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ABSTRACT: Coiled coils are simple models for studying the association of two polypeptide chains to form
a folded protein. Previous work has shown that the folding of a coiled coil can be described by a two-
state transition between two unfolded monomeric peptide chains and a folded coiled coil dimer. Here we
report the thermodynamic activation parameters for the folding and unfolding of two unrelated coiled
coils: C62GCN4 and A C62GCN4 corresponds to the 62 C-terminal residues of yeast transcription
factor GCN4. The peptide forms a dimeric coiled coil through its 33 C-terminal residuésaAlesigned
30-residue dimeric coiled coil whose folding is induced by low pHiDE&., Jelesarov, I., and Bosshard,

H. R. (1999)Biochemistry 38870-880]. Folding and unfolding were assessed under identical native
buffer conditions so that the microscopic reversibility applied and the transition state was the same for
folding and unfolding. The time course of folding was followed from the self-quenching of a C-terminal
fluorescent label (Texas Red). The overall folding of both peptides is enthalpy-driven and opposed by a
loss of entropy. The main energetic changes occur after the system has passed the transition state. In the
folding of C62GCN4, only 18- 20% of the heat capacity change is attained between the monomeric state
and the dimeric transition state. For coiled coi, Ahe fractional heat capacity change preceding the
transition state is 3040%. The results indicate that the activated states of folding of coiled coils are not
well structured and differ considerably from the folded coiled coil conformation. These findings are in
agreement with a rate-limiting transition state in which the coiled coil helices and the hydrophobic coiled
coil interface are poorly developed.

Elucidating the mechanism of protein folding is a major repeating every twar-helical turns and containing mostly
challenge of biochemistry. Folding transitions of many hydrophobic residues at tleeandd positions. Short coiled
proteins have been studied and have led to insights intocoils composed of four or five heptads are found in
conformational properties of partially folded intermediates transcription factors and are called leucine zippers because
and rate-limiting transition states. A coherent picture of this leucines are frequent id positions and interdigitate at the
phenomenal process of nature is now slowly emerging (recentdimer interface as in a zippev{10).

reviews in refsl—4). Most studies on protein folding have  \jany natural and designed coiled coils fold by a simple
dealt with monomeric proteins. There may be complications tyo-state transition between monomer M and dimer D with
to the folding reaction if a protein is composed of two or g indication of a stable intermediate state. The rate of
more subunits and if the subunits in isolation do not fold to folding may even approach the diffusion-limited rate of
a thermodynamically stable state. In this case, the folding encounter of two unfolded peptide chairs,(12). Hence,
of the individual subunits and their association to form the folding and association are indeed strongly coupled. It has
multimeric native state are coupled reactions. been proposed that coiled coils form by a hydrophobic
A very simple model for coupled folding and association collapse mechanism in which two unfolded monomers
is the assembly of a coiled coil. It is a helical dimerization associate through a rate-limiting transition state. Much of
motif found in a wide variety of protein®g{-7). The motif the hydrophobic surface is thought to be buried in the
consists of two amphipathi-helical peptides wound around  transition state in which helical structure is not yet well
each other at an angle of20°. Because hydrophobic side developed and forms subsequently in a very rapid, energeti-
chains extend along one face of each helix, the coiled coil cally “downhill” reaction (L3). Very rapid folding does,
is stabilized by hydrophobic packing along the dimer however, not exclude the possibility that helical structure is
interface, and each helix alone is thermodynamically unstableformedbeforethe rate-limiting transition state. For example,
in an aqueous environment. The amphipathic structurein a diffusion—collision model (4), prefolded helical or
originates from a seven-residue sequence matifcdefq,, partly helical monomers would associate productively to form
the coiled coil. Indeed, there is evidence for a “trigger
T This work was supported in part by the Swiss National Science sequence” proposeq to, adopt a helical conformation "7 the
Foundation (Grant 31.55308.98) and by the European Commission monomer and to be indispensable for successful association
(Grant BBW 970592). _ and folding @5, 16). A small helix-forming propensity
. ! Prgsené?‘ddreéi gsz'fgley Kimmel Cancer Center, 10835 Altman ¢q|cy|ated for the GCN4-p1 leucine zipper monomer has been
Kt ﬁreggm fdgdoréSS: Instittitrfolymere, CAB E 35, ETH-Zentrum,  taken to indicate folding through association of partly helical
Universitdsstrasse 6, CH-8092 Fioh, Switzerland. monomeric peptidesl{).
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To better understand how coiled coils fold, we need more reaction was conductedrfd h at 20°C in the dark and in
information about the rate-limiting formation of the transition an argon atmosphere to prevent oxidation of Cys. The
state of folding. One well-tested way to deduce the structure reaction was stopped by addition of excess dithiothreitol. The
of the transition state of folding i® analysis, which infers  product was desalted by dialysis and purified by HPLC on
the extent of inter-residue contact in the transition state from a reversed phase column (Nucleosil 300-5C8), which was
a combination of single-residue mutations and rate measure-eluted with a binary gradient of acetonitrile and water
ments (8—20). A ® value of 1 indicates that the site which containing 0.1% trifluoroacetic acid. Peptide A and the
is mutated is structured as much in the transition state as inlabeled derivative Flu-A were synthesized as described
the native state. AD value of O indicates that the site of previously (2). The homogeneity of the peptides was
mutation is not yet structured in the transition state. Ala  checked by mass spectrometry. Peptide concentrations were
Gly substitutions lower the helix-forming propensity and determined from UV absorption measurements in 6 M
should produceb values close to 0 if the site of the Afa GdmCl (2753 = 1450 Mt cm™) (31). The concentration
Gly mutation is not yet helical in the transition state of coiled of C62GCN4CR was calculated from visible absorption
coil folding. In one study of the GCN4-p1 leucine zipper, measurements{g; = 113 000 Mt cm™1) (32). Concentra-
Ala — Gly substitutions had indeed only a modest effect on tion is always expressed as total peptide concentratioi){[C
the folding rate andb values were small, from which it was  for example, 1uM peptide corresponds to 0:8M dimeric
inferred that not much helix is present before the two peptides coiled coil.
collide in a productive way to form the coiled coil3, 21). Buffers.Buffer A was 50 mM sodium phosphate, 10 mM
However, the conclusion has been challenged recently byMgCl,, and 10 mM NaCl (pH 7.4). Buffer B was buffer A
another mutational study which concluded that helix forma- containing in additia 4 M GdmCI. Buffer C was phosphoric,
tion in at least a portion of the GCN4-p1 sequence is required citric, and boric acid (7.5 mM each) adjusted to the desired
to form the dimeric transition statd 7, 22). At present, the pH with KOH or HCI and adjusted to an ionic strength of
degree of helix formation and surface burial in the rate- 0.1 M with KCI.
limiting step of coiled coil folding is under debat&3 17,

21, 22). This has prompted us to study the temperature Methods

dependence of folding and unfolding of two short coiled coils Rapid Mixing Experimentsolding kinetics were studied
so that we can calculate the activation parameters of foldingyith an SF-61 stopped-flow spectrofluorimeter (High Tech
by applying classical transition state theory. The extent of gjentific Ltd., Salisbury, U.K.). The reaction cell of this
surface burial in the transition state can then be estimatedjnstrument is temperature-controlled 4.3 °C. The dead
from the fractional change of the heat capacity,* (23, time of the instrument is-42 ms. Excitation of Flu-A was
24). ) . at 485 nm, and emission was measured>&30 nm.
Although classical transition state theory has been devel- gygitation of C62GCN4TR was at 583 nm, and emission
oped for simple chemical reactions of small molecules, it \y535 measured a590 nm. Folding of C62GCN4® was
can be applied to a two-state protein folding system where j,itiated by rapid dilution of the peptide dissolved in buffer
only the unfolded and the folded states are noticeably g yith 20 volumes of buffer A; the final peptide concentra-
populated at any time. Also, one has to consider that the o after dilution was 0.&M. Folding of Flu-A was initiated
transition state of protein folding is not unique but composed by rapid dilution of the peptide dissolved in buffer C at pH
of an ensemble of structurally more or less related stdtes (12 \ith 20 volumes of buffer C at pH 4.4 or 4.9; the final
25—27). With these limitations in mind, we have determined pe'ptide concentration after dilution was Q:1. Sémples
the activation parametersG*, AH', AS", andAC* forthe \yere collected after each rapid mixing reaction to control
folding and unfolding of the coiled coils C62GCN4 and A the temperature-corrected pH value, which was constant
C62GCN4 corresponds to the 62 C-terminal residues of yeastyitnin +0.1 pH unit. Experiments with C62GCNA®were
transcription factor GCN42g). Dimer A is a designed  performed at 13 different temperatures from 5 to g0
coiled coil formed from two 30-residue acidic peptides whose Experiments with Flu-A were performed at 19 different
formation is induced by low pH1@). The two unrelated  temperatures from 5 to 5@. The results of 1620 syringe
peptides were selected in the hope of detecting energetictirings were averaged at each temperature. Triplicate mea-
features that are common to the folding of coiled coils. The grements were carried out with peptide Flu-A.
results point to relatively nonstructured transition states in  patq Analysis of Rapid Mixing Experimenfgaces were
which considerably less molecular surface is buried than in analyzed for the two-state transition
the final coiled coil.

Kon
MATERIALS AND METHODS 2M ﬁ @)

Materials where kon and kor are the rate constants of association

Peptides. Peptides C62GCN4 and C62GCN4C were (second-order rate constant) and dissociation (first-order rate

expressed irEscherichia colias described previously29, constant), respectively. The fluorescence change during
30). To obtain C62GCN4T, the Texas Red fluorescent label
was introduced by reacting 0/mol of C62GCN4C in 6 1 Abbreviations: CD, circular dichroism; DSC, differential scanning

mL of reaction buffer [50 mM sodium phosphate, 6 M calorimetry; Flu, fluorescein; GCN4, general control of amino acid

1 0 ; synthesis non-derepressible mutant 4, GdmCI, guanidinium chloride;
GdmCl; and 10% glycerol (pH 7.6)] with Amol of Texas HPLC, high-performance liquid chromatography; TR, Texas Red; M,

Red C5-bromoacetamide (compound T-6009 from Molecular (s and b, monomeric peptide, dimeric transition state, and dimeric
Probes, Eugene, OR) in 23 mL of reaction buffer. The folded coiled coil, respectively.
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Table 1: Activation Parameters of the Folding of the GCN4 Leucine Zipper at pH 7.4 ah@?20

2M —ts ts—D 2M — Db global fit°
ACy* (kJ molt K=1) —0.38+0.35 —2.33+ 0.56 —2.71+0.91 —2.80+0.12
ca.—3.00'
TAS (kJ mot?h) 79+2.8 —60+1 —52.1+ 3.8 —55.8
AH¥ (kJ mot?) 20.7+2.8 ~116+5 —-95.3+7.8 -99f
AG* (kJ mol?) 12.8+ 0.1 —-56+1 —43.2+1.1 —43.2
T, (K)9 375+ 1 373+ 1

2 Experimental errors refer to the fitting procedut&um of activation parameters for 2M ts and ts— D. ¢ From the global fit to kinetic and
equilibrium thermodynamic data shown in Figure!Estimated by extrapolation of the heat capacity trace of the unfolded protein° @dgure
2B). ¢From TAS = AH — AG. TFrom AH = AHm + ACy(T — Tm). 9T whereAG = 0 andAH = T,AS

Table 2: Thermodynamic Parameters from Thermal Unfolding of Reversible Equilibrium Unfolding and FO"?””Q Followed

the Leucine Zipper C62GCN4 Observed by CD and DSC (Units by CD Spectroscopy and by DSE&xperiments were

Are Kilojoules per Mole and Kelvin, Respectivé)y performed and data analyzed as described previodgly (
cD DSC Transition State AnalysiT.here is very good evidence that

the coiled coil domains of GCN4LB, 21, 22, 34—36) and
Cd(uM) Tm AHm AG® Tm  AHx™MS AHLSY AGP : : o S
[Cd gé ) e 308 275 n m i " of other leucine zippersl(, 37, 38) fold according to a two-
154 3381 330.7 247 34G.8 203 24.9 state model, with a negligible population of intermediates

154 3399 280 24.8 (eq 1). For peptides A and Flu-A, we had shown before that
208 341 282 241 34Z4 272 241 folding is strictly two-state over a wide range of pHs and
208 3405 284 24.0 temperaturesi, 38). Two-state folding is a prerequisite for
228 344.6 286 219 3226,;'3 303 305 gi'g applying conventional transition state theory to analyze rate

E —- mateh£0.25 K and inAH — data. In this theory, the state with the highest energy, also
rrors in Iy, are approximate . and | m approximately H i : H
410%.5 AGy, calculated from the equationGm = —RT, In[Co. called the activated state, is treated as a defined state in

¢ Enthalpy change calculated assuming the heat absorption peak (Figuré:"qu!l!br!um with reactants and products through a quaS"
2B) represents a two-state transition (seeli2for details).? Excess equilibrium constank* (39). The rate of product formation
enthalpy calculated by integration of the heat absorption peak (Figure k depends on the free activation enely¢* = —RT In K¥

ZB) AH VH ~ AHmcaI for a two-state transition (See &2 for deta"s) accord|ng to the Eyrlng equat|on

e Temperature at the maximum of the heat capacity traEemperature
where the transition is half-completed.

k = ik, exp(— AG'/RT) (4)

refolding (fluorescence decrease) is described by « is a dimensionless factor and was set at 1 in the present

M] analysis (see the Discussiok).is a temperature-dependent
F(t) = ma,( c )—I— Fe (2 factor whose magnitude influences the absolute values of
[Cdl AS and, hence, oAG*. ky does not affecAH* andAC,* as

long as the temperature dependenck,d$ small andAC,*

is temperature-independem) (In classical transition state
theory, ko = keT/h = 6 x 10 st at 20 °C (ks is the
Boltzmann constant antdPlanck’s constant). In the present
study, we used & of 10° s~ at 20°C for reasons explained

whereF(t) is the fluorescence at tinteAFmaxthe maximum
fluorescence changé,. the fluorescence at infinite time,
and [G] the total peptide concentration. The rate of folding
or unfolding is described by

d[M] oJ — IM] in the D!scussmn. _ _
—1/2( ) kon[l\/l] koﬁ(—) (3) Equation 4 can be decomposed according to the relation-
ship AGHT) = AH¥(T) — TAS/(T). If it is assumed that the
heat capacity chang&C,*, which governs the dependence
of AH* andAS on T, is itself temperature-independent in

Software Inc., or SigmaPlot 5.0, Jandel Scientific Inc.) with the narrow temperature interval of the experiment, one
the help of eq 2 and with [M] defined by the integral of eq obtains @5)

3 (33). Results were not affected by the small change in _

intrinsic emission of the fluorescent label with pH since the In(ko) = A+ B(T/T) + CIn(Te/T) (5)
change occurred within the dead time of mixir!g. Using this p — —(ACp* _ ASQ*)/R _

approach, both rate constants could be obtained under the . . .

same reaction conditions by analyzing single traces since —[(AC,” — (AHg — AGR)ITRI/R
refolding and unfolding both contributed to the observed _ + + + _

traces under the conditions of the experimeidt, (L2, 33). = (AC," — AS — AGRITR)/IR=

To obtaink,, and kg, the kinetic traces were analyzed by
nonlinear curve fitting (programs Origin 4.1, MicroCal

Fitting errors were 25% for ko, andke; except in the case ACp*/R — [(AHR* — AGR*)/TR]/R — AGR"/RTR
of ko for (Flu-A),, for which the error was large. Therefore,
koft for this peptide was also calculated from the relatiQn C= —ACp*/R

= koot USINg values oK, determined previously (values

from Figure 10 of refl2). The calculatedk values were  The subscripR indicates a reference temperature, which we
used to obtain the activation parameters of Table 3 and thechose to be 293.15 K (28C). The rate constark of eq 5
data shown in Figure 4. refers to eitheky, or ko. In Figures 1 and 4, the measured
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Table 3: Activation Parameters at 2CQ of the Folding of Coiled Coil Aat pH 4.4 and 4.9, Respectively

pH 2M—ts ts—D 2M — Db global fit¢
ACy¥ (kJ molt K1) 4.4 —0.69+ 0.15 —1.18+ 0.15 —1.87+0.30 —1.994+ 0.07
4.9 —0.73+ 0.67 —1.084+ 0.68 —1.814+1.35
TAS (kJ mot?) 4.4 4.0+ 0.2 —105+1 —101+1 —-97.1
4.9 —25.4+ 0.4 —84+4 —110+ 4
AH¥ (kJ molY) 4.4 13.2+1.3 —162+1 —149+ 2 —146
4.9 —14.4+ 4.0 —135+ 3 —149+ 7
AG* (kJ mol?) 4.4 9.2+ 0.1 —57.2+0.1 —48+0.2 —48.8
4.9 11.0+£ 0.2 —51.44+0.2 —40.4+ 0.4
Ty (K)f 4.4 376+ 2 375+ 2
4.9 366+ 1 363+ 1

2 Experimental errors refer to the fitting procedut&um of activation parameters for 2M ts and ts— D. ¢ From the global fit to kinetic data
(Figure 4) and equilibrium thermodynamic dafe) at pH 4.4.9 FromTAS= AH — AG. ¢ From AH = AHpn + ACK(T — Tm). ' T where AG =
0 andAH = T,AS

rate constants are plotted according to eq 5 d¢ls)(versus oFf
T, whereky (s1) = 3.4 x 10° x T (from 1®° sY/293 K = _
34x 1P st K—l)_ B OO
The activation parametersJ* (J = G, H, S andC,) are 0l
obtained by fitting experimental values ¢, and ko 2
measured over a range of temperatures. In ed\B, is % -15
defined asAJu—s = J5 — M for the folding direction -
2M — ts, and asAJps = J — JP for the unfolding -20 P
direction D— ts. When the unfolded state M is taken as the 25| g
reference state, the equilibrium thermodynamic parameters ' ‘ ‘ . . . ,
areAdoy—p = (Jts — JZM) — (Jts - JD) However, we prefer 280 300 320 340 360 380
to change the sign of the unfolding activation parameters Temperature (K)
and use the following definitions throughout the rest of this .
. Ficure 1: Temperature dependence of the folding rate constant
paper. (O) and the unfolding rate constari) for C62GCN4CR. The
" s oM dotted lines are best fits according to eq 5. For the folding reaction,
A s =37 —J (6a) k= lfon[pgptldﬁg wgere 'E'p%?tldfa? 1 trt?oI/L. gor the unfoldln%
reaction,k = . oee lable or ermodynamic parameters
A J¢ts—»D =P -7 (6b) obtained from tr:fe fits and the text for furtherydetails.p
Adpyp = AJ#zlvms + AJ*tSﬁD (6¢) N-terminal Met is from the overexpression constru2s, (

29). The peptide contains the basic region DNA binding

In this way, the overall folding reaction can be regarded as domain (in italics) and the C-terminal leucine zipper domain
the sum of the transitions 2M~ ts and ts— D. This (underlined). The basic region DNA binding domain has no
facilitates the discussion since the equilibrium thermody- stable conformatior4) and only folds to am-helix when
namic parameters are now the sum of the parameters frombound to the major groove of the target DN28( 41—43).
2M to ts and from ts to D. For example, the equilibrium Thus, in the absence of DNA, only the folding of the
heat capacity change becomes the sum of the heat capacitfc-terminal coiled coil of C62GCN4 is being observed in this
changes accomplished before and after the transition statestudy.
(ACpom—p = ACyom—s + ACyFis-0). Peptide C62GCN4C is peptide C62GCN4 with the C-

The nature of the activated state can depend strongly onterminal extension GSGG(). In C62GCN4CR, the fluo-
experimental conditions as shown, for example, for the rescent label TR is attached to the C-terminal cysteine
folding of Tendamistat40). However, transition state theory  through a thioether bond and provides a fluorescence tag
assumes that folding and unfolding pass through the samefor following the time course of foldingi4, 45). The charged
activated state. It is therefore important to measure the aromatic fluorescent labels do not by themselves induce
folding and unfolding rate constants under identical experi- dimer formation since there is no quenching when the
mental conditions so that microscopic reversibility applies. peptides cannot dimerizé4—46).
This was achieved by calculating both rate constants from  1ne kinetics of folding of C62GCN4T® were measured
the same kinetic trace (eqgs 2 and 3) instead of from rapid patween 5 and 30C at pH 7.4. Folding was initiated by
dilution into denaturant and out of denaturant, respectively, rapid dilution from 4 to 0.2 M GdmCl. Between 5 and 30
as is commonly done. °C, the folding rate of 0.@M peptide increases from 3.3 to
RESULTS 8.4 st and the unfolding rate from 0.01 to 0.6's The

results are shown in Figure 1. The change in heat capacity

Folding of C62GCN4.The GCN4 derivative used in  between the unfolded state and the transition state is small
this study has the sequence®®IVPESSDPAALKRARN- in comparison to the change from the transition state to the
TEAARRSRARKQRMKQLEDKVEELLSKNYHLENE- folded state, wherACp¥om s = —0.38+ 0.34 kJ moft K1
VARLKKLVGE ??'R. This is the C-terminal 220281 se- versusACyfis-p = —2.33 + 0.56 kJ mot! K~ (Table 1).
quence of the yeast transcriptional regulator GCN4. The Despite the large fitting errors (due to the small change in
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Ficure 2: CD thermal melting curve (A) and DSC melting trace
(B) for 208 uM peptide C62GCN4 in buffer A.

kon With T), it is obvious that most of the change in the heat

capacity takes place after the transition state. This also

follows from the much stronger changelgf with T (Figure

Bosshard et al.

AG (kJ/mol dimer)

.50 L 1 N I L ! " It " !

325 350
Temperature (K)

375

Ficure 3: Combined kinetic and equilibrium thermodynamic data
for the GCN4 leucine zipper with a global fit according to eq 7.
(a) AG = —RT In(kow'kor) from kinetic data for fluorescently
labeled C62GCN4T. (O) AG from thermal unfolding of C62GCN4
observed by CD (Figure 2A)00) AG from thermal unfolding of
C62GCN4 observed by DSC (Figure 2B). The solid line is the best
fit (eq 7) for AH, = —232.5 kJ mot!, AC, = —2.80 kJ mot?
K1, T = 340.5 K, and [@] = 208 uM.

rium thermodynamic data are shown in Figure 3. The
experimental data were analyzed with the help of eq 7 (solid
line in Figure 3).

AG(T)=AH,(1— TIT,) +
AC(T = T, — TIn(T/T,)] — RTIN[C{] (7)

1). The absolute values of the activation enthalpy, activation The fit is good, and values aiC, from the global fit and

entropy, and activation free energy for the transition 2M

from the kinetic data alone are the same within error (Table

ts are small when compared to the values for the transition 1). AC, estimated from the DSC trace by extrapolating the

ts— D. At 20 °C, formation of the activated state is favored
by a small positive activation entropy changa&S s of

7.9 kJ mot?! and opposed by a larger positive activation
enthalpy chang@H*,—s of 20.7 kJ mot?, resulting in an
overall unfavorableAG*y—s of 12.8 kJ mott. However,
one has to keep in mind thfiAS—s depends on the chosen
pre-exponential factok, of eq 4, which we have set at 10
s ! (see the Discussion). If the “classical” pre-exponential
factorkgT/h of 6 x 10*? s7% (20 °C) is used, one obtains a
TAS -5 0f —25 kJ mot! and aAG¥yy—s of 45.7 kJ mot™,
Thus, the magnitude and sign GAS' and, hence, the
absolute barrier heighAG* have to be interpreted with
caution. All we can conclude from the data of Table 1 is
that (i) the energetically unfavorable realization of the

heat capacity of the unfolded peptide in Figure 2B td’20

is approximately—3 kJ mol! K~1, in agreement witt\C,

from kinetics and global data analysis. The temperatliges
(Table 1) at whiclAG = 0 andAH = TgASare very similar
when extrapolated from the intersection of the dotted lines
in Figure 1 and from extrapolation thG = 0 in Figure 3.

The congruence of the kinetic and equilibrium thermody-
namic data shows that the bulky TR fluorescence group used
to follow the folding kinetics does not change the folding
energetics.

Folding of Coiled Coil A. Peptide A has the sequence
Ac-EYQALEKEVAQLEAEENQALEKEEVAQLEHEG-
amide. The peptide folds to the homodimeric coiled cail A
when the pH is lowered, with a midpoint at pH 5.22.

transition state has a positive enthalpy component and (ii) The energetics of folding of Ahave been studied over a

the bulk of the energetic change of the folding reaction is
achieved beyond the activated state.
To further support the two-state folding model on which

broad temperature range by CD spectroscopy and DSC in a
recent studyX2). Protonation of the glutamic acid residues
in the e andg positions of each heptad increases hydropho-

the transition state analysis rests and to show that the bulkybicity (weaker dipole moment of protonated Glu) and

C-terminal fluorescent label TR of C62GCNH#tCdoes not

stabilizes the coiled coil dimedp, 47). To follow the time

affect the energetics of folding, we measured the equilibrium course of folding and unfolding, peptide Flu-A containing
thermodynamic parameters for C62GCN4, which lacks the the N-terminal extension fluoresceinyl-GGG was used.

C-terminal extension with the TR label. CD spectra of
C62GCN4 were recorded in the range of ® °C at pH
7.4 in buffer A. The ellipticity minimum at 222 nm, which
signifies a-helical structure, shows a typical reversible
transition from helical to random coil (Figure 2A). The same
reversible transition was also seen by DSC (Figure 2B).
Thermal unfolding was>95% reversible. Equilibrium pa-

Fluorescence emission is quenched in the folded coiled coil
(12, 38). The fluorophore affects neither the equilibrium
thermodynamic parameters nor the kinetics of folditg, (
44—46).

Folding of peptide Flu-A was assessed between 5 and 50
°C at pH 4.4 and 4.9. Folding was initiated by rapid dilution
from pH 12 to 4.4 or 4.9. Between 5 and 30, the folding

rameters obtained from the CD and DSC melting curves arerate of 0.6uM peptide increases from 16 to 36'sand the

summarized in Table 2. The combined kinetic and equilib-

unfolding rate from 2 te~100 s . The results are shown in
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in(k/k,)

320 340 360 380

Temperature (K)

Ficure 4: Temperature dependence of the folding rate constant

(O) and the unfolding rate constarifl) for peptide Flu-A at pH

4.4. The dotted lines are best fits according to eq 5. For the folding

reaction,k = ko [peptide] where [peptide} 1 mol/L. For the
unfolding reaction,k = k5. See Table 3 for thermodynamic
parameters obtained from the fits and the text for further details.

Figure 4 and Table 3. As observed for the GCN4 leucine

zipper, the difference in the heat capacity between the

unfolded state and the transition state is relatively smat; 30

40% of the overall heat capacity change is achieved before

the activated state. Again, the absolute valuealdtf, AS,
andAG* are small for the transition 2M- ts and large for
the transition ts— D. Since the folding free energhG is a
strong function of pH 12), the activation parameters differ

when measured at pH 4.4 and 4.9 (Table 3). To obtain a

global fit to the kinetic and equilibrium dat&\G [=—RT
In(kowkosr) (present data)] andG values obtained from CD

Biochemistry, Vol. 40, No. 12, 2003549

lates to 3x 108 M~! s71 (12). An even larger value is
extrapolated for the maximum rate of folding of an electro-
statically stabilized coiled coil, % 10° M~ s71 (11). We
choose 10 s! as an estimate for the maximum rate of
collision o 1 M peptide chains at 20C and took this value
to be the pre-exponential factor of the folding and unfolding
direction.

The choice of the transmission coefficientf eq 4, the
upper limit of which is 1, is more difficult« is an arbitrary
constant to take into account repeated transitions through
the folding barrier not explicitly included in conventional
transition state theory. & of <1 means that the activation
barrier is crossed many times before the transition-t®
occurs. That is, the activated state is sampled by diffusion
as envisaged in Kramers’ theory, which implicitly includes
ASF in the pre-exponential factob0—54).

Indeed, it has been shown that folding of the GCN4 leucine
zipper changes with the temperature-dependent solvent
viscosity and that diffusion-limited chain movements can
influence the rate-limiting step to folding, even though
folding is much slower than the diffusion limit of encounter
of the unfolded monomers$). Hence, values oAS' and
AG* not only do depend on the choice of the pre-exponential
factor ko but also may be overestimated when using af
1. Nevertheless, the changesAS’ and AG* with temper-
ature can still be interpreted (see below and Figure 5).

Folding of the Leucine Zipper Domain of C62GCNA.
dimeric C62GCN4, a C-terminal leucine zipper domain joins
two N-terminal basic regions, which bind to the major groove

and DSC melting curves (Tables 1 and 2 and Figure 9 of ref Of the AP-1 or CRE site in a “scissors-grip” mann@g
12) were combined in the same way as shown for C62GCN4 42, 56). The leucine zipper domain forms by association of

in Figure 3. The parameters from the global fit agree with
the data from kinetics alone (Table 3).

DISCUSSION

Validity of Activation ParametersThe magnitude of the
pre-exponential factok, of the Eyring equation (eq 4)
influences the absolute valuesA® andAG*, whereasAH*
and AC,* are not affected by, as long as the temperature
dependence ofk, is small and AC,* is temperature-
independent4). Therefore, values akH* andAC,* obtained
by applying transition state theory are more reliable than
those ofASF andAG*. In conventional transition state theory,
ko = kgT/h, ~10'? st around room temperature. This value
seems inappropriate for protein folding, which involves
motion of the peptide chain in solution and making and

breaking many noncovalent bonds within the peptide chain
and between the peptide chain and the solvent. There hav
been several attempts to estimate the pre-exponential facto

for the folding of monomeric proteins, taking into account
contributions from intrachain motion and inter- and intramo-
lecular frictional terms48, 49; review in ref50). In the case

of the coupled folding and association of a coiled coil, we

are fortunate in that we may assume the pre-exponential

factor reflects a folding reaction in which each encounter of

two monomeric peptide chains is successful. In other words,

ko may be likened to the diffusion-limited rate of encounter
of two peptide chains in aqueous solution. At 20, this
rate is estimated to be 5 10° M~! st for a hydrated
globular molecule with the mass of peptide 22). Indeed,
the maximum rate of acid-induced folding of Flu-A extrapo-

the free peptides in the absence of DNA, but the N-terminal
basic regions of dimeric C62GCN4 have no stable confor-
mation when not bound to the target DNA, as shown by
NMR spectroscopy 41). Thus, the dimeric coiled coll
conformation does not continue into the basic region of
C62GCN4, which lacks the repeating heptad pattern of the
coiled coil. Therefore, the rate constants of folding deduced
from the quenching of the C-terminal fluorescent label pertain
only to the folding of the coiled coil domain. However, some
partial helical structure may develop in the N-terminal
segment at low temperatures. This is indicated by a very
small shoulder in the CD melting curve aB0 °C (Figure

2A and ref43). However, this minor helical component does
not substantially contribute to the thermodynamics of folding,
which is clearly two-state (re34 and Figure 2BY.

ACy* and the Nature of the Transition Staf€he equi-

éibrium thermodynamic parameté&C, has been shown to

|;:orrelate with the exclusion of nonpolar groups from the
solvent.AC, of protein folding is large and negative in the
direction unfolded— folded 68—61). Therefore, the value

of ACp*am—s Should relate to the amount of nonpolar groups
buried in the activated state of folding. One can define the
ratio o (=ACy*m—-J/AC,) as a measure of the relative burial

of hydrophobic surface area in the activated and folded states
(23, 24). An o close to 0 indicates a transition state near

2 Folding of ana-helix contributes about 15 J 'K (mol of residue)*
to AC, (57). Therefore, if the basic region were 25% helical, this would
contribute less than 10% to the overAlC, of —2.8 kJ mot* K™% In
fact, the helix content of the basic region was less than 25% in the
refolding buffer, which contained 0.2 M GdmCI.
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FiIGURE 6: Increase of the folding rate of Awith coiled coil
5°C stability. The data were taken from Figures 4 and 9 6frCat al.
20 °C (12). See the text for details on howin(ky,) and AAG;q Were
obtained. The solid line is a linear best fit with a slapeof 0.4,
indicating that the activated state is 40% native.

H (kJ mol™)

-100
-150 35 °C
50 °C

-200
M ts D deduced fronm value analysis, are-70% native 63, 64).

50 Binding of the S-peptide to the folded S-protein of ribonu-
- clease A reveals an activated state that is 66% native-like
(27).
5°C Sincemyvalues are thought to reflect the same phenomenon
20°C as AC, values,or ratios deduced fronAC,* and fromm
15 °C should be similarg5). For the GCN4 leucine zipper domain,

. ar values deduced from denaturant unfolding as well as from
-150 s0°C the change of folding rates with denaturant concentration
C are between 0.4 and 0.63 21, 22, 55), significantly

different from the preserdr of 0.1-0.2. ® value analysis

for a series of GCN4 mutants implies that the activated state

of GCN4 leucine zipper folding is about 30% native-like

(22), closer to our value fronAC,*. Still, the reason for the

discrepantar values obtained by different experimental

approaches is not clear. It has been noted by others that

estimates of the placement of the activated state obtained
gg jg from AC,* are systematically lower than those obtained from
- 20 °C denaturant unfolding. For example, the transition state of
0| D 5°C folding of the dimeric Trp repressor is 76% native when
estimated fronm value analysis@6) and only 43% native

2M ts D when estimated fromAC,* (64). The inconsistency was

FiGure 5: Reaction profile for the folding of the leucine zipper ~argued to originate from the fact that the burial of hydrophilic
domain of yeast transcription factor GCN4. The abscissa shows area does not contribute mvalues, whereas it contributes

that the re_action p(oceeds from two unfolded monomers M through negatively toAC, (64). Several other instances of discrepant
the dimeric transition state ts to the folded dimer D. The changes or values have been reporte2( 27, 67—69).

in heat capacity (A), enthalpy (B), entropy (C), and free energy . .
(D) are shown. Reference points are set arbitrarily at the monomeric AS mentioned above, the absolute valueA&f andAG

state. are overestimated if viscosity-dependent diffusive movements
the unfolded state. An close to 1 indicates a native-like of the polypeptide contribute to the folding rate. This,
transition state. Thexe of the leucine zipper domain of however, would not change the qualitative relationship of
C62GCN4 is 0.10.2. Hence, the activated state is only-10  the thermodynamic activation parameters of folding of
20% native-like in terms of buried nonpolar surface area. C62GCN4 depicted schematically in FigureNd*2y—s and
This is exceptional as the transition state of small single- TASu—s change only slightly with temperature (panels B
domain proteins is usually closer to the folded than to the and C of Figure 5), andG*,u—s is almost constant from 5
unfolded state when deduced framvalues, which measure  to 50°C (panel D). The reason is that only 15% of the overall
the change in folding free energy with denaturant concentra- AC, is achieved in the transition 2M- ts (panel A). In
tion [or = my—/m (20)]. For many small monomeric ~ contrastAH*s.p and TAS's-p vary strongly with temper-
proteins,ar values obtained from denaturant unfolding are ature in the transition ts> D where the bulk of the heat

in the range of 0.50.95 62). There are only a few values capacity change takes place. In other words, the overall
for dimeric proteins with which to compare oAC,*-derived
ar values. The dimeric Arc and Trp repressors fold from s (equivalent taxr) = AAGay /AAGaw -0, WhereAA refers to
unfolded monomers, and their transition states of folding, the difference between mutant and wild-type GCN4.

TS (kJ mal™)

-100 |

-200

G (kJ mol™)
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folding is enthalpically driven and opposed by a negative kinetic experiments; the measured rates reflect the change
change of entropy, the main gain in enthalpy and the main in fluorescence emission of peptides C62GCNand Flu-
loss in entropy being accomplished after the transition state.A, and the observed fluorescence decrease can only take
This is a clear indication of a not yet well structured transition place in the dimer 44, 45). A pre-equilibrium between
state. unfolded and partly helical monomers would be spectro-

Folding of Coiled Coil A. Are the low structural content  scopically silent and would not contribute to the time-
of the activated state and the major energetic changes takinglependent fluorescence decrease. Hence, the activation
place after the crossing of the transition state a peculiarity parameters pertain to a dimeric transition state.
of the GCN4 leucine zipper? This does not seem to be the The question remains with respect to the amount of helical
case since the folding of the unrelated dimeric coiled coil structure formed in the activated dimer, about which we can
A, exhibits very similar features. Apart from the common only speculate. On the one extreme is folding by a hydro-
heptad pattern, the two coiled coils are not sequence-relatedphobic collapse mechanism with little or no helical structure
Unlike the GCN4 zipper, Aexhibits no inter- or intrahelical ~ present in the transition stat&3). This model is difficult to
electrostatic bonds and folding is purely “hydrophobic” and relate to a modest amount of buried nonpolar surface area
considerably faster than that of GCN42j. Nevertheless, in the transition state. At the other extreme is the framework
the folding energetics of both zippers are quite similar. For model of folding in which helices would form first and the
both, the major energetic transitions occur in the stepts  rate-limiting step would be a rearrangement of an already
D, and for both, the transition state is less structured than helical dimer to the final parallel and in register coiled coil.
reported for monomeric single-domain proteins;-20% for This also is an unlikely model because of the low probability
the GCN4 zipper and 38640% for Ap. of helical monomers and of an all-helical transition state with

The major driving force of folding of Ais the protonation  the helices not yet juxtaposed as in the final coiled coil. A
of the Glu side chains occupying tleeand g positions of mechanism between a hydrophobic collapse and a framework
peptide A. This provides an independent way of deducing model of folding follows from the observation of the main
an or value from the change in the folding and unfolding enthalpy gain occurring after the activated state and the
rate with pH reported previouslyl®). When the pH is buried nonpolar surface being not yet well developed in the
lowered, the folding rate constakg, increases, and the activated state. This can be explained tentatively by an
dissociation rate decreases, resulting in an overall higheractivated dimeric state with some helical structure yet very
stability of A, at low pH (12). A large increase ik, with incomplete formation of tight helical interface, perhaps only
decreasing pH means that removing the charges on the Gluwvhere partial helices are already close to each other. Such
side chains of A stabilizes the activated state. A small an interpretation is in agreement with a folding mechanism
increase indicates that the stabilizing effect of the protonationin which partly helical domains of two peptide chains
of Glu’s is accomplished only after crossing through the associate 5, 17, 21, 22). Once a partly helical dimeric
activated state. Figure 6 shows the plotAdh(k,,) versus folding nucleus has been formed, folding to the final native
AAGoq based on our previously published experiments. Rate dimer would be rapid. There could be a specific “trigger
and equilibrium constants were related to the values mea-sequence” that has to be helical for the rate-limiting dimeric
sured at pH 5.2, the midpoint of the ptstability curve of folding nucleus to develofd). Alternatively, helical folding
A (12). To obtainAln(ken) and AAGy4, the pH 5.2 values  nuclei could develop at different places along the peptide
of In(ken) and AGyoq, respectively, were subtracted from the chains 21). Determination of thermodynamic activation
respective values measured between pH 5.2 and 4. The lineaparameters for a set of mutants of the alleged helix trigger
best fit to the data of Figure 5 yields a slope of 0.4, in sequence might clarify this point.
good agreement with ame of 0.3-0.4 from AC, .

General Conclusions about the Folding of Coiled Coils, ACKNOWLEDGMENT
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