinclairet
al., 1994) to be 180 M-1 s-1. The rate constant for the
proposed first-order transition ofâi f âx, k3, was adjusted
to account for the concentration-dependent yield of active

heterodimer at low concentrations; at high protein concentra-
tions, the yield is also compromised, apparently due to
aggregation of some species on the refolding pathway
(Ziegler et al., 1993), but no attempt has been made to
simulate the aggregation phenomenon. The second-order
heterodimerization rate constant,k5, was estimated from the
effect of protein concentration on the rate of formation of
active enzyme so as to obtain the best agreement between
the simulated time courses and the experimental data.
Finally, all of the rate constants were systematically varied
both independently and in combinations until a unique set
of rate constants was obtained that gave the best correlation
between the experimental data and the simulated time courses
for all of the protein concentrations. These rate constants
are given in Table 2, and the results of the simulations are
shown as the solid lines in Figure 2.
There is good agreement between the simulated time

courses of refolding and the experimental data from ap-
proximately 1 to 25µg/mL luciferase (Figure 2). The
simulations show a protein concentration-independent lag of
approximately 3 min followed by a protein concentration-
dependent increase in the rate of formation of active protein.
The rates of the first-order folding processes of the individual
subunits prior to heterodimerization reflect the slower folding

Scheme 2

FIGURE 2: Simulation of refolding of luciferase as monitored by
recovery of activity following 50-fold dilution of protein from 5
M urea into 50 mM phosphate buffer, pH 7.0, 18°C. The data,
reported in Ziegleret al. (1993), are shown in panels A and B with
different time axes. Each data point represents a single enzyme
activity determination in which an aliquot of the refolding reaction
mixture 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 h. The solid lines
are calculated time courses based on the kinetic model shown in
Scheme 2 and the rate constants given in Table 2. Each curve was
simulated with the same set of rate constants, but the protein
concentrations were varied as in the original experiment. The protein
concentrations used were the following (Ziegleret al., 1993): (b)
0.8µg/mL; (0) 2 µg/mL; (9) 4 µg/mL; (O) 5 µg/mL; ([) 10 µg/
mL; (]) 25 µg/mL.
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of theR subunit (Tables 1 and 2), and are in approximate
agreement with the rates of formation of secondary structure
for both subunits (Figure 1 and Table 1). It is known that
at concentrations of 25µg/mL and above, the yield of active
enzyme is compromised, apparently due to aggregation
(Ziegler et al., 1993). In this higher concentration range,
the calculated activities were higher than the experimental
data, reflecting the aggregation process which was not
included in the simulations. Measurements of light scattering
have shown that aggregation occurs during refolding in this
concentration range, while at 10µg/mL and below, aggrega-
tion is minimal (data not shown). Little is known about this
aggregation beyond the fact that it occurs, so it was not
included in the simulations presented here.

The rate constants given in Table 2 were also used to
simulate the time courses of several other refolding experi-
ments, as described below, to test the kinetic mechanism of
Scheme 2 (and the rate constants themselves) against (a) the
time course of the change in signal of a probe other than
activity recovery (an extrinsic fluorescent probe), (b) data
suggesting a first-order off-pathway process (reduced yield
of active enzyme at low protein concentrations; Ziegleret
al., 1993), and (c) data suggesting a final isomerization of
an inactive heterodimer [Râ]I to the active heterodimer (a
secondary dilution experiment; Ziegleret al., 1993).

Effect of â Subunit Concentration on Refolding ofR
Subunit Labeled with the Fluorescent Probe ANM. TheR
subunit of luciferase was labeled specifically at the highly
reactive thiol at positionR106 (Baldwin & Ziegler, 1992;
Baldwin et al., 1995) using the fluorescent probeN-(4-
anilino-1-naphthyl)maleimide (ANM). The fluorescence
quantum yield of this probe is highly sensitive to solvent
polarity (Kanaokaet al., 1973), so it provides an excellent
signal for monitoring changes in environment during refold-
ing. As shown in Figure 3, upon 50-fold dilution of labeled
luciferase from urea-containing buffer, the fluorescence of
the extrinsic probe increased rapidly in an initial burst phase
that encompassed approximately 75% of the maximum
fluorescence signal, similar to the burst phase for formation
of secondary structure in theR subunit as measured by
circular dichroism at 222 nm (Figure 1A). The initial burst
phase was followed by a slower fluorescence increase with
a rate independent of theâ subunit concentration. Following
these first-order processes, the probe fluorescence emission
decreased at a rate that was dependent on the concentration
of the â subunit, suggesting that this third phase reflected
the (second-order) association of theR andâ subunits. The
results also suggest that the environment of the probe in the
R subunit is more nonpolar than the environment of the probe
in the heterodimer.

The rate constants given in Table 2, derived from the
kinetics of recovery of luciferase activity during refolding,
were used to simulate the kinetics of the change in
fluorescence of the ANM-labeled luciferase during refolding
in the presence of different concentrations ofâ subunit, and
adjusted to obtain the best agreement between the experi-
mental data and the calculated progress curves. The resulting
simulations are in excellent agreement with the experimental
data (Figure 3); the rate constants used to calculate the
simulated curves are given in Table 2. In the simulations
we assume that both the burst phase and the slower first-
order increase in fluorescence report folding events that occur
within theR subunit prior to heterodimerization. The burst
phase accounted for ca. 85% of the maximum amplitude and
had a rate constant>0.06 s-1. To better simulate the slower
first-order increase in fluorescence, a rate constant of 0.002
s-1 was used, rather than the rate constant of 0.003 s-1 that
was used to simulate the lag in appearance of activity (Figure
2 and Table 2). The slowest observed rate constant for
formation of the circular dichroism signal at 222 nm was
0.0027 s-1 (Table 1). The first-order transitions were
followed by a quenching of fluorescence emission at a rate
dependent on the concentration of theâ subunit. The rate
of heterodimerization,k5, obtained from simulations of these
data was in exact agreement with that obtained from
simulations of the return of activity for theâ subunit
concentration range 1-10µg/mL (Figure 2 and Table 2). It
is not clear why simulations for the folding of the labeled
protein (Figure 3 and Table 2) indicate a much slower rate
for the final isomerization,k6, than the activity measurements

Table 2: Rate Constants of Luciferase Refoldinga

rate constants

experiment
k1
(s-1)

k2
(s-1)

k3
(s-1)

k4
(M-1 s-1)

k5
(M-1 s-1)

k6
(s-1)

activity 0.003 0.006 0.00004 180 2400 0.008
ANM 0.002 0.006 0.00004 180 2400 0.00027

a Simulations of the data in Figures 2 through 5 were done using
the folding model shown in Scheme 2 as described in the text. Activity
data for wild-type luciferase are from Ziegleret al. (1993). ANM refers
to the refolding of ANM-labeledR subunit in the presence of various
concentrations of unlabeledâ subunit (Figure 3).

FIGURE 3: Effect of â subunit concentration on the refolding of
ANM-labeled R subunit. TheR subunit was labeled in the
heterodimer as described under Materials and Methods; the het-
erodimer was unfolded in 5 M urea-containing buffer (50 mM
phosphate, pH 7.0, 1 mM dithiothreitol, and 0.005% Tween-20).
The unfolded ANM-labeled heterodimer was mixed with various
concentrations of unfoldedâ subunit (in 5 M urea) that had been
separated from theR subunit by ion-exchange chromatography (see
Materials and Methods). Refolding was initiated by a rapid 50-
fold dilution into buffer (50 mM phosphate, pH 7.0, 1 mM
dithiothreitol, and 0.005% Tween-20) at 18°C and monitored by
the fluorescence of the probe at 428 nm (excitation wavelength
355 nm). The concentration of ANM-labeledR subunit was constant
at 1 µg/mL. The final concentrations ofâ subunit were the
following: (b) 1 µg/mL (sample with denatured heterodimer alone);
(0) 2 µg/mL; ([) 3 µg/mL; (4) 4 µg/mL; (O) 5 µg/mL; (2) 10
µg/mL. All data were normalized between the starting signal and
the maximum signal to give a range between 0 and 1. The
amplitudes forRu, Ri, Râi, andRâN are 0, 0.722, 0.804, and 0.604,
respectively. Solid lines represent simulations of the data using the
folding model shown in Scheme 2 and the rate constants from Table
2, except that the faster of the two measurable rate constants
obtained from the CD data (Figure 1, Table 1) was included in
order to simulate the burst phase.
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(Figure 2 and Table 2). However, this isomerization rate
constant was determined independently by other methods (see
below) to be 0.0085 s-1, in good agreement with the activity
data. The ANM label may be sensitive to slower confor-
mational changes which occur after native activity is
obtained. This possibility is explored further under Discus-
sion.
It has been shown that the final yield as well as the rate

of formation of active protein is compromised at low protein
concentrations (Ziegleret al., 1993). The data for the return
of activity upon dilution from urea-containing buffer, shown
in Figure 2, were simulated for a 24 h period, and the
calculated final yields of active protein were compared to
the experimentally determined values as shown in Figure 4.
The calculated final yields of active luciferase are in excellent
agreement with the experimentally determined yields over
a protein concentration range of 0.8-25µg/mL. At protein
concentrations above 25µg/mL, the simulated final yield of
active protein continued to increase with concentration,
whereas the observed percent yields decreased. As noted
above, the lower final yield at high protein concentrations
is due to aggregation of an intermediate species on the
folding pathway.
The rate of isomerization of [Râ]I f RâN, k6, was

determined in two ways. First, the rate constant was
estimated from a secondary dilution experiment (Ziegleret
al., 1993): luciferase was diluted 50-fold from 5 M urea to
0.1 M urea and a protein concentration in the refolding
mixture of 50µg/mL, giving the maximum rate of formation
of active enzyme. After 6 min of refolding, the sample was
diluted another 10-fold so that the final protein concentration
was 5µg/mL, and the rate of formation of new heterodimer
should have been limited by the protein concentration (see
Figure 2). Following the secondary dilution, the rate of
formation of active protein continued for approximately 1-2
min at the rate obtained for thehigherprotein concentration,
as if no secondary dilution had occurred, and then the rate
decreased to that obtained for the lower protein concentration.
This behavior was interpreted as evidence for the existence
of an inactive heterodimeric intermediate present at the time
of the secondary dilution, which undergoes isomerization to

the active structure ([Râ]I f RâN in Scheme 2). Above 25
µg/mL protein, the rate of isomerization of the inactive
heterodimeric intermediate to the native state becomes
limiting. As shown in Figure 5, simulation of the time course
of the secondary dilution experiment agrees well with the
experimental data of Ziegleret al. (1993). The differences
between the simulated and experimental data probably reflect
error in the concentrations of the species calculated by
simulations at the time of the secondary dilution, due to the
aggregation occurring in the 50µg/mL sample following
dilution.

To obtain an independent measure of the isomerization
rate constant, luciferase was incubated in buffer containing
2.1 M urea, a concentration of urea which has been shown
to maximally populate the [Râ]I species (Clarket al., 1993).
The protein was diluted into buffer, and the change in
fluorescence was monitored as a function of time (Figure
6). This transition represents the first-order isomerization
of the heterodimeric intermediate to the native conformation,
the rate of which is independent of protein concentration.
The data were fit to a single exponential process which
yielded a rate constant of 0.0085 s-1. The change in
tryptophanyl fluorescence upon similar treatment of the
ANM-labeled luciferase showed similar kinetics to those of
the unmodified enzyme (data not shown), demonstrating that
the slower rate observed for this transition is not due to
physical interference by the probe.

DISCUSSION

The kinetic scheme and the associated rate constants
reported here were developed by a combination of fitting of
experimental data to exponential rate expressions and nu-
merical simulation of processes that were not directly
approachable by experiment. The only process for which
the rate constant could not be directly measured and for
which we have no independent verification is the isomer-

FIGURE 4: Comparison of the final yields of active luciferase
determined experimentally with those from the simulated folding
reaction. Luciferase was refolded from urea-containing buffers as
described (Ziegleret al., 1993) at the final concentrations shown.
Simulations were performed as described under Materials and
Methods using the folding model shown in Scheme 2 and the rate
constants given in Table 2. To determine the final yield of active
luciferase, the folding reactions were simulated for 24 h (9). The
experimentally determined yields are from Ziegleret al. (1993)
(O).

FIGURE5: Comparison of experimentally determined and simulated
secondary dilution reactions of refolding luciferase. The experi-
mental results are from Ziegleret al. (1993). The concentration of
each species shown in Scheme 2 at the time of the secondary 10-
fold dilution (6 min after initial 50-fold dilution out of 5 M urea)
was determined from simulations and divided by 10. Simulation
of the secondary dilution reaction was performed using those
concentrations of species. (O) original sample of refolding lu-
ciferase, 50µg/mL (Ziegleret al., 1993); (b) secondarily diluted
sample of luciferase, 5µg/mL (Ziegleret al., 1993). The dashed
line represents a simulation of the time course of refolding of the
original sample of luciferase as shown in Figure 2, and the solid
line represents a simulation of the time course of refolding of the
secondarily diluted sample of luciferase. The arrow indicates the
time of the secondary dilution.
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ization of âi f âx. The other process that could not be
measured directly was the second-order heterodimerization
process,k5. However, this process was confirmed by
determination of the effect of various concentrations ofâ
subunit on the rate of folding of the ANM-labeledR subunit
(Figure 3). In the simulations, the duration of the lag phase
(Figure 2) was sensitive to the values ofk1 and k2, the
concentration dependence of the rate of activity return was
sensitive primarily to the heterodimerization rate constant,
k5, the final yield was determined by the off-pathway
processesk3 andk4, and the isomerization rate constantk6
determined the concentration range over which the rate of
activity return became concentration-independent, as well as
the behavior of the secondary dilution experiment depicted
in Figure 5. Direct measurement ofk4 (Sinclairet al., 1994)
and k6 (Figure 6) afforded constraints on the numerical
simulations and greatly enhanced our confidence in the
validity of the set of rate constants. To further evaluate the
rate constants, we have (Clark, 1994) varied each rate
constant independently and in combination with other rate
constants by at least an order of magnitude above and below
the best fit value and evaluated the quality of the resulting
simulations. This approach was intended to explore whether
or not the set of rate constants presented in Table 2 comprises
a global best fit to the data; the results of the evaluation of
the data convince us that we do indeed have a global best
fit and not a local minimum in the simulation process. This
conclusion is further supported by the fact that using these
rate constants and varying only the protein concentration,
we can simulate all available kinetic folding data for studies
with bacterial luciferase in 50 mM phosphate, pH 7.0 and
18 °C, over the concentration range 1-25 µg/mL.
The data presented here demonstrate that the second-order

rate constant for heterodimerization,k5, is over 10-fold
greater than that for the formation of the homodimeric form
of the â subunit, k4. Since the rate of any bimolecular
reaction is determined by the concentrations of the interacting
species, at any given concentration ofâ subunit, the fractional
partition between formation ofRâ luciferase and theâ2

homodimer would be determined by the concentration of the
R subunit. At low concentrations ofR, the slow ho-

modimerization reaction would predominate. At low con-
centrations of bothR andâ, the very slow conversion ofâi

f âx would be expected to compromise the overall yield of
both Râ and â2. A mixture of freeR subunit and theâ2

homodimer at the appropriate concentrations would, based
solely on thermodynamic considerations, tend to formRâ,
but this process cannot occur since the rate of dissociation
of â2 is very slow (1.6× 10-14 s-1; half-time of about 1
million years; Sinclairet al., 1994). Clearly, these data
confirm our hypothesis that the process of folding and
assembly of luciferase is kinetically controlled (Sugihara &
Baldwin, 1988). The partition of folding polypeptide into
Râ and â2 + R is based on kinetic, not thermodynamic,
parameters. Failure of the system to achieve partitioning in
proportion to thermodynamic parameters results from the
enormous activation barriers that are apparent from the slow
rates of interconversion of the various species.
The structure of theâ2 homodimer has been determined

at 1.95 Å and recently reported (Thodenet al., 1997).
Comparison with the structure of theRâ heterodimer (Fisher
et al., 1996) demonstrates that the structure of theâ subunit
in the heterodimer is the same as the structures of the twoâ
subunits in the homodimer; the rms deviation ofR carbon
coordinates of the twoâ subunits in the homodimer was 0.63
Å, while the rms deviations of theR carbon coordinates of
theâ subunit of the heterodimer and each of the two subunits
of the homodimer were 0.7 and 0.6 Å, respectively. The
homology of theR and â subunits is apparent from the
conserved three-dimensional fold (Fisheret al., 1995). The
most conserved region of the protein is at the subunit
interface of the heterodimer. It is indeed of great interest
that the two species,Râ and â2, are so similar in three-
dimensional structure and the subunit interfaces are very
highly conserved, yet the association and dissociation reac-
tions are kinetically so very different.
The discrepancy in the rate constant for the final isomer-

ization to native luciferase is itself very interesting. Simula-
tions of activity recovery, including the secondary dilution
experiment, and the measurement of the tryptophan fluores-
cence during refolding indicate that the rate constant is on
the order of 0.008 s-1. However, simulations of the refolding
monitored by the fluorescence of ANM covalently linked to
the R subunit indicated a much slower rate constant of
0.00027 s-1. All other rate constants determined for this
mechanism (Scheme 2) from both the ANM and activity data
agree very well.
A recent report describes very slow conformational rear-

rangements detected by phosphorescence, which occur after
native biological activity is obtained from refolding alkaline
phosphatase (Subramaniamet al., 1995). Earlier work
demonstrated that native phosphoglycerate kinase exists as
slowly interconverting conformations which lead to more
stable forms (Rothstein, 1985; Yuh & Gafni, 1987; Zu´ñiga
& Gafni, 1988). Although the ANM probe may perturb the
system to some extent, it seems possible that the probe may
report some slow structural rearrangements which occur in
the active luciferase. Alternatively, the covalent modification
of Cys106 of theR subunit may alter the folding kinetics of
the subunit, actually causing the slow conformational change.
At this time, we cannot distinguish between these two
possibilities. However, it should be stressed that for the
purpose of the studies reported here, the distinction is
irrelevant. We have used the modified protein to test the

FIGURE 6: Rate of isomerization from heterodimeric intermediate
[Râ]Ι to native luciferase. Luciferase (38µg/mL) was incubated at
18 °C in 50 mM phosphate, 1 mM DTT, pH 7.0, containing 2.1 M
urea for 18 h, conditions under which the heterodimeric intermediate
is maximally populated. The protein was diluted 20-fold out of urea,
and the change in tryptophanyl fluorescence was monitored at 330
nm. The excitation wavelength was 295 nm, and the final protein
concentration was 1.9µg/mL. The data were fit to a single
exponential, which yielded a first-order rate constant of 8.5× 10-3

s-1.
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value of the second-order rate constant for formation of the
heterodimeric intermediate extracted from the kinetics of
activity return during refolding. The rate constant of 2400
M-1‚s-1 was obtained from both the simulation of the activity
return data and the ANM fluorescence data. Whether folding
beyond heterodimer formation is altered as a consequence
of the chemical modification or the ANM probe is reporting
processes not apparent from the intrinsic fluorescence
measurements is irrelevant to the question that was being
investigated; the distinction must await further experimenta-
tion.
The ANM fluorescence data were also well described by

a mechanism in which a slow isomerization occursafter
formation of active enzyme (not shown). The rate constants
reported in Table 2 were used in these simulations, where
0.008 s-1 was used for the isomerization to native protein
and a rate constant of 0.00027 s-1 was used to reflect the
subsequent slow conformational rearrangement. Since we
have no evidence for the slower isomerization in the
unmodified enzyme, we have not included this process in
Scheme 2.
As discussed above, the off-pathway speciesâx was

initially incorporated into the kinetic mechanism to account
for the concentration dependence of the yield of active
enzyme. Recently, we have obtained independent evidence
of the existence of this species. First, whenâ subunit is
refolded at higher temperatures (25-35 °C), the homodimer
forms at lower yield, and in the presence of excessR, the
yield of heterodimeric luciferase is reduced; both processes
appear to be compromised by formation ofâx (Sinclair and
Baldwin, unpublished results). Second, a point mutation
(âD313P) that was selected for study based on its inability
to form active luciferase at higher temperatures does not form
the â2 species even at 18°C, but forms an alternative
structure that resemblesâx (A. C. Clark, E. F. Waddill, A.
F. Chaffotte, and T. O. Baldwin, submitted for publication).
The experiments described here provide quantitative

evidence that the assembly of active heterodimer is the
kinetically preferred reaction pathway under conditions of
stoichiometric synthesis of both subunits at high levels. As
a consequence of the cell density-dependent control mech-
anism which regulates luciferase synthesis, production of the
subunits occurs at a high level for a brief time during
development of the culture (Reeve & Baldwin, 1982). Both
before induction and following the burst of synthesis, the
rates of luciferase synthesis are presumably quite low, such
that the concentrations of the heterodimerization-competent
species would be expected to be very low. Under these
conditions, one would expect the yield of active enzyme to
be compromised by the first-order folding ofâi f âx. This
process would prevent formation of active enzyme except
under conditions that lead to high-level synthesis of both
subunits. While this hypothesis explaining the physiological
significance of theâi f âx transition is plausible, no
conditions have been reported under which theâ subunit is
produced without coincident synthesis of theR subunit (Tu
et al., 1977). Therefore, we have no understanding of the
physiological significance of theâ2 homodimer, if any.
It is clear that the thermodynamic hypothesis described

by Anfinsen (1973) is not sufficient to explain the folding
of bacterial luciferase. The work discussed here for the
folding of luciferase, as well as that forR-lytic protease
(Baker et al., 1992) and PAI-1 (Carrellet al., 1991),

demonstrates that a complete understanding of a protein
folding pathway must include detailed information on the
rates of interconversion and structural features of intermediate
species which may occur only transiently. Models for the
prediction of tertiary structure based on the primary sequence
of amino acids must include the kinetic partitioning that may
occur as a result of formation of these structures. Only then
will algorithms that correctly predict the structure of small
globular proteins also correctly predict the structure of a large
multidomain or multisubunit protein, such as bacterial
luciferase.
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