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Characterization of the transition state (TS) is a key to elucidating
mechanisms of protein folding. Although the TSs in the folding
processes are supposed to have compact and ordered stréictures,
the entropy of the TSs increases compared with the unfolded and
collapsed intermediate statéSuch an increase in the entropy for
the formation of the TSs suggests that the entropy lost in ordering
the polypeptide chain must be balanced by that gained from
dehydratior?d Due to the difficulties in the spectroscopic charac-
terization of water molecules, however, there has been little 0251 B
evidence of dehydration.

One of the promising approaches to characterize dehydration
associated with protein folding is to examine the partial molar
volume (PMV) change of the protein molecule, because dehydration
affects the PMV of protein$.The PMV change associated with
protein folding is primarily composed of four processes: (1)
acquisition of the void volumew,) arising from inefficient packing ) - : ’
in the completely folded structufg?) change of the van der Waals 00 02 04 06 08 10
volume W) of the polypeptide chain upon its conformational Time {sec)
changé, (3) a decrease in the thermal volumé&) resulting from
mutual vibrations of solute and solvent molecu#ezand (4) change
of the interaction volume\() associated with the dehydration from
the amino acid residués. In this communication, based on the o y 5 3
pressure dependence of the folding rates, we estimated the activation [GuHCI] (M)
volume AV¥), the PMV change for the formation of the TS during  rigyre 1. (A) GuHCI-dependent kinetics of cyd! folding initiated by
protein folding, and clarify the role that dehydration plays in the electron transfer from NADH at ambient pressure and monitored by the
formation of the TS. absorbance change at 420 nm. Measurements were carried out at 3.2 M

i ; i ray), 3.3 M (red), 3.6 M (blue), and 4.0 M (green) GuHCI. Experimental
foI\(g\i/rl?ger)ézr:tlir(])?]dhglsebfgledr:neg)(tzfng)i/\:gglhi?\?euig[icg)/;tz)n,i :y?iaise?nlés E:%néi/i)tions: 5(() ml\)/l Tris/H((:I, pl—)| 8.0, 2_CC. Th(gtran_z,ients were rﬂgasurgd
. . ! e 20 times and then averaged. The continuous lines represent the fit of single-
is covalently bound to the polypeptide chain, offering a good exponential functions to the experimental datas¢) The folding rate
spectral probe to monitor the structural changes. When guanidineconstantsk;) at various GUHCI concentrations and ambient pressure are
hydrochloride (GuHCI) ranges between 3.2 and 4.0 M, oxidized indicated on the figure. (B) Pressure-dependent kinetics ot'tyolding

Hny Ny at 3.3 M GuHCI were monitored by the absorbance change at 420 nm.
cytc (cytct) is unfolded, whereas reduced oyfcyt ¢') is folded. Measurements were carried out at 10 (blue), 50 (green), 100 (orange), and

The folding of cytc" can be triggered by an electron transfer from 509 (purple) MPa. Experimental conditions: 50 mM Tris/HCI, pH 8.0, 20
a photoreductant to cyt" 222 Nicotinamide-adenine dinucleotide  °C. The transients were measured 20 times and then averaged. The
(NADH) was used as the photoreductant, and we followed the continuous lines represent the fit of single-exponential functions to the
folding of cyt ¢' by the absorption change at 420 nm after the experimental datalifse) Pressure dependence of the folding rate constants

. . 10 . (k) at various GuHCI concentrations indicated on the figure. The lines
completion of reduction200us).1° In photoreduction by NADH, represent the global fits (Supporting Information) for the rate constants at

it is possible to follow the conformational changes from the nigh pressure. (C) GUHCI dependence of the activation volume for the cyt
“collapsed intermediate” to the native state of ogt® We ¢! folding. Open circles show the activation volumes for folding from the
determinedﬁvﬁ for the formation of the TS between the COuapsed collapsed intermediate to the native state determined by the global fit of

: : : : the kinetic data displayed in the inset of Figure 1B. The lines represent the
and native states by measuring the folding régeds afunction of | _ by oo e i (solid line) together with theZonfidence intervals
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pressure (186200 MPa) and GUHCI concentration (3:2.0 M) in estimated according to the experimental errors (dashed lines).
the high-pressure celt.
A typical time course of the folding of cyt" in various concentration, showing th&t in the absence of the denaturant at

concentrations of GUHCI is shown in Figure 1A. Observed traces gmpjent pressure would be (124 0.8) x 10® s, which is
can be fitted by a single-exponential function. As shown in the .gnsistent with a previously reported vafie.

inset of Figure 1A, Ink is linearly proportional to GuHCI By elevating the pressure, the folding reaction was decelerated
IKyoto University. (Figure 1B). Under high pressure (up to 200 MPa), the kinetics of
Hokkaido University. I ; ; ;
8 Current address: Beckman Institute, California Institute of Technology, cyt ¢! folding CO.nSISted of one phase ah‘?""’as mdep?nde_m of
Pasadena, CA 91125. cyt ¢ concentration (not shown), suggesting no multimeric com-
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ponents in the folding reaction under high pressure. In the presenceenergy is released when the collapsed state evolves into the native

of 3.3 M GuHCI, the rate constants decrease from 86a$ 10
MPa to 4.8 st at 200 MPa, indicating thakV* is positive at 3.3
M GuHCI. To calculateAVs* in the absence of GUHCI at ambient
pressure AV;%), we further measured the pressure dependence of
the folding rates at different GUHCI concentrations between 3.2
and 4.0 M. As clearly shown in the inset in Figure 1Bkitinearly
decreases with pressure at all GUHCI concentrations. We success
fully determinedAV;% by the global fit for the obtained data set of
the folding rates at various pressures and GuHCI concentrations
(Supporting Information), andV;* was estimated to be 14 & 8
cm-mol~t as shown in Figure 1C. The negatix®/;** implies that
the PMV of the TS is smaller than that of the “collapsed
intermediate” state.

The negativeAV;* is rather surprising, becauge/% for other
proteins is positivé®d Although no experimental evidence was
reported to show structural voids in the TS of cythe ®-value

analysis suggests that, in most proteins, some parts of the peptide

chain are already structured in the TS$he structured TSs would
support the formation of voids and the increas&din the TSs
compared to those in the “collapsed intermediate” state.
Changes in th&/y would also not significantly shift theV*
for the TSs to a negative value. Some simulations concluded that
negative contribution is due to overlaps between the oxygen atoms
of C=0 groups and the hydrogen atoms of-N groups in the
secondary structures but that these changes invihare much
smaller than those caused by the formation of the voids.
In addition, dehydration of charged or polar groups in protein
molecules positively contributes to the change in Yhe(AV)),

because such hydrated water molecules have a reduced solvent

volume due to electrostatic interactions with these gréups.

Consequently the release of hydrated water molecules from charged (@) (@)

or polar groups to form the TS would result in an increase of the
PMV.

One of the factors to shift thAV% to a negative value is the
change in thé/r (AVy). Vr is directly proportional to the solvent
accessible surface area (ASA) of the sofitteThe positive slope
for In ks against the concentration of GUHCI, 5:30.4 k3mol~+M~1
(inset of Figure 1A), as well as the decreased heat capacity for the
TS compared to that for the intermedidtesuggests a decrease in
the ASA for the TS, leading to a negative shift in the observed
AV,

Another factor is dehydration of hydrophobic groups. It has been
assumed that the hydration of hydrophobic residues leads to an
increase in th&/, of the PMV of proteing3 This assumption is in
line with the theoretical calculation that the density of the solvent
on the hydrophobic surface is smaller than that of the bulk sokent.
Dehydration of hydrophobic groups would negatively contribute
to the AV,. In addition to the decrease in thg, dehydration of
hydrophobic groups would decrease in the ASA, leading to a
negativeAVr. It is, therefore, likely that water molecules solvating
some hydrophobic groups are released in the formation of the TS
from the intermediate state during the folding of cytwhich shifts
bothVr andV, to negative, resulting in the unusual negathg®.

Although we have not yet identified which hydrophobic groups
are responsible for dehydration in @ytolding, one of the possible

candidates is the heme group. In the collapsed state, a hydrophobic

core, including the heme group, is formed and is still partially
solvateck®15Upon transition to the native fold, decay kinetics of
the zinc-substituted cyt showed that the heme group is dra-
matically dehydratedf® suggesting that most of the folding free

state!®d The dehydration of the heme group is, therefore, crucial
for the transition from the collapsed state to the native state in the
folding of cytc.

It should be noted here that dehydration corresponds to an
increase in entropy. Despite the decrease in ASA and compact
conformation of the polypeptide in the PS? the temperature
dependences of the cgt folding rate showed a positive change
in the entropy for formation of the TS. Subsequently a mechanism
in which cyt ¢ first forms a compact misfolded intermediate
followed by expansion to reach the TS was propdéedithough
we cannot exclude the possibility that the protein molecule in the
TS is less ordered than the first collapsed state, it is more plausible
to assume that the releasing hydrated water molecules associated
with formation of the TS increase the entropy of the protein system.
We can, therefore, suggest that dehydration entropically facilitates
the formation of the TS in the protein folding mechanism.
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