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ABSTRACT. Hydrostatic pressure is used to perturb the manifold of states available to apocytotigpme

and to examine the energetics and dynamics of the protein using hydrogen exchange monitored in real-
time by heteronuclear spectroscopy at pressures ranging up to 1.1 kbar. An analytical framework for
interpreting the effects of hydrostatic pressure on the physical events leading to protein hydrogen exchange
is presented. The protein is found to have three regions of subglobal cooperative stability. The most
stable region, or core, is composed of the central two helices of the bundle. The dependence of the
global unfolding free energy upon pressure is first order and associated with a negative volume change
of —102 mL mol!. Two additional regions of cooperative structure are identified, and both also have
negative volume changes associated with their unfolding at high pressure. Surprisingly, one of the subglobal
unfolding units shows a significant positive volume change at low pressur230(bar) suggesting the
presence of a highly mispacked open state at ambient pressure. The three regions of cooperative stability
are the same as identified by perturbation with chemical denaturant. The implications of these results for
issues in protein folding and the form of the energy landscape of globular proteins are discussed.

Characterization of the origins of the cooperative nature of the protein-solvent system is smaller for the unfolded
of protein structure remains an area of intense interest andstate. The potential microscopic origins of this negative
debate {—3). The principles delineating regions of coop- volume change are numerous and include reduction in
eratively stabilized structure within proteins are particularly volume arising from hydrophobic solvation and electrostric-
important in the context of protein folding, protein design tion in the unfolded state and elimination of voids or packing
and engineering, and protein stability in general. Insightinto defects in the folded staté’); Nevertheless, it has been
the free energy relationships underlying fundamental units pointed out that the apparent response of protein molecules
of protein structure can now be gained by a variety of to hydrostatic pressure is somewhat inconsistent with the
approaches. A particularly appealing method relies upon theview that formation of a hydrophobic core stabilizes globular
fact that, under native-like conditions, a small fraction of proteins 8).

protein molecules will occupy higher energy, partially  pere we are interested in using hydrostatic pressure to

unfolded states as dictated by the Boltzman distribution. anipylate the relative free energies of cooperative units of
These states can be probed by hydrogen-exchange methodgctyre within apocytochroni®s,. The apoprotein retains
and structural correlations can be often deduced from the ,ch of the classical four-helix bundle topology of the

response of the distribution of states to chemical de”at“ra”tsnoloprotein and displays physical features commonly as-
or temperature4—6). These kinds of studies often ame-  gqciated with so-called protein “molten globules”. Rather
liorate many of the obvious difficulties and ambiguities of 5 repack its core in response to the absence of the heme
working with stable, equilibrium intermediates of proteins prosthetic group, the apoprotein maintains a large cavern that

prepared under extreme solvent conditions. _ is highly exposed to solven®). This structural feature
Appl_lcat|on of hydrostatlc pressure generally results in the explains many of the peculiar physical properties of the
reversible unfolding of proteins in water because the volume protein ©) such as its relatively 1owAC, for unfolding (L0

11) and its relatively low stability to chemical and thermal
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FiIGURE 1: Sensitivity of the>N-HSQC spectrum of apocytochrorbgs,; to hydrostatic pressure. Shown af-HSQC spectra at 1 bar (A)
and 1.1 kbar (B) obtained at 600 MH®*) under conditions similar to HX experiments: 50 mM acetate buffer, pH* 4.5 in 99&,; Bnd
27°C.

In the present study, we use pressure to perturb thespectrometer operating at 600 MHz f6t. The spectra were
manifold of states available to apocytochrobag, and, for collected as 64 complex points in the incremenf@dtime
the first time, examine the energetics and dynamics of a domain {;) and 1024 complex points in the acquisition time
protein using hydrogen exchange monitored in real-time by domain ;). The length of each experiment was ap-
heteronuclear spectroscopy at pressures ranging up to angroximately 30 or 60 min (16 or 32 scans/free induction
over 1 kbar. An analytical framework is developed to decay, respectively). Sequentibd-1®N-HSQC spectra were
interpret the range of effects of hydrostatic pressure on thecollected up to 3000 min, as required. Spectra were
physical events leading to protein hydrogen exchange thatprocessed using Felix (Biosym Technologies Inc.) and
are observed. Three regions of cooperative stability are hydrogen exchange rates extracted as described previously
identified and are the same as those revealed by perturbatior{11).
with chemical denaturant. These and other findings have High-pressure NMR was performed using an apparatus
significant implications for our understanding of the energy which employs a high-pressure cell technique allowing state-
landscape of this protein. of-the-art NMR spectroscopy at kilobar pressures without
MATERIALS AND METHODS modification of the spectrometer (Ehrhardt et al., in prepara-

- - ; . tion; 14). We have employed a sapphire tube fitted to a
Cytochromebss; was obtained using a previously described . - o
T7-based expression system and purification protot. ( BeCu charging valve and have used liquid pressurization to

Each NMR sample 300 mL) contained~2—3 mM increase the reliability and safety of the device. Pressuriza-

apocytochroméss, in 50 mM sodiumds-acetate 90% BD/ tion was a_chieved using ethanol as press_urization liquid and
10% HO, pH* 4.5. Samples were prepared from a stock a hand-driven pump system. The nom_lnal volume of the
of protein hydrated with buffer prepared in,®. The sample was~100 uL. .The sample was isolated frpm the_
hydrated sample was centrifuged to remove insoluble water used to transmit the pressure by use of mineral olil
particulate matter. The hydrogen exchange reaction Was(&gma).
initiated by addition of~270uL of buffer prepared in RO RESULTS
to ~30 uL of H,O buffer containing 2625 mg of protein. Native State Hydrogen ExchangeaJsing serial'H-5N-
The residual HO content of the sample was on the order of HSQC NMR spectroscopy, hydrogen exchange rates for 54
~10—-15%. The dead-time of the experiment, defined as of 102 amide protons in apocytochronigs, could be
the time from the addition of D buffer to initiation of the measured at pH* 4.5 and 2C at hydrostatic pressures
NMR experiment, was~30 min. The desired hydrostatic ranging up to 1.1 kbar. Hydrogen exchange rates greater
pressure was reached withinl5 min of addition of DO than~2—3 h™! could not be determined using this real-time
buffer. The pH of the sample was determined at atmosphericNMR spectroscopic method. The effect of hydrostatic
pressure after the completion of the HX experiment using a pressure on the NMR spectrum of apocytochrdmgg is
conventional micro glass electrode. The pH of each sampleminor at all pressures used in this study (Figure 1).
was corrected for pressure ionization effects on the buffer A total of 15 hydrogen exchange experiments were
as described previoushyi?). At 1.1 kbar, this correction  conducted at eight pressures ranging from ambient pressure
amounts to~0.20 pH units. The range of corrected pHs to 1.1 kbar. Replicate measurements at 1 be?)( 75 bar
over all experiments was 4.39.77. (x2), 150 bar «3), and 500 bar %3) allowed for an
Hydrogen exchange rates were determined using serialestimation of the precision of the obtained rates. The
two-dimensional sensitivity-enhanced gradient-seleéted precision of obtained rate constants estimated from analysis
15N HSQC spectra 13) using a Varian Unity-INOVA of residuals to the fits averaged 2.5% relative error over all
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Ficure 2: Summary of hydrogen exchange data obtained. Representative amide hydrogen exchange curves for Ala-37 are shown in panel
A. Intensities are normalized to the initial intensity. Amides with faster exchange rates have smaller initial absolute intensities and therefore
different ending relative intensities. Protection factors for apocytochtmgebtained at six of the eight hydrostatic pressures examined

are shown in panel B~1 bar @), 150 bar [J0), 300 bar 4), 500 bar ©), 700 bar &), 1.1 kbar @)].

data. Independent replicates of hydrogen exchange data setexchange 18, 19). At high pressures, however, one also
gave an average variance in the obtained apparent free energgeeds to account for the effects of pressure. Here, we
of 0.22 kcal mol! (see eq 2). Examples of hydrogen calculate kenem for each exchangeable backbone amide
exchange curves obtained as a function of pressure are showhydrogen, taking into account nearest neighbor and inductive
in Figure 2 for the amide of Ala-37, and serve to illustrate effects (8) and isotope content2() as a function of

the quality of data obtained in this study. The effective dead- temperatureX9) and pressure2(l, 22). Temperature effects
time for the experiments was approximately 30 min and the on acid, base, and water exchange rate constants were

obtained rates span 0.022.8 h*. corrected using eq 3.

Assuming that the rate of closing.f) from the hydrogen
exchange competent state(s) to the hydrogen bonded, ex- KT = k(T B E 1 1 3
change incompetent state is much faster than the rate of (T) = ko(To) €x RIT T, (3)

chemical catalysis, the so-called EX2 condition prevails, and
the effective equilibrium opening constariof) can be  wherek is the reference random coil exchange rate constant
obtained from the observed rate of exchangggd( and determined afl, (293 K), the reference temperature. The
knowledge of the underlying chemical ratenén (15, 16). activation energies recommended by Bai et &B) (were
used: 14, 3, and 19 kcal mdlfor Ey(H"), EJ(OH"), and
Kops = kop Py kOP_ Ker (1) E,(H20), respectively.

Kop 1 Kol em™ K, Kopkenem Following the principle of Le Chatelier, an increase in
pressure on a system will cause a shift of the equilibrium
The EX2 limit provides access to the free energy of opening toward the state where the system volume is minimized.
via eq 2. Similarly, the pressure dependence of a kinetic process is

off described by eq 4 for a discrete pressure change, where the
AGy = —RTIn Kop ) reference rate constant and presssurekasndp, (1 bar),

Although the basic chemistry of hydrogen exchange virtually respectively.

guarantees the EX2 limit at atmospheric pressure under the (P — Py

solution conditions used here (pH* 4.5, 2Q), it has been k(p) = kq(Po) exp{— “RT AVT] 4)
shown that high pressure may significantly slow the rate of

folding relative to that of unfolding 17). Thus, the
dominance of the EX2 limit at high pressures requires
confirmation. A direct test of the EX2 condition is to vary
the pH at which exchange is carried out and confirm that
the change in the observed hydrogen exchange rate is a
predicted by the corresponding changénm(6). Such a The ionization constant of watef,, is both temperature

test was carried out under the highest pressure employed (1.fmq pressure dependent. The temperature dependenqe of the
kbar). Logarithms of hydrogen exchange rates obtained at'onization constant of BD has been determined by Coving-
pH* 4.39 and 4.82 (pressure corrected) showed a linear N et al. 4) and the pressure dependence has been

correlation (slope-0.9) with correlation coefficient of 0.98, gddresdsed b)gKHarBagQS) and Millero et al. .26)' ;he.
thus reinforcing the expectation that the EX2 condition is ependence oKy (D:0) on pressure was estimated using
eq 5. The constarit has been empirically determined to be

The acid, base, and water hydrogen exchange rate con-
stants were corrected for pressure effects using eq 4 and the
following activation volumes:AV/,, = +1.7 mL mol?,
AVY, = +11 mL mol?, AV, o = —9 mL mol? (23).

present.
Hydrogen Exchange CatalysiS he definition of random 9.2 10°® bar™ (25, 27).
coil exchange rate$hem IS NOW routinely determined by pAV.
use of empirical calibrations for sequence specific, solution, pKo(T, p) — pKu(T, po) = — Ku (5)
and temperature effects upon the chemistry of hydrogen WA 0 2.303RT1 + bp)
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An ionization volume of waterAVx,) of —22.1 mL mof? dAG = AG(p,) — AG(py) @)
was usedZ8).

The ionization state of acidic side chains was estimated where p, and p; are the beginning and ending pressures,
by using the K. of the free amino acid correcting for respectively. The dependence of the change in free energy
temperature and pressure effects as described above. Thef a system ap; can be generally expressed in terms of its

ionization volume for the side chain carboxylic acitMx,) free energy apo by
was taken as-11.4 mL mot? (12). The effect of pressure
on the (K, of the buffer was similarly corrected. The value AG(p,) = AG(p,) + fp‘;lAV dp (8)

of the activation energy for Glu and Asp side-chain carboxyl
was taken as 1083 and 1000 cal miplrespectively. It
should be noted that, despite the relative complexity of the
corrections required, the overall changekipem over the
pressure range used is small, usually on the order of 1.5
2-fold.

In the absence of an explicit functional form for the
pressure dependence of the change in system volavig (
eq 8 can be solved by a Taylor series expansion about the
reference pressur@y (33). For small p; — po), we have

Determination of Effectie Equilibrium Opening Constants 1[dAVe
(K. Givenkeen the effective equilibrium opening con-  AG(p;) = AG® + (AV°)(p; — pp) + E( d )
stant defined by eq 1 or its inverse, the protection fad®r ( 5 P
can be determined. Figure 2 shows the protection factors (0, — P )2 +} d’AV° (0, — P )3 9)
plotted as a function of residue number obtained at several e g2 T T

pressures. The range of determined protection factors spans

approximately 2 orders of magnitude reaching a maximum where the degree symbol refers to the reference staig at

of 10* and a minimum of approximately 20, the lower limit and we note that the difference in isothermal compressibility

of reliable quantification. At ambient pressure, four distinct between the two states\f) is defined as {9AV/9p)r.

regions of protection are evident, each encompassing a regiorClearly, the dependence &iG on pressure can potentially

known to be helical in the solution structure of the apoprotein be quite complicated. The sign of the quadratic term can

(9). These and other features of the hydrogen exchangebe positive or negative, depending on whether the application

behavior of the protein under ambient pressure conditions of pressure drives the reaction forward or backward. The

have been discussed in detail previoudl{)( cubic term effectively contains the pressure dependence of
Analysis of the Mechanisms of Hydrogen Exchangbke Ak, which can, in principle, also be either positive or

physical origin of the “opening” events that lead to produc- negative. WhenAx and d\«/dp are small, the volume

tive exchange of amide hydrogens with solvent is of central change is independent of pressure and eq 9 reduces to the

interest here. Our analysis begins with the framework of usual first-order dependence Af5 on pressure:

Englander and co-workers which describes the observed,

effective equilibrium opening constant as a sum of three AG(p,) = AG® + AV®(p, — o) (10)

physically distinct processes (for a review, see2@f )
Equations 9 and 10 allow us to explore the form of hydrogen

KET = Ko%! 4 KSubgtobal . jglobal (6) exchange curves as a function of the system parameters:
AG°, AV°, andAx. Recasting eq 6 in terms of eq 9 gives
Here, physical events arising from local, larger but a general relationship for the dependence of hydrogen
subglobal, and global unfolding motions can each lead to exchange of a given amide hydrogen on pressure, which is
productive exposure of an amide hydrogen to solvent. In significantly more complicated than its counterpart describing
the absence of additional information, it is difficult to the dependence afGS on chemical denaturant (see eq 6
deconvolve the various contributionsl(@ﬂf(. However, Bai of ref 11). Nevertheless, there are some clear graphical
et al. B0) have noted that local, subglobal, and global limits. For example, a linear dependence of the change in
unfolding events are likely to respond differently to the free energy AGpx) throughout a given pressure range
effects of chemical denaturant and temperature. Thus,corresponds to the case described by eq 10 and indicates
perturbation of hydrogen exchange behavior in proteins asthe dominance of a single equilibrium having a negligible
a function of chemical denaturant concentration or temper- change in isothermal compressibility with pressure. An
ature may not only allow determination of the originKﬁ‘; increase in the change of free energy at low pressure suggests
but can also identify regions of subglobal cooperativity in a positiveAV®, and so on.
proteins. There are now several examples of the use of Identification of Cooperatie Units A central goal of this
chemical denaturants or temperature to promote hydrogeneffort is to identify units of subglobal cooperative stability
exchange in proteingl(11, 30—32). In the case of chemical in the protein by using pressure as a correlating perturbation.
denaturants, the acceleration of hydrogen exchange is relatedVe will follow closely the treatment presented earlier for
to the stabilization of the exchange competent state(s) relativean analogous study of the effects of chemical denatutdit (
to the native (exchange incompetent state) via binding to Ideally, the first step in this analysis is to identify those amide
the increased accessible surface area. hydrogens whose exchange is dominated by the contribution
Pressure Dependence of the Equilibrium Leading to of global unfolding at high pressure and little or no significant
Hydrogen ExchangeThe relationship between the perturba- local or subglobal contributions. Identifying these amides
tion of the free energy changeA) associated with each ~ amounts to finding those which show the same dependence
of the individual equilibrium constants of eq 6 and pressure of AG,‘?& with pressure associated with the largest negative
can be expressed as AV°. The amides of residues 387 and 7577 share a
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commonAV° value of —102 & 3 mL mol~* which was the form. Recently, the range of local stabilities and cooperative
most negative found. Residues-387 and 76 have a strictly ~ structural units within apocytochroms, were explored
linear dependence while residues 75 and 77 show a slightlyusing native-state hydrogen exchange as a function of
nonlinear behavior at low pressures (Figure 3, panel A). The chemical denaturant concentratiohl), Three regions of
linearity indicates that eq 10 applies and the associatedcooperative structure were indicated with the two central
volume change can be taken directly from the slope of the helices of the bundle forming the core of the protein and
line. The fitted associated global free energyGux, was the N- and C-terminal helices each forming independent
found to be 5.174 0.05 kcal mott. When corrected for  cooperative units of lower stability. The present study was
proline isomerization®), the free energy becomes!.8 kcal very much motivated by a desire to determine whether
mol~%, which is consistent with previous results for global structural perturbation by pressure reveals the same coopera-
unfolding (L1). Itis very important to note that the residues tive units of structure as revealed by chemical denaturant.
associated with global unfolding found here are essentially The possibility that proteins may have fundamental units
the same as those found by perturbation of the hydrogenof cooperativity, or building blocks, has received significant
exchange behavior with GdmCL11). attention in the recent literatur&,(30). Bai et al. 9, 30)

A similar search was carried out for additional sets of have illustrated how the binding of chemical denaturants or
hydrogens which share a common subglobal parameter sef change in temperature can redistribute the protein ensemble
with the contribution from global unfolding included. The @and thereby allow the correlation of otherwise apparently

core of one such group involves residues-81 in helix IV~ uncorrelated amide hydrogen exchange. The astonishing
and has associate¥iGux (uncorrected) andV° parameters result was that despite the means by which the ensemble
of 456 + 0.26 kcal mof! and —65 + 5 mL mol?, was perturbed (denaturant or temperature), a direct cor-

respectively. Again, the amides found to define this respondence of cooperative units was found. This result
cooperative unit are the same as those found by hydrogenPoses an interesting question: are cooperative units of protein
exchange with GAmCH(). Itis interesting to note that this ~ structure unique and so far removed from other possible
group of amides shows a distinct rise in the free energy states in free energy that virtually any simple perturbation
associated with exchange over low pressures which is rapidlyWill reveal the same set? The answer to this question has
overcome by a linear decrease in the free-energy associate@normous implications in protein folding, the form of the
with exchange at higher pressures (Figure 3, panel B). Thisenergy landscape of a globular protein, etc., and could
is the only region of the protein where this type of behavior ultimately have a tremendous impact on the emerging field
is seen. Asall of these amides show effectively the same Of protein design. Here, the answer appears to be yes.
pattern of response to pressure, one is led to conclude that Character of Cooperatie Units of Structure The global
it is a property of a subglobal event rather than a contribution Stability of apocytchromése, has been previously investi-
from exchange via a local unfolding event. gated by calorimetry, GdmCI denaturation, and native-state
A subglobal cooperative unit of structure is also potentially hydrogen exchange using G_dmCL[LI. Native-state hydro-
located in helix I. Though the protection factors are derived 9N €xchange analysis of residues clustered in the two central
from hydrogen exchange rates at the limit of our detection, N€lices (32-37, 70, 72, and 7577) were found to have
residues 1517, 19, and 20 appear to form a cooperative Similar free energies and dependence on Gdmvglue)
unit as indicated by the convergence of the individual @S determined by calorimetry and GdmCl denaturation,
AG" (p) curves to a common isotherm at high pressure indicating that the behavior of these residues is indeed
(Figure 3, panel C). The linear region of these curves at representative of global unfolding. In the present study, th_e
low pressures indicate appare®Gyx values ranging from use of pressure to pertu_rk_) the hydrogen exchan_ge behavior
3.58+ 0.24 (for N13) to 2.01t 0.22 (for K15) kcal mott of the protein e}lso identifies the two central h_ellces as the
and apparend\V° values ranging from-41 + 14 (for N13) most stable region of the mplecyle. T_he unfolding assouat_ed
to —7 + 11 (for K15) mL mof®. There is no hint of a with hydrogen exchange in this region of the molecule is

; ; N 1 o
positive inflection at low pressures, as seen for the residuesasfoc'a}fd V'IYIP:h ?GHX 2.2 kCT] mot gnd aAV bl 1?2th t
in helix IV. At higher pressures{~1 kbar), all curves show M- Mot . ThiSiree energy change IS comparabie to tha

a definite downward curvature. This type of behavior would found prewoysly using calorimetry and native-state hydrogen
be consistent either with locally dominated exchange at low exchange W.'t.h QdmCI](l). . .

pressures being overtaken by subglobal exchange at higher The identification of a negative and essentially constant

pressures or with pressure-dependent subglobal exchangé(o'ume change associated .With the gIong unfolding of the
dominating throughout. The data are insufficient to distin- protein over pressures ranging fr_om ambient pressure to 11
guish between the two possbilities kbar is in itself surprising. Sometime ago, Kauzman pointed

out that the simple liquid hydrocarbon model, upon which
DISCUSSION the hydrophobic effect is commonly modeled, fails to predict
the observed pressure dependence of protein denaturation:
Apocytochromebsg, is an example of a protein whose the volume change for the transfer of hydrocarbons into water
folding (and stability) is frustrated by the absence of an is negative at low pressure and positive at high pressures
integral component of the final, native structti@ heme (8). Model studies of hydrophobic solvatio4) indicate
prosthetic group. In contrast to many models of metastable that the observedV will become positive in the 42 kbar
states of proteins generated by extreme conditions (such agpressure region. There is some confusion in the recent
low pH), apocytochromddss, may be studied under near literature about the precise nature of the apparent paradox
native conditions, which is directly applicable to the question (35—37). It appears that at low pressures, the earlier
of the folding and assembly of the protein into its final holo experimental results for proteins of a small negative change
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FiGure 3: Segregation of individual amides into cooperative units on the basis of the dependeﬂ@ﬁ;aﬁn hydrostatic pressure. Panel

A shows th%Gﬁ& of residues 3437 and 75-77 of cooperative unit | as a function of pressure. The solid line corresponds to eq 10 using
the AG® and AV° values obtained. Panel B shows a similar plot for residues9&7of cooperative unit Il. The solid line corresponds to
eq 10 using theAG® and AV° values obtained and includes the global contribution. The dashed line corresponds to the global isotherm.

Panel C shows thAGﬁf; of residues 1319 of cooperative unit Il as a function of pressure. The solid lines corresponds to eq 10 using
the AG® andAV” values obtained for N13, L14, and K15 in the low-pressure range. The downward deflection at high pressures is attributable
to the contribution from global unfolding. The dashed lines correspond to the isotherms of the other cooperative units. In all cases the
AGyx values shown are uncorrected for the proline effect (see text). Panel D shows a ribbon represd®abibthé solution structure

of apocytochromésg; (9).

in volume (~—50 to —100 mL mol?) was considered too  change. Similarly, residues in helix IV that are associated
positive while the predicted positive change in volume at with a AGyx ~ 4.6 kcal mot! and aAV°® ~ —65 mL
higher pressures was not observed af allhis apparent  correspond to a cooperative unit also identified by chemical
paradox has been recently rationalized from several differentdenaturant hydrogen exchandd), TheAV°s obtained are
perspectives33, 38—40). In the case of apocytochrorss, only loosely correlated with the corresponding values
the volume change associated with global unfolding is clearly which is not entirely surprising4@).

negative at low pressures:{ kbar) and shows no sign of The Local Dynamics of Apocytochromeb TheAGﬁf;
the nonlinearity predicted by the hydrocarbon model at higher 5t most of the amide NH associated with the cooperative
pressures34). This seems to suggest that the difference in nits of structure identified have a downward concave or
isothermal compressibility between the folded and unfolded | ear dependence with pressure at relatively low pressures
states is very small. This is consistent with the fact that the (<200 bar) (Figure 3). Linearity corresponds to the domina-
folded state of apocytochroni®e, has an unusually large  {ion of a single term in eq 6, i.e., a single type of opening
exposed hydrophobic surface. o which has little second-order dependence upon pressure. A
In gddltlon to the global opening, two distinct subglobal flat response of an amide hydrogﬁGf& to this low
openings are aiso detected._ Slgn_lflcantly, they_also cor- pressure range which is subsequently followed by a linear
respond to the same cooperative units found by using dec'response at higher pressures suggests a small Ao¢alA
as .3 per@urrk])i_ntlcﬁ‘ hydr(é;gen elxchangel_)( ipemﬂce;l)l)é, more interesting result is the occurrence of a definite increase
;?]S(; Ezsdnkcz:xmo?\flrﬁd H;gsaligix\r;? l\r;glugts\mraae: gi.n g in AGﬁfL with pressure at relatively low pressures. This is
' seen uniquely for the residues in helix IV (Figure 3, panel

_ — 1 -
E\%WSr?iTi deiltiﬁgg b7 rgtenr:]ci)galcggrfastﬂiggttcr)l a d(r:gogr?rix- B). As all residues that define this cooperative unit display
y ydrog this feature, it must be a characteristic of the subglobal

unfolding event. Furthermore, the upward inflection at low

2 Recently, Markley and co-worker¢l) have determined a small iyifi N ;
but significant difference in the isothermal compressibility of the folded pressure must be due to a significant and posiive. Since

and unfolded states of ribonuclease A, which would lead to a positive the €lectrostriction and hydrophobic solvation that ac-
AV at high pressures. companies unfolding is generally thought to lower the system
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volume, the apparent increase in volume observed for this 12. Neuman, J., R. C., Kauzmann, W., and Zipp, A. (1973)
subglobal unfolding implies that the corresponding partially

unfolded state is much more poorly packed than the folded 13.
state. It is also rapidly destabilized as the pressure passes .

~150 bar, resulting in the presumably more relaxed (ef-
ficiently solvated) partially unfolded state associated with 15.
higher pressures dominating the hydrogen exchange detected
manifold of states.

Conclusions A method has been introduced which

employs perturbation of hydrogen exchange behavior of

proteins by hydrostatic pressure to allow the identification
of regions of subglobal structural cooperativity. The infor-
mation complements the view provided by perturbation with
chemical denaturant and, in the case of apocytochimge

identifies the same regions of structural cooperativity. This
suggests that the free energy landscape available to this 21.

protein is marked by the dominance of three conformational
states. The absence of a significant pressure dependence on

Phys. Chem. 772687-91.

Kay, L. E., Keifer, P., and Saarinen, T. (1992)Am. Chem.
Soc. 11410663-65.

Urbauer, J. L., Ehrhardt, M. R., Bieber, R. J., Flynn, P. F.,
and Wand, A. J. (1996). Am. Chem. Soc. 1181329-30.
Hvidt, A., and Nielsen, S. O. (1968)3v. Protein Chem. 21
287—-386.

16. Englander, S. W., and Kallenbach, N. R. (198%) Rev.

Biophys. 16 521—-655.

. Vidugiris, G. J., Markley, J. L., and Royer, C. A. (1995)

Biochemistry 344909-12.

. Bai, Y., Milne, J. S., Mayne, L., and Englander, S. W. (1993)

Proteins 17 75—86.

19. Connelly, G. P., Bai, Y., Jeng, M. F., and Englander, S. W.

20.

the apparent change in system volume connecting these threes3,

states indicates that the folded and unfolded states of this

protein have closely similar isothermal compressibilities.
Different regions of the protein display different sensitivity

packing efficiencies.
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