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ABSTRACT To determine when second- 
ary  structure forms as two chains coalesce to 
form an a-helical dimer, the folding rates of 
variants of the coiled coil region of GCN4 were 
compared. Residues at non-perturbing posi- 
tions along the exterior length of the helices 
were substituted one at a time with alanine and 
glycine to vary helix propensity and therefore 
h e r  stability. For all variants, the bimolecu- 
lar folding rate remains largely unchanged; the 
unfolding rate changes to largely account for 
the change in stability. Thus, contrary to most 
folding models, widespread helix is not yet 
formed at the rate-limiting step in the folding 
pathway. The high-energy transition state is a 
collapsed form that contains little if any sec- 
ondary structure, as suggested for the globular 
protein cytochrome c (Sosnick et al., Proteins 
24:413-426,1996). o 1996 Wiley-Liss, Inc. 
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INTRODUCTION 
Many protein folding models envision that second- 

ary structure plays an important role in guiding and 
promoting early pathway steps.lP3 If so then helix- 
stabilizing mutations should accelerate folding, and 
helix-destabilizing mutations should slow folding. 
This is rigorously true in two-state folding, as illus- 
trated in Figure 1. To study the role of helix forma- 
tion in folding, we altered helix propensities a t  var- 
ious residue positions in a fully helical molecule and 
measured the effects on two-state folding and un- 
folding rates. Only exterior sites of the molecule 
were substituted to focus specifically on helix forma- 
tion and avoid complicating context effects. 

These experiments used a 33 residue peptide, 
GCN4-pl, derived from the coiled coil region of the 
bZIP transcriptional activator GCN4. GCN4-pl has 
been shown to experience a two-state equilibrium 
transition between unstructured  monomer^^-^ and 
a fully a-helical coiled coil dimera-'' with an equi- 
librium constant that depends on peptide concentra- 
tion, temperature, and solution conditions. To en- 
able kinetic and equilibrium folding reactions to be 
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monitored by fluorescence spectroscopy, we intro- 
duced the conservative substitution of a tryptophan 
residue for tyrosine 17 (GCN4pl'). The homo- 
dimeric coiled coil, GCNCpl', with sequence Ac-R- 
MKQLEDKVEELLSKNWHLENEVARLKKLVGE- 
R-CONH, is diagrammed in Figure 2. 

Chemicals 
Ultra-pure guanidinium hydrochloride (GdmC1) 

was purchased from ICN Biomedicals (Aurora, OH), 
and concentrations were determined by refractome- 
try. All other chemicals were purchased from Fisher 
Scientific (Fair Lawn, NJ). 

Peptide Synthesis 
Variants of GCN4-pl' peptide were prepared and 

characterized as in Choma et a1.12 Peptide concen- 
trations were determined in 6 M GdmCl using an 
extinction coefficient for tryptophan at 280 nm of 
5,700 M-' cm-l, from Pace et al.13 

Equilibrium Measurements 
Equilibrium values of AGO for GCN4-pl' and the 

Asp7Gly, Asp7Ala, Serl4Gly, and Ala24Gly vari- 
ants were determined from GdmCl melting data 
with circular dichroism spectroscopy at  222 nm us- 
ing an Aviv 62DS spectrometer and a 2 mm path 
length cuvet. The AGO for Serl4Ala was obtained 
using fluorescence spectroscopy with a Hitachi 650- 
10s spectrometer at excitation and emission wave- 
lengths of 285 nm and 355 nm, respectively. Peptide 
concentrations ranged from 20 to 50 p M  at pH 5.5, 
100 mM sodium acetate, 10°C. 

Stopped-Flow Spectroscopy 
Rapid mixing experiments used a Biologic SFM3 

stopped-flow apparatus equipped with a 200 W ar- 
godmercury arc lamp and a sample cuvet of 10 mm 
optical pathlength and 1 mm width. Fluorescence 
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A G ~  transition 
A G ~  state 

Fig. 1. Free energy diagrams illustrating the possible effects 
of altered helix stability on folding and unfolding rates. Activation 
energies for folding and unfolding of the wild-type sequence (solid 
lines) and variant (dashed lines) are indicated by the height of the 
arrows. A decrease in equilibrium stability (helical propensity) may 
be expressed kinetically as a decrease in folding rate (top, a,, = 
I ) ,  an increase in unfolding rate (middle, @, = O), or a combination 
of both (bottom, 0 < < 1) depending on whether helix is 
present, absent, or partially formed in the transition state at the 
site of the substitution. The energetic contribution of helical struc- 
ture to the transition state can be quantified by the @, parameter 
(Eq. 4) given by BAG, *, the difference in height of the folding-side 
arrows, divided by AAGO, the change in equilibrium stability. 

spectroscopy used excitation and emission wave- 
lengths of 267 nm and 300-400 nm, respectively. 
Temperature control of the sample syringes and ob- 
servation cuvet was maintained with a circulating 
water bath. The dead-time of the stopped-flow ex- 
periments was 5 msec. Starting from the fully un- 
folded state (6 M GdmC1) or the folded state (no Gd- 
mCl), reactions were initiated by dilution to yield 
the desired denaturant concentration at pH 5.5,50- 
100 mM sodium acetate, 10°C. Peptide concentra- 
tions ranged from 5-8 pM. Two to six kinetic traces 
were averaged at each folding condition. 

Data  Analysis 
The equilibrium data were fit to obtain AGO as- 

suming a two-state transition between unstructured 
monomers and a fully folded dimer, and a linear 
dependence of AGO on denaturant (Eq. 1). Kinetic 
data were fit using Biologic Biokine software using 
a Simplex algorithm. Unfolding data were fit to a 
single exponential equation; refolding data were fit 
to a second-order bimolecular equation to account 
for the dependence on protein concentration. l4 

Kinetically determined values for AAGO were ob- 
tained directly from the kinetic measurements as 
described in the text except in the case of Ala24Gly 
where the folding limb could not be accurately spec- 

Fig. 2. The GCN4-pl' homodimer,* drawn using MOL- 
SCRIPT.30 The residue side chains initially present and the sub- 
stitutions used (parentheses) are shown. 

ified. For this substitution, AAG" was obtained from 
equilibrium circular dichroism measurements at 
222 nm. The displacement of the folding limb was 
calculated by subtracting the displacement of the 
unfolding limb, AAG',, from AAG". Values for Qf, 
defined in Eq. 4, were obtained by a short extrapo- 
lation of AG*f (see Fig. 4) to zero denaturant con- 
centration. 

RESULTS AND DISCUSSION 
The folding and unfolding kinetics of GCN4-pl ' 

can be followed with high sensitivity by the large 
change in fluorescence intensity of the Trp17 probe 
residue. When the monomeric random coil form of 
GCN4-pl' in guanidinium chloride (GdmC1) is di- 
luted with aqueous buffer, a helical homodimer 
forms, and Trp17 fluorescence increases by 50%. 
Folding exhibits second-order bimolecular kinetics 
(Fig. 3A) with rate proportional to peptide concen- 
tration (Fig. 3B), indicating that folding is limited 
by a reaction that requires monomer-monomer col- 
lisions. When the intact GCN4-pl' dimer is diluted 
into GdmC1, its f luorescence-detected unfolding ex- 
hibits single exponential kinetics (Fig. 3A). The sec- 
ond-order folding and single exponential unfolding 
behavior indicated by the fluorescence probe agrees 
with GCN4-pl folding behavior observed using 
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Helix Content in the Initial Encounter 
The folding rate constant found for unmodified 

GCN4-pl' when extrapolated to  zero denaturant 
concentration is 2 x lo6 M-l s-l, which begins to  
approach the diffusion-limited rate for monomer col- 
l i s i o n ~ , ~ * , ~ ~  - lo9 MP1 s-l. This is far too fast to 
depend on the presence of a large amount of helix 
prior to collision. 

In models that require helix formation prior to  
collision: the maximum folding rate is the diffu- 
sion-controlled rate for chain encounters, - lo9 M-' 
sP1, multiplied down by the probability that the two 
colliding monomers are helical. The rate will be 
even less if all collisions are not productive. The 
chevron analysis described below shows that a large 
amount of molecular surface, 55% of the total sur- 
face area that is buried in the native coiled coil 
structure, is buried in the folding transition state 
(-m+, is 50-60% of mo in all cases). Given the 
known helical propensities of GCN4-pl ' residues, 
55% helix will be present in an average monomer 
only lop6 of the time (calculated from Zimm-Bragg 
theory17 with values for amino acid helical propen- 
sities from Chakrabartty et a1.l' and a helix initia- 
tion parameter, u, of 0.001). This quantity of helix 
will be present in two colliding monomers only 

of the time. Thus the maximum folding rate 
allowed by models that require this much preformed 
helix to be present at the rate-limiting association 
step is (10-6)2 x lo9 MP1 s-l = M-l sP1 

slower than the rate observed (lo6 M-' s-l 1 by 6 
orders of magnitude. 

This calculation does not include specific stabiliz- 
ing contributions such as the Asn2l side chain in- 
teraction indicated below, worth - 1 kcal/mol, 
which could increase the individual helical probabil- 
ity by perhaps fivefold. Nevertheless, to achieve the 
folding rates actually observed, this kind of calcula- 
tion limits helix formation prior to productive colli- 
sion to less than two turns on both chains (not nec- 
essarily in register) or three sequential turns on a 
single chain. 

This rate-based calculation refers to helix present 
at the initial monomer-monomer encounter step and 
does not rule out the formation of additional helix in 
the transition state, after collision. The amount of 
structure that is present in the transition state can 
be explored by taking advantage of the two-state 
nature of GCN4-pl ' folding and the sensitivity of 
folding to helix stabilizing and destabilizing resi- 
dues. 
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Fig. 3. Folding and unfolding behavior of the Serl4Ala variant 
(pH 5.5,lO"C). A: Solid lines are the second-order fit to the folding 
data (1.2 M GdmCI) and the single exponential fit to unfolding data 
(4.8 M GdmCI). In both reactions, the earliest measurable signal 
is equal to the value for the initial state measured separately, 
indicating that there is no change in fluorescence signal in the - 
5 ms instrument deadtime. 6: The observed initial folding rate, k 
= &[peptide concentration] (o), and the unfolding rate, k,(m), as a 
function of peptide concentration. The concentration dependence 
documents bimolecular folding and unimolecular unfolding. Re- 
sults for other variants were similar. 

stopped-flow circular dichroism7 but not with the 
multi-exponential dissociation kinetics seen when 
otherwise identical chains are tagged with bulky 
fluorescence transfer probes at their amino ter- 
mini.15 

The demonstration of two-state kinetic (and equi- 
librium) folding and unfolding for GCN4-pl ' de- 
scribed below ensures the validity of the fluores- 
cence probe for measuring folding behavior, since all 
probes must exhibit the same kinetic behavior in a 
two-state all-or-none transition. 

Two-State Folding 
Measurement of the dependence of folding and un- 

folding on denaturant concentration provides a rig- 
orous test for the two-state nature of these reac- 
t i o n ~ ~  and also provides a means for the 
quantitative evaluation of mutational effects. The 
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TABLE I. Equilibrium and Kinetic Parameters for Dimehation* 

Equilibrium Kinetic 

Variant AGO mo AGO mo -m*f m *U 

GCN4-pl' 10.5 f .1 1.8 f .1 10.2 2 .1 1.6 ? .1 0.93 ? .04 0.72 ? .03 
Asp7Gly 8.7 f .2 1.8 * .1 8.7 * .1 1.5 f .1 0.80 * .08 0.72 * .04 
Asp7Ala 9.4 f .1 1.6 2 .1 9.9 f .2 1.5 * .1 0.75 2 .07 0.71 2 .04 
Serl4Gly 8.4 * .1 1.6 f .1 9.0 f .1 1.5 f .1 0.90 * .09 0.61 * .02 
Serl4Ala 10.6 f .6 1.7 f .2 10.9 " .1 1.7 2 .04 0.95 f .03 0.77 f .02 
Asn21Ala 10.5 f .2 1.7 f .1 0.96 * .08 0.78 * .02 
Ala24Gly 8.5 f .2 2.0 ? .1 0.85 f .02 
Lys28Gly 8.91 * .1 1.4 * .02 0.74 * .02 0.64 f .01 
*Units are kcal/mol for AG" and kcal/mol.Mm for m values. The equilibrium determination of A P  (extrapolated to zero denaturant 
concentration and 1 M standard state peptide concentration) and mo values is from equilibrium unfolding experiments and Eq. 1. The 
kinetic determination of AG" and mo values is from the difference between the unfolding and folding activation parameters, using 
Eqs. 2a,b. The observed agreement documents the two-state nature of the unfolding and folding reactions. Ambient conditions are 
as in Figure 3. 

dependence on GdmCl of the unfolding equilibrium 
constant, K,, and the equilibrium stability, AGO, is 
commonly described by a linear re1ation~hip.l~ 

AG"(GdmC1) = -RT In K,(GdmCl) = -RT In 
KJO) - mo[GdmC1] (1) 

Eqs. 2a,b describes the analogous dependence of the 
activation free energy for kinetic folding (f) and un- 
folding (u) reactions. 

AG *&dmCl) = - RTlnkAO) - m *LGdmCl] + constant 
(2a) 

AG*,(GdmCl) = - RTln2kJO) - m *UIGdmC1] +constant 
(2b) 

Here mo is proportional to the denaturant-sensitive 
surface exposed on equilibrium unfolding, and -m +f 
and m f, are proportional to the surface exposed on 
moving from either initial state to the transition 
state.20,21 The denaturant dependence of two-state 
kinetic folding and unfolding reactions produces a V- 
or chevron-shaped curve 2o with its vertex a t  the 
midpoint of the equilibrium transition (Fig. 4). The 
slopes of the left and right limbs of the chevron are 
the m f f  and m *, surface exposure parameters. 

When equilibrium and kinetic folding and unfold- 
ing are all two-state reactions limited by the same 
barrier, then the equilibrium parameters, AGO and 
mo, can be calculated from kinetic measurements 
according to Eqs. 3, which derives from Eqs. 1 and 
2.14 

AGo(0) = -RTln(2k,(O)/kXO)) (34 

mo = m *,-m *f (3b) 
Table I shows values for AGO and mo determined 

for the GCN4-p1' variants used here. The equiva- 
lence of AGO and mo values from equilibrium mea- 
surements (both circular dichroism at 222 nm and 
fluorescence) with the values determined indepen- 
dently from kinetic experiments rigorously demon- 
strates the applicability of a two-state model for 

GCN4-pl' folding. This provides a firm basis for 
studying the transition state. 

Helix Content in the Transition State 
To test for the presence of helix in the transition 

state, kinetic experiments were done with amino 
acid variants of GCN4-p1' having altered helix pro- 
pensities. To avoid complicating effects associated 
with helix-helix packing, only residues at the exte- 
rior "f" and "b" positions of the coiled coil were sub- 
stituted (Fig. 2). If helix propensity is altered at an 
exterior, non-interacting site that  is necessarily he- 
lical in the transition state as well as in the native 
coiled coil, then the free energy of both states will be 
altered equally, AAG*, will equal zero, and the un- 
folding rate will not change (Fig. 1, top). The entire 
change in dimer stability will appear in the folding 
rate, since AAG*, = AAG". Other situations will 
produce different results, as suggested in Figure 1. 

To maximize the spread in helical stability, mu- 
tant pairs of high and low helix propensity were cre- 
ated. For residues at positions 7,14,21, and 24, com- 
parisons were made between a stabilizing alanine 
and a destabilizing glycine (one substitution in any 
given peptide). Also the stabilizing residue Lys28 
was compared with Gly28. For each variant position 
studied, the effect found on equilibrium dimer sta- 
bility (Table I) matches the known difference in he- 
lix propensity of the substituted residues.22 An ex- 
ception occurs at Asn21 where the substitution of a 
stabilizing alanine for the destabilizing asparagine 
produces essentially no change in stability, suggest- 
ing that Asn21 participates in a stabilizing context- 
dependent side chain interaction. 

The kinetic results in Figure 4 qualitatively show 
that these large changes in helix propensity have 
little effect on the folding rate. The effect of each 
mutation can be quantified by the parameter @f.23 

As defined in Eq. 4, Qf compares the change in sta- 
bility of the folding transition state, AAG,* (dis- 
placement of the folding limb of the chevron), with 
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Denaturant dependence of apparent folding rates (k, p, 

open symbols) and unfolding rates (I(,,, closed symbols) for 
GCN4-pl ' and the variants indicated. Measured bimolecular fold- 
ing rates have been scaled slightly to conform to a uniform 5.5 pM 
peptide concentration using the concentration dependence dem- 
onstrated in Figure 3B. 

the change in equilibrium dimer stability, AAG" 
(difference between the folding and unfolding dis- 
placements). 

af = AAG,*/AAG" (4) 

For the surface substitutions used here in which the 
change in dimer stability results solely from a 
change in helix propensity, Qf is expected to vary 
between 0 and 1, reflecting the amount of helical 
structure that is present at the substituted site in 
the transition state. 

For positions 7, 14, 24, and 28, the measured af 
values are 0.06 4 0.10,0.15 +- 0.07,0.26 * 0.10, and 
0.36 * 0.06, respectively. (These represent Ala to 
Gly single site comparisons, except a t  position 28, 
which is for Lys to Gly.) These low values show that 

a t  each substituted position the major fraction of the 
molecular population lacks well-defined helical 
structure in the folding transition state($ (middle 
and bottom panels in Fig. 1). 

More generally, the insensitivity of folding rates 
to the glycine substitutions indicates that little rigid 
structure of any kind is formed in the transition 
state. The low helix propensity of glycine primarily 
reflects an enhanced stability of the unfolded state 
due to main-chain conformational freedom at gly- 
cine residues and its loss upon helix f~rmation.'~ 
The lack of effect on the folding rate of GCN4-pl' 
when glycine is incorporated shows that the un- 
folded state and the transition state experience 
about the same increase in entropic stability. If the 
substituted residue were constrained in any way in 
the transition state, even if not in a helical confor- 
mation, the transition state would be higher in free 
energy (less stable) and folding rates would be 
slowed accordingly. 

The mf values found here are small but are not 
zero, especially near the carboxy-terminus, indicat- 
ing that the free energy gap between the unfolded 
state and the transition state is affected in some 
measure by the substitutions. These low-level ef- 
fects may indicate either that the residues tested are 
partially constrained in the transition state, or that 
they are largely constrained, perhaps even helical, 
in the transition state but only in a fraction of a 
heterogeneous population of transition states. A 
subcategory of the latter pictures the optional nu- 
cleation of helix at alternative positions along the 
chain. If a destabilizing mutation is present a t  a 
given position, another region could then serve to 
nucleate helix formation so that the folding rate is 
only fractionally affected. As noted before, the pres- 
ence of two pre-existing turns of helix is allowed by 
the rate data found. However, the low Qf values 
found at the center of the polymer (af is 0.14 for 
Alal4Gly) rules out the general possibility that the 
polymer contains extensive amounts of variably lo- 
cated helical structure. 

CONCLUSIONS 
These results and considerations allow only a 

small population of helix a t  any given chain position 
in the transition state for GCN4-pl' folding. Since 
the large-scale burial of surface observed in the 
transition state (mfdm' - 0.55) cannot be ac- 
counted for by helix formation, it appears that many 
non-helical associations must contribute impor- 
tantly. The glycine substitution results additionally 
point to  considerable flexibility in the transition 
state. Thus the high-energy transition state is a con- 
densed form that contains a large quantity of loose 
side chain clustering but little if any secondary 
structure, with perhaps a small helix initiation site. 
This view is similar to the transition state described 
for the two-state folding of the globular protein, cy- 
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tochrome c , ’ ~  which also involves a large-scale 
burial of many side chain groups in a loosely defined 
collapsed form. 

C.R. Probing the folding mechanism of a leucine zipper 
peptide by stopped-flow circular dichroism spectroscopy. 
Biochemistry 34:12812-12819, 1995. 

8. OShea. E.K., Klemm, J.D.. Kim P.S., Alber, T. X-ray 
The fact that an ideal candidate, a system com- 

posed only of two long helices in its native confor- 
mation, does not form extensive helix before or dur- 
ing the rate-limiting step as required by most 
folding models raises an interesting question. Might 
secondary structure also form late, after the transi- 
tion state, in the folding of globular proteins? Re- 
sults for cytochrome c folding leave open the possi- 
bility that some helical structure might be present 
in the transition state.25 An extensive @ analysis for 
barley chymotrypsin inhibitor 2, which also folds 
rapidly in a two-state manner, shows that this glob- 
ular protein has little or no secondary structure a t  
the transition ~ t a t e . ’ ~ , ~ ~  Similarly, the substitution 
of many sites (one at a time) by helix propensity- 
altering alanine throughout the largely helical P22 
Arc repressor caused little change in folding rates.28 
All these results are consistent with the absence of 
much secondary structure before or within the fold- 
ing transition state. 

In considering whether secondary structure may 
generally form relatively late in protein folding, it 
will be important to  focus on two-state folding, 
where the transition state appears to represent an 
early intrinsic folding event,25 rather than on multi- 
state folding, in which the late rate-limiting barrier 
may well represent a non-intrinsic misfold-reorga- 
nization event.29 

ACKNOWLEDGMENTS 
We thank J. Lear, L. Mayne, and R. L. Baldwin for 

useful discussions and comments on the manuscript, 
and L. Mayne for assistance in the Zimm-Bragg cal- 
culations. This work was supported by research grant 
GM31847 from the National Institutes of Health. 

NOTE ADDED IN PROOF 
Similar results obtained for cross-linked variants 

of GCN4-pl ' affirm the relevance to monomolecular 
folding of the dimer system used here. 
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