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Nonlinear Free Energy Relationships in Arc Repressor Unfolding Imply the
Existence of Unstable, Native-like Folding Intermediates

Thorlakur Jonsson, Carey D. Waldburger, and Robert T. Sauer*
Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139-4307
Receied December 28, 1995; Reed Manuscript Rece¢d February 9, 1998

ABSTRACT. Under strongly denaturing conditions, the logarithm of the rate constant for dissociation/
unfolding of the wild-type Arc dimer varies in a nonlinear fashion with denaturant concentration. To
assess the unfolding/dissociation behavior under conditions favoring the native structure, we mixed Arc
variants labeled with fluorescence acceptor or donor groups and used energy transfer to monitor the increase
in heterodimer with time. Under the conditions of this experiment, the rate at which the heterodimer
concentration approaches its equilibrium value is determined by the rate of dissociation and unfolding of
the protein. Using this method and traditional denaturant-jump experiments, rate constants for unfolding/
dissociation were determined over a wide range of stabilizing and destabilizing conditions. In each case
examined, plots of lodg) versus denaturant showed significant curvature under strongly denaturing
conditions, even though other kinetic experiments indicate that the unfolding/dissociation reactions remain
largely two-state. This curvature can be explained most readily by a series of unstable intermediates in
the unfolding pathway, with denaturant-induced changes in the kinetic step that is rate-limiting.
Alternatively, curvature might result from Hammond behavior in which the structure of the transition
state becomes more native-like as the stability of native Arc decreases with increasing denaturant.

The Arc repressor of bacteriophage P22 is a small, tion/unfolding of Arc variants under a wide range of
homodimeric protein with a roughly globular structure denaturant concentrations, including strongly native condi-
formed by packing of an antiparall@tsheet against four  tions. Basically, cysteine-substituted homodimers labeled
a-helices (Breg et al., 1990; Bonvin et al., 1994; Raumann with fluorescence donor or acceptor groups are mixed, and
et al., 1994). In equilibrium and kinetic experiments, Arc the rate of heterodimer formation is monitored by energy
unfolding appears to be a two-state process in which nativetransfer between the protein-bound dyes. Under the condi-
dimers and denatured monomers are the only significantly tions of the experiment, the rate of heterodimer formation is
populated species (Bowie & Sauer, 1989; Milla & Sauer, determined by the rate of protein dissociation and unfolding.
1994). Refolding and association of denatured Arc mono- Similar experiments have recently been described for unfold-
mers occur with a second-order rate constartedfo’ M—1 ing/dissociation of leucine-zipper proteins (Wendt et al.,
s 1 (Milla & Sauer, 1994) while refolding of a variant (Arc-  1995).

MYL) in which a buried salt-bridge is replaced with ~ Wwe find that rate constants measured for unfolding/
hydrophobic interactions is about 50-fold faster (Waldburger dissociation of Arc or Arc variants show the expected linear
et al., 1995; 1996). Unfolding rate constankg) (for Arc relationship between log() and denaturant only under
have typically been measured by standard methods involvingconditions favoring the native state. By contrast, under
jumps to a set of higher denaturant concentrations (Milla & strongly denaturing conditions, plots of ldg( versus
Sauer, 1994; Schildbach et al., 1995). Assuming f@t denaturant show significant curvature. We discuss the
varies in a linear fashion with denaturant (Tanford, 1970; physical basis for the observed nonlinear free energy
Pace, 1975), the rate constant in the absence of denaturanielationships in terms of denaturant-induced changes in the

can then be estimated by linear extrapolation of akQg(  rate-limiting step for Arc unfolding and/or transition-state
versus denaturant plot. For wild-type Arc, the linear strycture.

extrapolation method gives an unfolding rate constant

reasonably close to the value expected based on the refolding ATERIALS AND METHODS

rate constant and the equilibrium constant. By contrast, this ) . o

method gives an unfolding rate constant for the MYL mutant _ Mutagenesis and Protein PurificationThe RC23 muta-
that is too large by greater than 10-fold. This led us to ion was constructed by cassette mutagenesis iartietl 1
question the validity of the linear extrapolation method for 9ene of pSA700 (Milla et al., 1993). This gene encodes a

Arc variants and to reexamine the unfolding behavior of wild- C-terminal sequence, (His)ys-Asn-GIn-His-Glu ¢d1),
type Arc. which allows affinity purification and improves expression

of Arc mutantsin vivo. The MYL-RC23 variant was
constructed in the same manner, beginning with a derivative
of pSA700 encoding Met31, Tyr36, and Leu40 (Waldburger

; etal., 1995). Variants of wild-type Arc and the MYL mutant
Supported by NIH Grant Al-15706 and by an NIH/NRSA post-  ith st11 tails were also used. All proteins were purified
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Using fluorescence energy transfer, we devised a method
that allows measurement of rate constants for the dissocia-
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Fluorescent Labeling of RC23 and MYL/RCZBo reduce
any oxidized forms of the RC23 or MYL-RC23 variants,
the purified proteins were incubated overnight in 300 mM
DTT, 50 mM Tris (pH 7.5), 50 mM KCI, and 5 M GuHCI
at 37 °C, followed by extensive dialysis against buffer
containing 50 mM Tris (pH 8.5), 50 mM KCI, and 1 mM
DTT. The proteins were concentrated to approximately 100
uM using a Centriprep 3 device (Amicon), and GuHCI was
added to a final concentration of 5 M (final p8.0). The
fluorophores IAF [5-(iodoacetamido)fluorescein] or IAEDANS
(5-[[2-[(iodoacetyl)amino]ethyl]amino]naphthalene-1-sul-
fonic acid) (Molecular Probes, Inc.) were added to ap-
proximately 2 mM concentration, followed by a—3 h
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incubation at room temperature. The rgaction mixture Was Figure 1: Dependence of the logarithm of the rate constigt (
passed over a G-15 column (Pharmacia), and the fractionsfor wild-type Arc unfolding/dissociation at 25C on denaturant

containing protein were pooled and dialyzed against buffer
containing 50 mM Tris (pH 7.5), 250 mM KCI, and 0.1 mM

EDTA. Labeling of the cysteine residues appeared to be

complete, as determined byosd/Asso ratios (protein/
AEDANS), Azgd/Asg4 ratios (protein/AF), and amino acid
analysis. The circular dichroism intensity of the modified
proteins at 222 nm was that expected based on the protei
concentration, after correction for the contribution of the

fluorophore. The fluorescently-labeled proteins were stored

at 4°C in the dark.

Kinetic Experiments Stopped-flow kinetic experiments
were performed using an Applied Photophysics Model DX-
17MV instrument, with a 10 mm path length. Refolding
experiments for wild-type Arc and fluorescently-labeled
RC23 variants were performed by pH jumps from 10 mM
phosphoric acid (pH 2.0), 50 mM KClI into buffer containing
60 mM Tris (pH 7.6), for a final pH of 7.5 (1:5 mixing). All
other folding and unfolding experiments were carried out in
buffer containing 50 mM Tris (pH 7.5), 50 mM KCI, and

concentration. Protein in 50 mM Tris (pH 7.5), 50 mM KCI was
mixed with buffer containing urea or GuHCI to give the final
denaturant concentration and a protein concentratiorud 1Rate
constants were determined from exponential fits of the unfolding
trajectories which were monitored by Trp fluorescence. Errors in
the rates are smaller than or comparable to the symbol size. The
arrow shows the zero-denaturant valuekgfcalculated fromK,

and k;, the equilibrium denaturation constant and refolding rate

nconstant, respectively. The dotted lines illustrate the curvature in

the data but have no theoretical foundation.

RESULTS

Unfolding Rates Measured by Denaturant-Jumpiic
unfolding at different urea or GUHCI concentrations was
monitored by the change in fluorescence of the single
tryptophan residue (Trpl14) which is buried in the hydro-
phobic core of the native dimer (Milla & Sauer, 1994). The
unfolding trajectories could be fit well as single exponentials
with the expected amplitudes (Milla & Sauer, 1994). As
shown in Figure 1, plots of log{) versus denaturant
concentration are clearly nonlinear. In fact, at the highest

different concentrations of urea or GUHCI. The temperature GuHCI concentrations, the unfolding reaction appears to
in all experiments was 28C. Kinetic data were fit by =~ become independent of denaturant. In each case, the lowest
nonlinear least squares methods using the instrument softwar@lenaturant concentrations used were determined by the
or the program NONLIN (Johnson & Frasier, 1985; Bren- position of the denaturation transition zone, and the highest
stein, 1989). Energy-transfer experiments and unfolding concentrations were determined by denaturant solubility.
experiments were fit as single exponentials. Refolding data Thus, we could not test whether the unfolding rate also
were fit to a hyperbolic equation for homodimerization, as reaches a plateau at higher urea concentrations. Nevertheless,
previously described (Milla & Sauer, 1994). although GuHCI is a more potent denaturant than urea and

Kinetic Test of Two-State Folding/UnfoldingStopped- causes greater curvature, the observation of significant
flow unfolding and refolding experiments were performed nonlinearity in both the urea and GuHCI plots suggests that

at different initial urea concentrations but the same final urea thﬁ_heffect_ 'ts not dfnatur?nt—s_pet(r:]lflclz. q t i
concentrations and fit as described above. Final urea lot eﬂf;(iiseer‘ec?rg g?;;’.i#:g 'l?) eer ﬁ\;etrsr:?\t egla:ranmb
concentrations in these experiments were 0.5 M (wild-type plots S extrapofall W u values prob-

: . : : lematic. Previous studies of Arc unfolding using narrower
refolding), 2 M (MYL refolding), 6 M (wild-type unfolding), o
and 8 M (MYL unfolding). If the reaction is two-state, then ranges of urea (35 M; Milla & Sauer, 1994) and GuHCl

the observed rate constants should be independent of the(2'5_4 M; Schildbach et al., 1995) showed reasonable linear

initial urea concentration and the amplitudes should reflect correlation coefficients (> 0.99) for plots of logk,) vs

. . denaturant. The lower half of each plot in Figure 1, which
the fraction of folded or unfolded protein (Tanford et al., o .
1973; Schindler et al., 1995). encompasses a similar range of denaturant, is also roughly

linear ¢ = 0.991-0.995).

Equilibrium Stability Protein stability at equilibrium was Unfolding Rates Measured by Energy Transfefo
determined by urea denaturation, monitoring the circular examine unfolding rates in the absence of denaturant, Arc
dichroism signal at 230 nm in a buffer containing 50 mM dimers were labeled with fluorescent acceptor or donor
Tris (pH 7.5), 50 mM KClI, 25°C, using an AVIV 60DS  groups (see below) to allow measurement of the rate of
circular dichroism spectrometer. Fitting of the data was heterodimer formation following mixing (Figure 2a). If the
performed by a nonlinear least squares procedure usinglabeling reactions do not alter the kinetics of protein
NONLIN and equations previously described (Milla et al., unfolding/dissociation or refolding/association, then the
1994). overall equilibrium between folded dimers and unfolded
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Table 1: Equilibrium Stability and Folding Kinetics for Wild-Type
Arc and the Fluorescent-Labeled RC23 Varfant

RC23/AF
10.8

RC23/AEDANS
10.5

wild type
10.4

AG, (kcal/mol)
meg[(kcal/(mol-M)] 15 1.4 1.4
ki (M~1s™) 0.8 x 107 1.0x 10 1.2x 10

a Experiments were performed in 50 mM Tris (pH 7.5), 50 mM KCl,
25 °C. Kinetic refolding experiments were performed by pH-jumps,
as described under Materials and Methods, monitoring the change in
Trp fluorescence.AG, values were calculated for a standard state of
1 M. The errors in the values fakG, are about 0.5 kcal/mol, while
those formeq andk; are about 10% and 20%, respectively.

dissociation-unfolding

SELS

association-folding

0.6

fluorescence

ki
kl)

Ficure 2: Scheme illustrating the procedure for measuring unfold-
ing rates by energy transfer. (A) Arc dimers, labeled with fluorescent
donors or acceptors, are mixed, and the formation of heterodimers
is monitored by energy transfer between the donor and acceptor.
(B) Rate constants determining the equilibration between homo-
and heterodimers following mixing. If labeling with the fluorescent
groups does not affect the kinetics of protein unfolding or refolding
(i.e., k = K = k"), then the overall equilibrium between native
dimers and denatured monomers is not perturbed, and the mixture . . . .
will approach equilibrium with a rate constant corresponding to 0 1 2 3 4 5 6
ky, the unfolding rate constant of the heterodimer. concentration[uM]

Ficure 3: (A) Kinetics of formation of AF/AEDANS heterodimers

of Arc-RC23 at 25°C monitored by energy transfer. AF and
AEDANS homodimers (kM) in 50 mM Tris (pH 7.5), 50 mM

KCI were mixed at time 0. The concentration of heterodimer was
monitored by the fluorescence emissien5@0 nm), which arises
from energy transfer, following excitation at 340 nm. The solid
line is a single-exponential fit. (B) Rate constants determined for
AF/AEDANS-R23C heterodimer formation from fits of experiments
like that shown in panel A are independent of protein concentration,
as expected if the rate is determined by the rate of unfolding/
dissociation rather than the rate of refolding/association (see Figure
2B and text).

If the monomer concentrations remain constant during the
experiment, however, tHe[A][D] term will also be constant.

In this case

2A 2D 2AD

time [s]

0.124

I T |

0.08

rate constant [s™]

monomers will not be perturbed (Figure 2B). Homodimers
(D2 or Ap) will initially be in dynamic equilibrium with a
small population of monomer (D or A); following mixing,
the equilibrium concentration of monomers should remain
constant, while that of heterodimer (AD) will increase (as
A. and D decrease) with a rate given by

J[AD]

- = KIAID] — KJAD]

(1)

purified, and different batches were modified to generate the
AF-labeled and AEDANS-labeled molecules needed for
energy-transfer experiments. The free energies of unfolding/
(2) dissociation AG,) and the refolding rate constants)(of
these AF-modified and AEDANS-modified proteins were
where [ADq is the concentration of heterodimer at equi- found to be within error of the wild-type protein (Table 1),
librium. Hence, the concentration of heterodimer should indicating that the cysteine substitutions and modifications
approach its equilibrium value in an exponential fashion with do not significantly alter equilibrium stability or the kinetics

[AD] = [AD] (1 — € ")

a rate determined by the rate of unfolding/dissociation.

of refolding. By extension, the kinetics of unfolding should

Arg23 was chosen as the site for introduction of a cysteine also be unaltered.

for labeling with fluorescent dyes because substitution of

alanine for this residue is not destabilizing and frearbons
of positions 23 and 23are approximately 25 A apart on

Figure 3A shows a stopped-flow experiment, monitored
by energy transfer, following mixing of the AF-labeled and
AEDANS-labeled RC23 proteins. The concentration of

opposite sides of the protein surface in the crystal structure heterodimer approaches its equilibrium value in an expo-

of the wild-type Arc dimer (Milla et al., 1994; Raumann et

nential fashion with a rate constant of 0.0950.006 s1.

al., 1994). The RC23 mutant of Arc was constructed and Figure 3B shows that the rate of heterodimer formation is
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Table 2: Equilibrium Stability and Folding Kinetics for the MYL
and Fluorescent-Labeled MYL-RC23 Variants of Arc

. MYL-RC23/  MYL-RC23/
aast MYL AF AEDANS
®

% AG;, (kcal/mol) 12.9 13.0 12.6
] Meq [kcal/(mol-M)] 1.2 1.1 1.0
14 k (M~ts™) 2.8x 10¢® 1.6x 10 22x 10°

a Experiments were performed in 50 mM Tris (pH 7.5), 50 mM KCl,
25°C. AG, values were calculated for a standard state of 1 M. The
errors in reported values faxG, are about 0.5 kcal/mol, while those
transition zone for meq andk; are about 10% and 25%, respectively.

] RC23
1 OO_§ A

103

O

0 5 4 6 8 10 As shown in Figure 4A, the log() versus urea plot for
the RC23 variant is quite linear (> 0.999) below the
transition zone but shows significant curvature (similar to
] MYL-RC23 that observed for wild-type Arc) above the transition zone.
B . . . .
100 3 Qggﬁ Because of this curvature, linear extrapolations using all of
.Og@i the high urea data would overestim#&tein the absence of
104 denaturant by a factor of 4-fold, while extrapolations using
— data between 4 and 6 M urea would overestimate this value
2 4 by roughly 2-fold. We assume that estimates of the
1 unfolding rate constant for wild-type Arc based on linear
] extrapolations would be in error by similar margins. An error
0.1 of two-fold in the value ok, for wild-type Arc would result
] transition zone in a 0.4 kcal/mol error in the value &G, calculated from
0.011 the refolding and unfolding rate constants. Because experi-
T T mentally determined values &G, for Arc have errors of
approximatelyt0.5 kcal/mol, a 2-fold error ik, should not

Ficure 4: Urea dependence of unfolding rates for AF/AEDANS lead to a serious discrepancy between free energy changes

heterodimers of the RC23 (A) and MYL-RC23 (B) Arc variants at calculated from kinetic and equilibrium exp_eri_ments. Inde(_ad,
50 mM Tris (pH 7.5), 50 mM KCI, 25°C. Rates at urea these values have been reported to be within error for wild-

concentrations below the transition zone-@% denaturation at  type Arc and most alanine-substitution mutants (Milla &
1 uM protein) were determined by energy transfer (closed circles; Sauer, 1994; Milla et al., 1995). As discussed below,

see Figures 2 and 3). Rates above the transition zone were . . . :
determined by loss of energy transfer between AF/AEDANS however, for certain Arc variants the linear extrapolation

heterodimers (open circles) or Trp fluorescence (closed triangles). Method can lead to much |arger errors in_ bighand the
Errors in rates are smaller than or comparable to the symbol size.value of AG, calculated from kinetic experiments.

Comcentrationar(~ 0.599). Curvature At nigh urea concentraiions ~ Unfolding/Dissociation of Arc Variants Bearing the MYL
causes significant deviations from these lines. Mutation In the MYL mutant of Arc, a partially buried salt
bridge formed by the wild-type side chains of Arg31, Glu36,
independent of protein concentration. This is an important @nd Arg40 is replaced by hydrophobic interactions between
control because it shows that refolding/association processedviet31, Tyr36, and Leud0 (Waldburger et al., 1995). These

do not contribute to the observed rate of heterodimer substitutions increase the equilibrium stability of the MYL
formation as would be expected if eq 2 is valid. variant substantially, and thus higher concentrations of urea

are required for unfolding jumps. In denaturant-jump
experiments monitoring Trp fluorescence, we found that plots
of log(k,) vs denaturant for MYL were curved {®.5 M

rea) and that the zero-denaturant valuéafalculated by
Inear extrapolation using these data was greater than 10-
concentration. To measure unfolding rates at high [ureal, afold Iarger_than that calculated from the equilibrium constant
mixture of AF/AEDANS heterodimers and homodimers was and refolding rate constant (data not shown).
allowed to form in the absence of urea, and unfolding of the ~ To allow measurement of unfolding over a much wider
heterodimer population was monitored by the loss of energy range of denaturant concentrations, we constructed and
transfer between the protein-bound dyes following urea purified the MYL-RC23 protein, and prepared AF-modified
jumps. As a control, unfolding/dissociation rates for the and AEDANS-modified derivatives. As in the wild-type
entire mixture of heterodimerr{50% of the sample) and case, modification of MYL by a cysteine substitution at
homodimers £25% each) were determined by changes in position 23 and subsequent labeling with AF and AEDANS
the Trp fluorescence (closed triangles) and found to be within did not affect stability or folding kinetics to any appreciable
error of those determined by loss of energy transfer (openextent (Table 2). The urea dependence of MYL-RC23
circles; Figure 4A). Unfolding rates determined for the unfolding is shown in Figure 4B. At concentrations of urea
individual AF-modified and AEDANS-modified homodimers between 0 and 3 M, the log() vs urea plot is quite linear (
were also within error of those determined for the mixture = 0.9999), but it begins to curve sharply above this range.
of heterodimer and homodimers (data not shown). As inspection of Figure 4B makes clear a linear extrapolation

urea concentration [M]

urea concentration [M]

Urea-Dependence of RC23 Unfoldingrigure 4A shows
rate constants measured for unfolding/dissociation of the
RC23 heterodimer at different concentrations of urea. In
the low-urea regime, the rates were measured by the increas
in heterodimer following mixing at the appropriate urea
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based on the high-urea data would severely overestimate the p wild-type refolding wild-type unfolding
real value ofk, in the absence of urea.

The unfolding rate constant (0.009% 0.0009 s%)
measured for the AF/AEDANS heterodimer of MYL-RC23
in the absence of urea is about 10-fold smaller than that
observed for the RC23 heterodimer. As a result, at least
part of the enhanced stability conferred by the MYL
mutations results from a decrease in the unfolding rate. The
remaining increase in stability is caused by an increase in | S S S S . . .
the refolding rate from Ix 10" to 2 x 10° M1 s 1 (Tables time [s] 0 0% nm();[s] 018 02
1 & 2). This increase in the refolding rate for MYL-RC23
compared to RC23 is similar to that reported for the MYL B

3.0M

fluorescence

mutant compared to wild-type Arc (Waldburger et al., 1996). 10 e e N
We also note that the slope of the linear, low-urea portion 1 4 A

of the logk,) vs urea plot for MYL-RC23 (1.254 0.017) 0.8 . K

is significantly steeper than the slope of the corresponding 3 06_’ . e

region of the RC23 plot (0.834 0.004). Division of these g " ild-ype vl

slopes by those of the corresponding Kg@(vs urea slopes 5 04 . -

for each protein provides an estimate of the position of the g ’ A

transition state along a reaction coordinate defined by solvent 024 . e

accessibility (Tanford, 1970). By these calculations, the 18 “ '

transition state for MYL-RC23 has about 30% as much 0.0 N

buried surface as native MYL-RC23, while the transition A S s

state for RC23 has about 70% as much buried surface as urea concentration [M]

native RC23. Thus, the transition state for MYL-RC23 i  Figyre5: Urea denaturation of wild-type Arc and the MYL variant
apparently less compact and seems to occur later in thedetermined by kinetic refolding and unfolding experiments [50 mM
unfolding pathway than the transition state for the RC23 Tris (pH 7.5), 50 mM KCI, 1uM final protein, 25 °C]. (A)
protein. Comparison of the refolding kinetics of wild-type \?vﬁ(fjotlglpneg g‘r?(‘:t \E’Vae';g')pzfr‘% run':;%'d'srt‘grt(iz:%h;?%?ggrgﬁ{)?'f]'irt?s”Ls;égr
Arc and the MYL mutant has also led to the conclusion that concentrations (indicated for each trace) and ending at the same
the MYL transition state is less solvent-protected than the final urea concentration (0.5 M for folding; 6.0 M for unfolding).
wild-type transition state (Waldburger et al., 1996). This, Data from different experiments were adjusted by adding or
in turn, has been attributed to the existence of an unstable subtracting an offset value so that each trajectory begins at the same
; in ; i i _fluorescence value. The solid lines represent hyperbolic fits of
f:llmerlc Itr_ltermeldlaht/leYIC ?ﬁthtthe v.\f[l.ld typt)etar_]d MY{‘ Ire;‘o(ljdt refolding trajectories Kypp = kiPr = 4.7 £ 0.2 s for each
Ing reactions. In - (Ne transition state 1S postulated to experiment) and exponential fits of unfolding trajectories< 23.9
involve formation of this intermediate dimer from denatured + 1.2 s1for each experiment)_ (B) Denaturation curves for wild-
monomers. For wild type, the transition state is postulated type Arc and the MYL variant are plotted using the amplitudes

to involve conversion of the intermediate dimer to the native from experiments like those shown in panel A as a measure of the
dimer (Waldburger et al., 1996). fraction of unfolded protein. Refolding experiments were performed

o . . at initial urea concentrations of 5.0 M (wild type) or 4.6-8.0
Kinetic Test of Apparent Two-State Unfolding/Refolding. \ (myL), while unfolding experiments were performed at initial

The existence of intermediates in Arc unfolding/refolding urea concentrations of 08.5 M (wild type) and 0.57.0 M
has been proposed in several studies (Peng et al., 1993; MillaAMYL). At urea concentrations where multiple determinations were
& Sauer, 1994; Burgering et al., 1995; Waldburger et al., made, the average values of fraction unfqlded protein are.shown.
1996) and could explain the nonlinear free energy relation- [TAhgudgttfg_é'?(%gﬁ;%ﬁgg”;afg Eggﬁn(t%r;t&/?)r]l gﬁavﬁ‘Yfl‘_)r[X’(";du type
ships observed here (see Discussion). However, the equi— 13 1 kcal/mol;me = 1.1 kcal/((moiM)].
librium and kinetic unfolding/refolding reactions of Arc
behave as two-state transitions between denatured monomensefolding transitions produces denaturation curves (Figure
and native dimers, both in kinetic and in equilibrium 5B) which can be fitted byAG, values of of 10.8 kcal/mol
experiments (Bowie & Sauer, 1989; Milla & Sauer, 1994). (wild type) and 13.1 kcal/mol (MYL). These values are
The existence of intermediates and the apparent two-statewithin error of the values determined for these proteins by
nature of the unfolding/refolding reactions can be reconciled equilibrium measurements (10#40.5 kcal/mol and 12.%
if the intermediates are unstable and thus are not significantly 0.5 kcal/mol, respectively). This coincidence of kinetic and
populated with respect to denatured monomers and/or nativeequilibrium values is expected for reactions in which
dimers under the experimental conditions used. denatured monomers and native dimers are the major
Using the method proposed originally by Tanford et al. populated species at all concentrations of denaturant since
(1973) and advanced more recently by Schindler et al. (1995),the amplitudes will then be a measure of the amount of folded
we measured unfolding and folding rates for wild-type Arc or unfolded protein (Schindler et al., 1995).
and MYL using the same final urea concentrations but The RC23 and MYL-RC23 unfolding and refolding
different initial urea concentrations. For both proteins, the reactions also appear two-state by the criteria of monophasic
refolding and unfolding trajectories were monophasic, and unfolding and refolding trajectories, and good correspon-
the rates were independent of the initial urea concentration,dence betwee\G, values calculated from rate constants
as expected if any intermediates present are not significantly(using k, from energy-transfer experiments) and those
populated. Figure 5A shows these data for wild-type Arc. determined in equilibrium experiments (Table 3). The
Moreover, plotting the amplitudes of these unfolding and agreement betweekG, values determined from kinetic and



4800 Biochemistry, Vol. 35, No. 15, 1996 Jonsson et al.

Table 3: Comparison of Thermodynamic Parameters for the RC23 errors in the zero-denaturant valuekpfor the RC23 protein

and MYL-RC23 Variants of Arc Measured in Equilibrium but greater than 10-fold errors for the MYL-RC23 protein.
Experiments and Calculated from Kinefics In both cases, the error increases when rate constants
RC23 MYL-RC23 determined at very high denaturant are included in the linear
AGeq (kcallmol) 106£05 128505 ext_rapolation. Curvature in log() vs denaturar)t plots is not
Meq [keal/(mokM)] 1.4+0.1 1.1+ 0.1 unique to the Arc system. For example, similar but less
AGiin (kcal/mol) 10.5+ 0.2 13.8+ 0.5 dramatic nonlinear behavior has also been reported for
Min [kcal/(mok-M)] 15+01 11+0.1 mutants of barnase (Matouschek & Fersht, 1993; Matouschek

a Reported values are for unfolding in 50 mM Tris (pH 7.5), 50 mM et al., 1994).
KCl, 25°C, as determined by equilibrium denaturation and calculated ~ Models for Nonlinear Free Energy Relationship$he

from the urea dependence of folding and unfolding kinetic parameters. reaction-coordinate diagrams shown in Figure 6A,B depict
Values forAGeq andmgq are the average of the corresponding values '

for AF- and AEDANS-modified proteins (Tables 1 and 2), while values WO models that can explain curvature in lkg(vs. denatur-
for AGy, andmy, are based ok andk, values determined in buffer ~ ant plots for Arc and its variants. The first is a two-state
containing no urea and on the urea dependence of these rate constantdenaturation model, in which the position of the transition
under conditions where Ik vs urea plots are linear {2 M urea for state changes with denaturant along a reaction coordinate
wild-type, 0-3 M for MYL). defined by solvent accessibility (Figure 6A). The second is
o i ) . a multistate model in which the relative heights of kinetic
equilibrium experiments is expected for a two-state reaction pariers between intermediate states change as a function of
or for a multi-state reaction in which the apparent raté yrea and thus different barriers become rate-limiting at
constantsK, andk) contain the rate constants for all of the  gitferent denaturant concentrations. Why do the models
elementary reactions in the overall unfolding/refolding reac- ghown in Figure 6A,B predict curvature in plots of lisg(
tion. This latter situation will occur if there are rate- ygdenaturant? The free energy difference between two states
determining preequilibria in either the unfolding and/or the (AG(D)) is expected to change with denaturant (D) in a
refolding reactions. fashion that depends on the solvent accessibilties of state 1
DISCUSSION (A, and state 24,) (Schellman, 1977):

Measuring Unfolding Rates under Physiological Condi- AG(D) = AG® + ¢(A; — A)[D] = AG® + mJD] (3)
tions Using fluorescence energy transfer, the rates of subunitI hi . . hat includes the f
dissociation and unfoldingk{) of variants of the Arc " thiS equationcis a constant that includes the free energy

repressor dimer have been measured in the absence ocfhange per angstrom squared of solvent-accessible surface.

denaturants. The method requires different batches of proteir(o‘ssum!ng that the tran§|tlon-§tate desprlptlon of ra}te con-
to be labeled with a fluorescence donor and a fluorescenceStants 1 valid for protein folding reactions, a relationship
acceptor group, which is most easily accomplished if the for the dependence of the .unfoldmg rate constant on
protein contains a unique and accessible cysteine residUGQenaturant can be formulated:
Since this was not the case for wild-type Arc, the RC23 £
mutant background was used for the studies reported here. AG," = —2.3RTlog(k) + 2.3RTlogks T/h) ~ (4)
As we have shown, however, neither the RC23 mutation nor 3 log(k,)
modification of this cysteine with the AF or AEDANS groups % _ —c(A, — AJ[D]/2.3RT= —mu*[D]/2.3RT
causes significant changes in stability or folding kinetics in a[D]
the wild-type Arc background or in MYL, a hyperstable Arc (5)
variant in which a buried salt-bridge is replaced by hydro-
phobic interactions. The half-lives for unfolding were found whereks and h represent Boltzmann’s and Planck’s con-
to be 7 s for the RC23 protein and 74 s for the MYL-RC23 stants, respectively. Thus, the free energy difference between
protein (50 mM KCI, pH 7.5, 28C). Both proteins maintain  the native state and transition state will vary linearly with
stably folded structures, despite these relatively rapid unfold- denaturant if, and only if, A, — As) remains constant at
ing rates, because refolding is very fast. At concentrations different concentrations of denaturant. A,(— As) changes
of 10 uM, the MYL-RC23 protein refolds with a half-time  with denaturant, however, then the slope of laQ(vs
of 0.3 ms, and the RC23 protein refolds with a half-time of denaturant plots will change, giving rise to curved plots.
10 ms [50 mM Tris (pH 7.5), 50 mM KCI, 28C]. Thus, Hence, the nonlinear behavior observed for Arc and its
the increased equilibrium stability conferred by the MYL variants can be explained by denaturant-induced changes in
mutations comes both from slower unfolding and from faster the structure and thus the solvent accessibility of the
refolding. Detailed studies of the effects of the MYL transition state (the accessibility of the native state could also
mutations on the refolding of otherwise wild-type Arc have change, but this seems less likely).
been reported elsewhere (Waldburger et al., 1996). In the models of Figure 6A, the transition-state position
Curvature in log(k) vs Denaturant. Plots of logk,) vs varies with urea along the reaction coordinate. Inthe MYL-
denaturant for the RC23 and MYL-RC23 variants of Arc RC23 case, for example, the transition state is positioned
are quite linear at low urea concentrations but become close to the denatured state in the absence of u€a2]
significantly curved at high concentrations (Figure 4). but close to the native state in 8 M urea((8). In the RC23
Traditional methods for the determination of the zero- case, the transition state moves from a positior-@i6 in
denaturant value d, employ linear extrapolation based on the absence of urea to one~a0.9 in 8 M urea. Thus, for
log(k,)values determined at denaturant concentrations aboveboth proteins, the solvent accessibility of the transition state
the transition zone. Based on data obtained immediately becomes more native-like as the urea concentration increases
above the transition zone, this procedure leadst8-fold and the native state becomes less stable. This behavior is
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A absence of urea. Secomli5, changes continuously with
RC23 MYL-RC23 Sy oy .
urea, and thus the accessibility of the transition state might
I o also be expected to change continuously. This, however,
/\B would give rise to plots of lod() vs urea that are smoothly
) curved, which is not observed. Third, a transition state
/ whose physical properties can change as dramatically as
- would be necessary in the MYL-RC23 case is difficult to
: N, conceptualize in structural terms.
00 02 o4 o8 08 10 00 02 o0: 06 o 1o In the models of Figure 6B, the positions of the kinetic
reacton coordinate reaction coordinale barriers along the reaction coordinate do not change with

folding

D — urea. Rather, the free energy difference between kinetic

-— R

e barriers changes with urea, so that different barriers are rate
B ] limiting at different urea concentrations. The urea-dependent

MYL-RC23

‘r (\ change in free energy between two barriers can be calculated
EVANI
v

Free energy
Free energy
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wheremg is approximately 1.5 kcal/(meaW1) for wild-type
N Arc and RC23. Thus, if two barriers were separated by 0.5
oo 02 os o6 os 1o 60 o2 04 05 o8 10 on the reaction coordinate, then the height of the more native-
reacton coordinate reacton coordinate like barrier would increase by 6 kcal/mol relative to the other
C . — barrier between 0 and 8 M urea. If the less native-like barrier
were 4 kcal/mol higher in the absence of urea, this would
_ ) lead to inversion in 8 M urea. By contrast, if the earlier
- B o barrier were 10 kcal/mol higher in the absence of urea, it
2] would still be 4 kcal/mol higher in 8 M urea. By adjusting
g the relative heights and positions of different transition-state
oy oy barriers, logk,) vs denaturant plots with both linear and
. ork curved regions can easily be generated.
o 2 4 & 5 10 o 2+ 6 s The heights and positions of the equilibrium states and
urea concentraton M) urea concentraton (U] kinetic barriers shown in Figure 6B were determined by trial-
Ffl;RiEnGI r\F/’atn?LSi ?l 355 \|I38 ?ﬂg\g ?ggaftgrr?ﬁgnRgggiﬁdtﬁ;Fay and-error to fit the unfolding data for RC23 or MYL-RC23
F?(?Z% v;lrjiane;suof Arc. In each cage, the position of the unfolded (see Flgurg 6 Iggend). The quality of these fits is very good,
state on the free energy axis is arbitrary. The position of each stateS Shown in Figure 6C. For both MYL-RC23 and RC23,
on the reaction coordinate axis is defined As € Ay)/(An — AJ) there are three equilibrium intermediates in the denaturation
whereA, is the solvent-accessible surface area of any stateAand models. Only two intermediates (near 0.7 and 0.9) were
and A, are the solvent-accessible surface areas of the native andstrictly needed to fit the RC23 unfolding data, but three were
denatured states, respectively. Free energy profiles for no urea anqncluded for consistency between the two proteins, and

8 M urea are shown in each case. (A) Two-state models for RC23 . . .
and MYL-RC23 denaturation in which the position of the transition P€cause the presence of the intermediate near 0.4 is also

state along the reaction coordinate changes with urea. Hammondconsistent with refolding data for wild-type Arc (Waldburger
behavior results in a transition state that is more native-like as the et al., 1996). The free energies of the intermediate states

stability of the native state decreases with increasing urea. (B) shown in Figure 6B are arbitrary and can be changed without
Multistate models for RC23 and MYL-RC23 denaturation in which altering the fit of the kinetic data. As long as these states

the heights of different kinetic barriers change as a function of urea 2 . .
and thus the position of the rate-determining step along the reaction@'e kinetically unstable with respect to the native or the
coordinate (marked by arrow) changes with urea. The number of denatured state, then the observed unfolding and refolding
equilibrium and associated transition states, the free energies ofkinetics will appear two-state. Thus, although the models
these states, and the positions of these states along the reactioghown in Figure 6B are probably not unique, they are

coordinate were adjusted by trial-and-error to obtain a satisfactory . .
fit of the experimental data, as shown in panel C. Experimental PhYSically reasonable, and explain both the observed cur-

values ofm,/m., were used to set the range of possible transition Vature in plots of log{,) vs denaturant and the apparent two-
state positions at each urea concentration. (C) The dotted lines showstate nature of the folding and unfolding reactions. Models
the urea dependence of lég) calculated from the denaturation  of this type are also consistent with the observation that some
models shown in panel B. Values for each microscopic rate constant | nine_sybstitution mutants of Arc show significant changes
were calculated based on the height of each free energy barrier. . . .
and used to calculate the net rate constant for the unfolding I the urea dependence of unfolding (Milla et al., 1995), since

transition. This procedure was then repeated for different urea @ mutation could easily alter the height or accessibility of a
concentrations, after adjusting the barrier and free energy heightsspecific kinetic barrier and thus alter which steps become
based omtvalues. The closed circles are the experimental data rate limiting at different urea concentrations.

from Figure 4A,B. One way in which the models of Figure 6A,B differ is
consistent with the Hammond postulate (1955). In our view, whether the free energy profile is smooth or crenelated by
however, there are several unattractive features of this modelthe existence of unstable intermediates. We prefer the Figure
First, the Hammond postulate suggests that the propertiessB model because it makes physical sense that the polypep-
of the transition state should be most similar to the least tide should pass through intermediate states during folding
stable equilibrium state, which is not true for RC23 in the and unfolding. As noted above, the Figure 6B model
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Free energy
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also appears better able to account both for linear and for ACKNOWLEDGMENT
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