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ABSTRACT: A novel method for monitoring protendeuteron (H/D) exchange at backbone amides is based

on the observation of H/D isotope effects on & NMR signals from peptide carbonyls. The line shape

of the carbony3C; signal is influenced by differential H/D occupancy at the two adjacent amides: the
HNi, (5 site) and the B (y site). At a carbon frequency of 75.4 MHz, theH D isotope shifts on the

13C signal are about-57 Hz for exchange at thg site and 2 Hz or less for exchange at thesite.
Because the effects at the two sites are additive, the time dependence of the line shape of a particular
carbonyl resonance can report not only the exchange rates at the individual sites but also the level of dual
exchange. Therefore, the data can be analyzed to determine thieyated(degree of correlated exchange

(Xs,) at the two sites. We have applied this approach to the investigation of the pH dependence of hydrogen
exchange at several adjacent residueStieptomycesubtilisin inhibitor (SSI). Two selectively labeled

SSI proteins were produced: one with selecti$@ labeling at all valyl residues and one with selective

13C’ labeling at all leucyl residues. This permitted the direct observation by one-dimenSGidMR of
selected carbonyl signals from residues with slowly exchanging amides iaaitite + 1 positions. The
residues investigated were located incahelix and in a five-stranded antiparalfgsheet. Samples of the

two labeled proteins were prepared at various pH* values,'#dMR spectra were collected at 3G

prior to and at various times after transferring the sample fre@ td 2H,O. Most of the slowly exchanging
amides studied were intramolecular hydrogen-bond donors. In agreement with prior studies, the results
indicated that the exchange rates of the amide hydrogens in proteins are governed not only by hydrogen
bonding but also by other factors. For example, the amide hydrogen of Thr34 exchanges rapidly even
though it is an intramolecular hydrogen-bond donor. Over nearly the whole pH range studied, the apparent
rates of uncorrelated exchande é&ndk,) were proportional to [OH] and the apparent rates of correlated
exchange at two adjacent sitdg)(were roughly proportional to [OH2. This enabled us to extract the
pH-independent exchange ratds°( k,°, andk:°). In all cases in which correlated exchange could be
measured, the observed sigmoidal pH dependencg,ofould be replicated roughly from the derived
pH-independent rates.

The internal fluctuations of protein molecules are deeply including the backbone amide hydrogeBs A wide variety
related to their structure and stability and contribute to their of studies have reported the use of these hydrogens as
functions. Protein fluctuations have been studied extensively structural probes3( 4). Hydrogen exchange also has been
by many methodslj. One of the most important approaches used to detect intermediates during protein foldig§) or
has been to measure exchange rates of labile hydrogensinteractions between proteins and other molecuesl().

The exchange rates of the backbone amide hydrogens have
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protein, even though they appear to be inaccessible to solvent R; Ris1
molecules in static structural models derived from X-ray | ’
crystallography or NMR spectroscop$7). The exchange —Ni— GH—C—N;;y—CjyH~—
rates of amide hydrogens in proteins are often very slow, | ” |

and it is not uncommon for the rates to be reduced by several H o 'H

orders of magnitude, as compared to those of free small yshift  Beshift

pﬁptldes. 'tl'o explain |ﬂ;e :emar:kabli reduction Ofdthe e;](- FiIGURE 1: H/D exchange at positiorig(y site) andi + 1 (5 site)
change rates, several faclors have been proposed, suc n lead to isotope effects on the NMR chemical shift of the

hydrogen bonding, the effect of secondary structures, the carbonyl carbordC;. Typical values of these isotope effects at 75.4
depth from the surface of the protein molecule, the solvent MHz are 5-6 Hz for H/D exchange at thg site and about 2 Hz

accessibility, and so on. All of these factors are important, for H/D exchange at the site 30, 36).
but none of them is definitive; therefore, the reasons for the

slower exchange rates are still unclea8)( It is important B-shift

to consider the mechanisms of exchange in studying the y-shift

relationship between internal fluctuations and the amide

hydrogen exchange rates. The proposed models for exchange (M, H) [D.H [HD] D, D)

may be divided in two general categories: the solvent
penetration modell@) or expansile cavity modeR() and

the local unfolding model21, 22). The former does not
easily explain the correlated exchange of the amide hydro-
gens, which is observed under certain conditions. Correlated
exchange requires a large conformational change, almost t

the point of denaturation, and such global unfolding has beenFIGURE 2: Simulated line shape for carbonyl carbon resona#e

reported in some case83-25). Internal motions, such as Withg?rﬂa”ly ":ﬁ(ﬁhinged ”eilghbo.”r.‘g ?mifde hydro.gef‘s[a:_p‘ﬁmons
. . . . I andal . € Tour peaks originate trom varioug
global unfolding, have been studied indirectly by the pH isotopomers: from left to right, [H,H], [D,H], [H,D], and [D,D].

dependence of the exchange rates; however, more details cafhe simulation assumed slow exchange on the chemical-shift time
be obtained if correlated exchange is detected directly. scale,s shift = 6 Hz, y shift = 2 Hz, and line width= 1 Hz.
Correlated exchange of the amide hydrogens instisaeet

of BPTI was detected by measuring NOEs observed betweenoccurring at adjacent residues. The method utilizes selective
pairs of amide hydrogens, as a function of the extent of H/D **C labeling and direct*C signal detection29—-31). The
exchangeZ3, 26). Miranker et al. 27) applied electrospray  approach takes advantage of isotope effects from the
ionization mass spectrometry to lysozyme, to distinguish the neighboring amide hydrogens on the carboi@ chemical
exchange mechanisms from the line shapes of the molecularshift (32). H/D exchange at two amide hydrogeng'iH (6

ion peaks caused by partial deuteration. In addition, a methodsite) and H; (y site), can induce isotope effects on the
has been reported for determining the exchange mechanisncarbonyl carbon resonance of thi# residue (Figure 1).
from mass spectrometric identification of the distribution of When a protein prepared in.8 is dissolved irtH,0, the

the molecular weights of enzymatic fragments of a protein amide protons will start to exchange with deuterons. The
undergoing H/D exchange®). chemical shift of the carbonyfC NMR resonance moves

In this paper, we report a new method for the measurementto @ higher field, when the neighboring amide proton is

of amide hydrogen exchange rates and correlated exchangéeplaced with deuteron. The typical H/D isotope effects at
75.4 MHz are 5-7 Hz for thef shift and 2 Hz or less for

1 Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear the y shift (30, 33). Because the isotope effects from the
Overhauser effec;[; pH*, ’pH meter value measuredH@b soIthion nelghborlng amide hydmgens have different values, up to
with a glass electrode containing buffers ind4 SSI, Streptomyces ~ four peaks can be observed for each carbonyl carbon. These
subtilisin inhibitor; [L]SSI, SSI with all leucines labeled with [C]- peaks are derived from the isotopomers, which have different

Leu; [V]SSI, SSI with all valines labeled with [BC]val;, TMS, ; ;
tetramethylsilane; Ra, relative solvent accessibilftysite, backbone combinations of protons (H) and/or deuterons (D) at the two

amide hydrogen (M:1) in residud + 1 relative to the carbonyl carbon ~ Site€S (Figure 2). These species are represented by [H,H],
in residud; y site, backbone amide hydrogenHn the same residue  [D,H], [H,D], and [D,D], in which the first and second letters
as the carbonyl carbon in residij¢s shift, isotope shift ifC;" induced in the brackets indicate the isotopes occupying)trand 3

by deuteration at th@ site; y shift, isotope shift in'*C;" induced by ; ; e
deuteration at the' site: [H,H], the isotopomer in which both the sites, respectively. Under conditions of slow exchange, the

andp sites are occupied by hydrogens; [H,D], the isotopomer in which pOpUkit?OnS of the four species can be derived from their
the y and g sites are occupied by a hydrogen and a deuteron, respective peak areas and the method can be used to

respectively; [D,H], the isotopomer in which theand f sites are determine not only the exchange rates at the indivigual

occupied by a deuteron and a hydrogen, respectively; [D,D], the -
isotopomer in which both the andg sites are occupied by deuterons; andy sites but also the rate of correlated exchange at the

ks, rate derived from the time dependence of the peak correspondingtwo sites. Under intermediate or fast exchange conditions,
to the [H,D] isotopomerks, apparent rate constant for H/D exchange the line shape no longer provides separate information about
at thef site; ks°, pH-independent rate constant for H/D exchange at the four sites

the § site; k,/, rate derived from the time dependence of the peak o . . .
corresponding to the [D,H] isotopomés;, apparent rate constant for We have applied this method to the investigation of the
H/D exchange at the site; k,°, pH-independent rate constant for H/D ~ pH dependence of H/D exchangeSireptomycesubtilisin

exchange at the site; k., apparent rate constant for correlated HID  jhwipitor (SSI). SSI is a homodimeric serine protease inhibitor
exchange at thg andy sites;k:°, pH-independent rate constant for 23 kDa for the di The t bunits of SSI f
correlated H/D exchange at thfeand y sites; Xg,, fraction of H/D ( a for the dimer). The two subunits o ace one

exchange at thg andy sites occurring by the correlated mechanism. other, with a five-strande@ sheet at the interface. The
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dimeric structure of SSI is very stable; the dissociation The fraction of H/D exchange at tifeandy sites occurring

constant to the monomers is estimated to be belowI®’ by the correlated mechanisi¥,, is defined by

M at pH 7 34). The structural and functional features of

SSI have been studied by many methagfs).(SSI is known X, = 2k, ®)
to have remarkably slowly exchanging amide hydrogéds ( By ks’ + k' + 2k,

36) that are amenable to study by observation of @
NMR signals from samples labeled selectively by incorpora- with 0 < Xg, < 1. The limiting case 0K, = 0 means that
tion of [*3C'-Leu] or [**C'-Val]. The slowly exchanging amide  no correlated exchange occurred, a@d= 1 indicates that
hydrogens of SSI were found to be concentrated on the five- all of the exchange occurred in a correlated manner.
strandedf sheet. We report here the pH dependence of Preparation of Isotopically Labeled Amino Acids and SSis.
noncorrelated and correlated H/D exchange at six adjacent]1-13C]-pL-leucine and [1*C]-pbL-valine were prepared from
residues in SSI. In addition, we have investigated noncor- Nal*CN and isovaleraldehyde and isobutyraldehyde, respec-
related exchange at another four adjacent residues in SSltively, by Bucherer's method. Th&C-labeled SSlIs were
prepared by aerobic fermentation 8treptomyces albo-
MATERIALS AND METHODS griseolus S-3253, obtained from Prof. Murao at Osaka

When a protein sample prepared in@His dissolved in Prefectural University, in a medium containing an amino acid
2H,0, adjacent amide protons exchange to deuterons ac-mixture in which the desired normal amino acid was replaced

cording to the pathway, by the isotopically labeled one as described in a previous
paper 29).
k) [D.H] ky'+k, 13C NMR SpectroscopyAll 3C NMR spectra were
/ k. \ recorded on a Varian XL-300 spectrometer &Gfrequency
[H.H] (D.D] ) of 75.4 MHz under the condition of fulH decoupling by
* / MLRV16. The time-dependent amide hydrogen exchange
B [H.D] kytke

experiments were carried out as follows. Lyophilized labeled
SSI (20 mg) was dissolved in 0.5 mL of water, and the pH
was adjusted by adding small amounts of dilute HCI or
NaOH. After incubation fol h at 60°C, the pH value was

exchange rate constants for t,ﬁeandy'sites in the process  ,hfirmed. If the meter reading was considerably different
whereby amide hydrogens exchange independently and neveg ;1 e gesired value, then the pH was readjusted. Then,

simultaneously. In the correlated exchange process, characfhe solution was lyophilized. The sample was dissolved in
terized by the rate constat, both thef and y sites g5y of24,0 at 0°C as rapidly as possible, with avoidance
exchange “simultaneously” (during the same unfolding step). ¢ nqisture, and theC NMR spectra were collected at 50
Species [D,H] and [H,D] are only produced in a stochastic °C as a fuﬁction of time. The pH* value of each sample
manner, but [D,D] is produced not only by the two sequential was measured just before and after the NMR measurement
stochastic process but also by the correlated process. In thi o confirm that it had not changed significantly. The delay
way, the time dependence of the four species can be analyzeg, . q|ecting the first data set for each sample was about 10
to yield the uncorrelated exchange rates of the neighboring min. The spectral width (about 1 kHz) covered only the
amide hydrogenskg an_d ky) aqd the rate of correlated carbonyl region, ath4 k oftime-domain data were collected.
exchange at the two adlace’?t siteg.(The rate constark; Each time-domain data set was the average of 1024 FID
accounts for the excess build-up of [D,D] that cannot be transients, and the accumulation time was 34 min. All data
accoun_ted by the sunkyandk,). . .__sets were subjected to a 0.5 Hz line broadening function and
The time dependence of the populations of the four Species,,ore Fourier-transformed to yield a spectrum consisting of
can be expressed as 8 k data points. Data were collected until the intensities of
the [H,H] and [D,D] peaks were almost equal.
Determination of the Exchange Rate Constants and the
, D Fraction of Correlated Exchangé&he exchange rate con-
[D,H] = [H,H]{e & — e (3)  gtanteky', k', andk, were determined from total line-shape
analysis by the nonlinear least-squares method. In the
[H,D] = [H,H] fe %t — g itk Hhy (4) analysis, we made three, generally accepted assumptions: (1)
the exchange to deuteron from hydrogen does not reverse,
[D,D] = [H,H], — [H,H] — [D,H] — [H,D] (5) because there is a large excesstfO over HO; (2) the
lifetimes of the four isotopomeric species are sufficiently
where [H,H} is the initial population of the [H,H] species. long, relative to the NMR time scale, that the chemical shifts
These equations represent the behavior of populations of theand the line widths are independent of the exchange rates;
four species completely. In the actual analysis, these equa-and (3) the line shapes of the resonances are Lorentzian. To
tions are integrated by the accumulation period. The apparentcarry out the line-shape analysis, subspectra containing only
exchange rate constants of thendy sites are represented one or two (if the signals overlapped) carbonyl resonances
by were extracted from a time series 8€ NMR spectra. In
most cases, each time point represented the summation over
k,B = kﬁ' +k (6) an appropriate time interval for obtaining a high signal-to-
, noise ratio. The resonance lines were fitted by Lorentzian
k‘V: ky Tk () functions, and the intensities of the four species were

If a large excess ofH,O is present, then the reverse
reaction will be negligible. In eq 1ks' and k,' are the

[H,H] = [H,H] e &/ " 2)
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calculated by time averaging, from egs 2 to 5. Namely, the (A)
fitting functions are represented as follows:
- 43.0h
[HH] = [H HIo 7 (&7 el (©)
[D.H] = [HH]o [ (159 — e b9t (10) b

[F.D] = [H,H] /i (et — et kg (11)

[D,D] = [H,H],At — [H,H] — [D,H] — [H,D] (12)

The bars above species names indicate the time-averaged
concentrations over the accumulation periotit)( The
chemical shifts and the line widths were fixed in the
calculation. The nonlinear least-squares program, which used
the modified Marquardt metho@7), was written in BASIC
language and run on a personal computer. The exchange rates
at they and g sites and their degrees of correlation were

calculated from eqgs 6 to 8. L B B B B e e |
178 177 176 175 174 173 ppm

RESULTS
Amide Hydrogen Exchange Rates and the Degree of ®
Correlation in SSITypical results from H/D investigations 50

of [L]SSI and [V]SSI are shown in Figure 3. The assignments
of these carbonyl resonances (residue numbers shown at the
bottom of the figure) were determined primarily by -

13C double-labeling metho®@). The details of the assign-
ments will be reported elsewhere. Residues were classified
into three groups based on the time dependence of fi@ir
signals. The first group constituted residues that showed no
time-dependent spectral changes: Leu6, Val20, Val56,
Leu60, Leu63, Val69, Val74, and Val110. THE' chemical
shifts of these residues did not change even when the sample
was incubated fiol h at 60°C, and therefore, both of the
neighboring amide hydrogens of these carbonyl carbons had
exchanged fully to equilibrium before the first spectrum was
recorded. The second group included Val31, Leu33, Leu53,
Val91, and Val96. The signals from these residues were
observed as two peaks during the exchange process. The
respective chemical-shift differences for these peaks were
2.6,3.2,7.0,2.2, and 6.1 Hz. The larger values for Leu53 R R R R e e —.

and Val96 were indicative of the shift, and the others were 176 175 174 173 172 171 ppm
indicative of they shift. In this group, the only time-  Ficure 3: Time dependence of 75.4 MHZC NMR spectra of
dependent effect arose from the amide hydrogen with the selectively labeled SSI samples at pH* 7.4 at various times

slow exchange rate, because the other exchange was too fa%'é"’z’é”)g[\t/r]aénsslfefrﬁé ttgiqggg&g%rf"tg tsc;;:';fg; 5VAa)S[%(]§p?Iat 50
to detect. All of these amide hydrogens, except for Leuss, °C. Each spectrum represents the accumulation of 4096 transients

are located on the edges ofaheet in SSI, and those atthe of FID signals for 2.26 h. Thé3C' resonance assignments are

y andg sites do not participate in intramolecular hydrogen indicated by residue numbers at the bottom. Some of the resonances
bonds. Although the amide hydrogens of both Leu33 and exhibited time-dependent spectral changes. The decrease in the
Thr34 form hydrogen bonds in thd sheet, the amide Peaks of [HH] and the increase in the peaks of [D,D] are
hydrogen from Thr34 exchanges very rapidly for reasons represented by broken and straight lines, respectively.

discussed in detail in the following section. The third group,

which included thé3C’ signals from Vall3, Vall6, Val31, the 8 shifts were about 67 Hz and they shifts were 2 Hz

Val78, Val85, and Leu80, displayed four peaks during the . .
exchange. Because both of the neighboring amide hydrogensor less. We also found that the magnitudes of these isotope

of these carbonyl carbons exchanged slowly, they allowed shifts were independent of pH* in the range from 6 to 10.
the measurement of both the uncorrelated and correlated To determine the exchange rates quantitatively, a total line-
exchange rates. All of these slowly exchanging amide shape analysis was carried out. In the case of the resonances
hydrogens are located in the antiparallel five-strantlsdeet in which both of the isotope effects were observed, the
of SSI. The observed values of the and y shifts are exchange rates were determined, as described below. A

summarized in Table 1. At 75.4 MHz, the magnitudes of
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Table 1: 8 andy Shift Values for Selecte#C' Resonances in Because the carbonyl resonances of Val31, Leu33, Leu53,

[L]SSI and [V]SSP Val91, and Val96 displayed only one of the isotope effects,
residue 8 shift (Hz) y shift (Hz) residue f shift (Hz) y shift (Hz) the.|r S|gnals were analyzed by the two-site exchange model,
Valls . 5 L ouso o5 16 which yielded one apparent exchange rate constap,
Vall6 61 19 Valg2 71 5’9 (Table 2 and Figure 6). Because the carbonyl resonances of
val31l nd 26 valss 6.1 23 Leul?2, Leul4, and Leu79 were heavily overlapped, we were
Leu33 nd 3.2 Val91l nd 2.2 unable to determine the exchange rates of these amide
\L/ZIIJ7583 g-g f% Valoe 6.1 nd hydrogens. The logarithms of the apparent exchange rates

(log ks and logk,) and the fraction of correlated exchange
a All of the data were collected on a Varian XL-300 spectrometer (Xgs,) are plotted as a function of pH* in Figure 5.

(*C frequency of 75.4 MHz) under the conditions of pH* 7.3 at 50 . . .

°C. These isotope shifts were found to be independent of pH* in the All pairs of residues Sh_owed low fraCt'_OnS of C(_)rrelated
range from 6 to 10. The notation “nd” indicates that the isotope shift €xchange at low pH but increased fractions at higher pH.
was not detected. Vall3—Leul4, Val78-Leu79, Leu86-Thr81, and Val82
Asp83 achieved fractions of correlated exchange approaching
0.7-0.8 at high pH. However, the Vali85lyl7 and
Val85—Trp86 pairs only achieved correlated exchange

fractions of about 0.4 at high pH*.

DISCUSSION

Amide Groups Amenable todestigation by the Approach
Used HereNative protein molecules are stabilized by many
interactions, such as hydrogen bonds, hydrophobic and
electrostatic interactions, and disulfide bonds, if present.
Because the free energy for the stabilization of a native
protein molecule is only about 10 kcal mél(38), thermal
fluctuations can affect the dynamic structure and function
of proteins. The analysis of the exchangeable hydrogens,
FIGURE 4. Line-shape analysis of the Carbonyl resonance of Val85 especia”y the backbone amide hydrogens’ ina protein is one

of SSI acquired at 75.4 MHz at 5@ and pH*= 7.8. The thick ; ; ;
line represents the observed signal, which was accumulated formC the most important ways to study its dynamic features.

10.26 h. The thin continuous lines indicate the signals correspondingBecause contact with solvent molecules is necessary to
to the four [, i + 1] isotopomers: from left to right, [H,H], [D,H], exchange the buried amide hydrogens, some native interac-
[H,D], and [D,D]. The fitted spectrum obtained by adding the four tions must be partially or fully broken.

subspectra is represented by the broken line. One division of the . . . .
axis shows 10 Hz. The line-shape analysis was carried out with Each SSI subunit contains twe helices and one five-

the constant values of 6.1, 2.3, and 8.3 Hz for fhehift, y shift, stranded3 sheet and some of the Leu and Val residues are
and line width, respectively. The exchange rates determined by distributed within these secondary structures. Amide hydro-
using appropriate initial values wekg' = 2.30 x 103 min~?, k,/ gens that are not involved in these secondary structures

= 1.63 x 103 min~%, andk, = 6.38 x 1074 min~! (see the text

for details). exchange very rapidly (Leu6, Tyr7, Val20, Ser21, Leu60,

Asn6l, Leu63, Thr64, Val69, Met70, Val74, and Try75).
typical example is shown in Figure 4. The thick line shows Amide hydrogens located at the edge of thsheet and not

the observed spectrum of Val85 at 30 and pH* 7.8. In  Ppatrticipating in hydrogen bonding also displayed fast ex-
this case, the spectrum was obtained by summing from thechange (Thr32, Ser92, and Val96). The N-terminal region
1st to 18th subspectrum. Because each subspectrum wa§om Aspl to Leu6 of SSI projects away from the globular
accumulated for 0.57 h, the accumulation period was 10.26part of the molecule and is mobile. The relative solvent
h. An initial dead time of 0.17 h was needed, for instru- accessibilities (Ra) of Leu6 and Tyr7 were determined to
mentation preparation, such as probe tuning and shimming.be 100% 89). Because this region is freely accessible to
The line-shape analysis was carried out using eels2 with the solvent, regardless of the rest of the SSI molecule, the
ks = 0.1 mim%, k' = 0.1 mirm?, andk, = 0.1 min 2 as the exchange rates may be as fast as those of small peptides.
initial values, and the values of thieandy shifts and the ~ The high mobility of this region was also indicated by the
line widths of the four species were fixed as 6.1, 2.3, and harrow line width of the Leu6 resonance (Figure 3). The Ra
8.3 Hz, respectively. These fixed values were estimated from values of some of the other fast exchanging amide hydrogens
the summed spectrum and were finally determined by trial Without secondary structures (Val20, Ser21, Asn61, Leu63,
and error with the calculations. The baseline was correctedand Val74) were 0%; however, these amide hydrogens are
by a straight line. Because the convergences of the fitting located near the surface of the molecule and exchanged
calculation to the observed spectra were fast and stable aftefapidly apparently as the result of local fluctuations. None
a few iterations, the initial values could be roughly estimated. Of the exchange rates of these rapidly exchanging amides
We confirmed that several choices of appropriate initial could be determined by the method employed here.
values converged to the same values within the calculation Those slowly exchangeable amides of SSI that could be
errors. The broken line indicates the calculated spectrum,investigated by the carbon$iC NMR approach employing
and the solid lines represent the individual [H,H], [D,H], selective labeling of Leu and Val residues are listed in Table
[H,D], and [D,D] species. The results are summarized in 1. Although the amide hydrogens of Leul2 and Thrl5 were
Table 2. found to exchange slowly, as judged from the spectral
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Table 2: H/D Exchange at Selected Sites in SSP60 Apparent Rates of Backbone Amide Hydrogen Exchange at Residues + 1 (k,
andkg, Respectively), Apparent Rates of Correlated Exchange at the Two &jfear(d Fraction of Exchange Occurring by the Correlated
Mechanism Xg,)

ks (min"?) k, (min?) _ Xy
apparent rate of exchange apparent rate of exchange ke (min—?1) fraction of exchange
residue by the noncorrelated by the noncorrelated apparent rate of occurring by the
i pH* mechanism at residuet 1 mechanism at residue correlated exchange correlated mechanism
Vall3 7.4 1.40x 1073 2.72x 104 2.48x 104 0.30
7.8 2.84x 1073 1.00x 1073 8.92x 104 0.46
8.6 9.27x 103 5.27x 1073 4.57x 1073 0.63
9.1 8.52x 1073 5.45x 1073 4.20x 1073 0.60
9.5 1.03x 102 1.04x 102 7.55%x 1078 0.73
Vallé 7.4 3.25x 1078 7.18x 104 1.08x 1071 0.00
7.8 6.22x 1073 2.49x 1078 6.70x 104 0.15
8.6 7.98x 1073 4.70x 1078 2.38x 1078 0.38
9.1 1.20x 102 6.08x 1073 2.72x 1073 0.30
Val31° 6.1 3.20x 104
7.4 1.19x 1073
7.8 1.65x 1073
8.6 3.97x 1073
9.1 9.20x 1073
9.5 1.07x 1072
Leu3? 7.3 1.82x 1073
8.0 3.72x 1073
9.2 3.48x 1073
9.4 5.18x 102
10.0 2.25x 1072
Leu52 6.1 5.87x 1073
Val78 6.1 6.21x 1075 2.00x 107 7.30x 1076 0.18
7.4 2.53x 104 7.87x 1075 3.33x 10°° 0.20
7.8 3.79x 1074 1.62x 10 8.93x 107° 0.33
8.6 1.27x 1073 9.55x 104 4.49x 104 0.40
9.1 3.00x 10°3 1.76x 1073 1.13x 103 0.48
9.5 8.88x 1073 6.86x 10738 5.83x 1078 0.74
10.1 1.90x 1072 1.17x 1072 1.05x 1072 0.69
Leu80 6.1 3.38< 104 1.11x 104 6.63x 105 0.30
7.3 8.02x 104 1.68x 1073 3.27x 1071 0.00
8.0 1.77x 1073 1.79x 1078 5.35x 10 0.30
9.4 6.85x 1073 4.80x 1073 4.80x 1073 0.82
10.0 1.05x 10?2 6.73x 1078 6.73x 1078 0.78
Val82 6.1 2.78x 1074 2.53x 10 2.80x 10 0.11
7.4 1.10x 1073 1.15x 103 3.52x 107 0.03
7.8 2.13x 1073 2.44x 1078 1.03x 1073 0.45
8.6 3.35x 1073 4.05x 1073 2.75x 1073 0.74
9.1 6.30x 1072 8.07x 1073 5.37x 1073 0.75
9.5 9.36x 103 9.56x 1073 8.25x 1073 0.87
Val85 6.1 3.71x 104 2.78x 104 7.08x 1075 0.22
7.4 1.37x 1073 1.06x 1072 4.12x 104 0.34
7.8 2.94x 1073 2.27x 1078 6.38x 1074 0.25
8.6 7.17x 1073 5.80x 1078 2.08x 1073 0.32
9.1 1.66x 102 2.54x 1072 8.37x 1073 0.40
Val91h 7.4 1.43x 1073
7.8 3.62x 1073
8.6 7.77x 1073
9.1 1.39x 1072
9.5 9.63x 1072
ValoeP 7.8 1.66x 1073
8.6 3.28x 1073
9.1 7.03x 1073
9.5 1.03x 102

2These data may contain relatively large errors, because the S/N ratios of the observed resonances WEnedevdata were analyzed by a
two-site exchange model to determine the apparent exchange rates; because one of the isotope effects was not observed as a result of fast exchange
it was not possible to measure correlated exchange at these sites.

changes, the carbonyl resonances were overlapped and thelowest exchanging amide hydrogens in SSI, and our results
exchange rates could not be determined. All of these amideagree well with their data.

hydrogens, except for those of Ala54, were localized in the It is well-known that hydrogen-bond formation reduces
five-stranded3 sheet. Because the exchange rate of Ala54 amide exchange rates remarkably. Our results bear this out
was relatively fast, it was determined only at pH* 6.1; at in general, but there are exceptions. The amide hydrogens
higher pH* values, the rate was too fast to measure by this of Glyl7, Leu79, and Leu80 are located at the end @f a
method. SSl is a dimeric protein with each subunit composed sheet, where the hydrogen-bond network as determined by
of a five-strandedf sheet, which is formed with an X-ray analysis 89) is disordered. Although the amide
abundance of hydrophobic amino acid residues, including hydrogen of Leu79 had one of the slowest exchange rates,
ca. 60% of Leu and Val residues. Most of the amide it does not participate in any hydrogen bond. The five-
hydrogens of th@ andy sites of these Leu and Val residues stranded3 sheets of the respective subunits of SSI face one
participate ins-sheet hydrogen bonds (Figure 7). As shown other at an angle of approximately 3ttherefore, the region

in Figure 5, the exchange rates of these amide hydrogensof the s sheet bearing these amide hydrogens was not covered
depend on pH* and extend from 10to 10! min! in the by another subunit. However, this part of {hsheet seems
range of 6< pH* < 10. Akasaka et al.24) reported the 10  to be sequestered from the solvent by the loop structure from
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FIGURe 5: pH* dependence of the logarithm of the apparent H/D exchange igtendk,) of adjacent amides in SSI at 5C and the
fraction of exchange occurring by the correlated mechank$g).(The residue whose carbonyl carbdfX;) was monitored is indicated
in each panel. The open circles, squares, and triangles repkgséntand X, respectively (see the text for details).

Lys18 to Glu28. We also found that the amide hydrogen of  Correlated Motions in SSlit is widely accepted that
Thr34 hydrogen bonded to the carbonyl oxygen of Ser40; fluctuations are required for the solvent exchange of amide
however, thes shift on the carbonyl resonance of Leu33 hydrogens that are fully or partially buried within a protein
was not observed over the entire pH* range. This means thatmolecule. The local unfolding mode21, 22) is one of the
exchange of the Thr34 amide hydrogen is very fast despite mechanisms by which the buried amide hydrogens can
its participation in a hydrogen bond. The shortest str@3)l, ( exchange. Two types of fluctuations can be envisioned. One
which contains Ser40, is located at the edge ofteheet is a local fluctuation that requires only a low activation
and forms only three hydrogen bonds with straf@. energy. The other is a global fluctuation that induces a wider
Therefore, one might expect that the interaction between range of disorder in the protein molecule and requires larger
these strands should be weak and that the hydrogen bondhctivation energy. Both of these processes could coexist in
between Thr34 and Ser40 may easily break; however, thisactual proteins and facilitate the exchange of amide hydro-
is one of the slowly exchanging sites. Similarly, Leu78, 9ens. The exchange process in the. local unfolding model is
which is one of most slowly exchanging sites, is located in represented by the following equatio#Of

the region that includes Gly17, Leu79, and Leu80. We found } ) }

that the exchange rate of Ala54 was relatively fast, even N(H) = O(H) — O(D) == N(D) (13)
though it is located in the center of anhelix and forms a ko ke

hydrogen bond. Similar anomalous exchange results have i _

been reported for other proteing7 18). Zhang et al. 28) where N represents the folded conformation. An internal

reported that the amide hydrogens located in the hydrophobic2Mide hydrogen in a protein cannot exchange, because the
interface displayed slow exchange. Most of the slowly solvent molecules do not have access to it. O indicates the

exchanging amide hydrogens in SSI are located in the unfolded state, in which the amide hydrogen can exchange.

hydrophobic interface of the subunit. Pederson et £8) ( Because the native state of a protein favors the folded
discussed the exchange rates in terms of the factors Ofcom‘ormation, the equilibrium lies toward the N state, and
hydrogen bonding, types of secondary structure, and depthﬁgerr]eksle:ieléz'bm this situation, the exchange rate, is
from the surface of the protein molecule. They concluded P y
that all of the factors were important, but the exchange rates Kk

173

were not uniquely determined by any of these factors

= ————— 14
definitively. § ky ko + kg a4



11818 Biochemistry, Vol. 44, No. 35, 2005 Uchida et al.

10 — 7T T7T7 where DN, MN, and MO represent the folded state in the
3 dimer, the folded state in the monomer, and the unfolded

9 Val31 Leu33 } state in the monomer, respectively. However, it is known

10 o é/ that the equilibrium between the dimer and the monomer
1 /2( extremely favors the dimer, and the dissociation constant is

= - Pt estimated to be lower than & 107 M in SSI (34).

E / Moreover, it has been reported on the basis of ther@@l (

3 I 43) and SDS 44) denaturation experiments that the mono-
= meric form of SSI should be unfolded. These results indicate
[ thatk, < ks andk; < ks, and thus, the concentration of the
10° | MN species would be very low. Therefore, the exchange

; scheme can be simplified to that of eq 13, which represents
10° [ . R R the case of a simple monomeric protein. We can discuss the
amide hydrogen exchange on SSI without any special
10" 11— ! T T T T T considerations because of dimeric protein.

i e The general approach used in distinguishing whether a
102 L...jvald! Val96 s given amide hydrogen exchanges by the EX1 or EX2
f/z /0/9/' mechanism is to examine its pH dependence. Normally, the

assumption is made that the unfolding equilibrium is pH-
independent. In this case, the observed exchange rate is
F 7/ proportional to the catalyst concentration in the EX2 limit
10* and independent of the catalyst concentration in the EX1
E limit. Some methods for the direct detection of correlated
exchange have been reported. For example, correlated
exchange was detected in thesheet of BPTI by analyzing
[ the time dependence of NOEs between amide hydrogens;
100 b L L L when normalized for single-site exchange rates, the NOE
6 7 8 9 10 6 7 8 9 10 . o . .
) intensities of sites undergoing correlated exchange decreased
pH pH more rapidly than those undergoing uncorrelated exchange
FiGURE 6: pH* dependence of the logarithm of the apparent H/D (23, 26). Mass spectroscopic investigations have indicted that
exchange ratek{ andk,) of adjacent amides in SSI at 8G. The the amide hydrogens in lysozyme at pH 3.8 and °69

residue whose carbonyl carbof';) was monitored is indicated ; ;
in each panel. The open circles and squares repréged exchange predominantly by the EX2 mechanig1).(Mass

respectively. The line-shape analyses were carried out by lt%le two-SPpectrometry was used in detecting correlated exchange in
site exchange model, because the data did not support thealdolase 28).
determination of correlated exchange at these sites (see the text In none of the previous investigations of correlated
for details). hydrogen exchange has a detailed analysis of the pH
Whenk; < k, andk, < ks (EX1 condition), the equation dependence of exchange been carried out. In principle, one
simplifies to expects in the EX2 limit that the correlated exchange_rate
will be much lower than the uncorrelated rate. In addition,
ko, = ky (15) whereas the uncorrelated rate in the EX2 limit depends on
the catalyst concentration, in this limit, the correlated rate
Because the opening rate of the protein determines theshould depend on the square of the catalyst concentration.
exchange rate under these conditions, the exchange ratén the EX1 limit, both rates should be independent of catalyst
displays the internal fluctuation directly. On the other hand, concentration. The pH at which the transition from EX2 to
whenk; < k; andks < k, (EX2 condition), the exchange EX1 occurs may be different for the uncorrelated and

oy

K oo (min™)

rate is given by correlated exchange rates, depending on their relative
magnitudes.
K, = ﬁk — Kk (16) When the expected EX2 limit pH dependence is inserted
Xk, o into the rates, eq 8 becomes
whereK = ki/k.. The exchange rateks, are available41, X3, = 2k°[OH J/(Kks* + k%) (18)
42), and thus, the equilibrium constants for the individual
amide hydrogens can be determined. where the zeroes indicate the pH-independent rates. Thus,

The exchange scheme is more complicated in the case ofone predicts thaXs, will be pH-dependent with a sigmoidal
SSI, because SSl is a dimeric protein constructed from two dependence as observed in Figure 5.
identical subunits. The detailed exchange equation in the case We have analyzed the data from Table 2 to extract the

of SSI is represented by pH-independent rate constants for the single- and two-site
. o . correlated exchange. The best fits were for the data from
DH(H) __E‘L MN(H) % MO(H) = MO(D) __é MN the carbonyls of Val78 and Val85. Except for the pH 9.5
7

and 10.1 data points for VVal78, the fitted rate constants when
(D) é DN(D) (17) inserted into eq 18 provided reasonable approximations of
ka the observed pH dependenceXgf, (Figure 5). The recon-
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Ficure 7: Schematic drawing of hydrogen-bonding network in the five-stranded antipgtaledet in SSI. The stippled atoms designate
the carbonyl carbons of Leu and Val residues. The dashed lines represented hydrogen bonds determined by X-ray cryst@8graphy (

Table 3: Fitted Values for the pH-Independent Rate Constants first time, an analysis of the rates of correlated exchange at
Derived from Linear Regression Analysis of the Data from Table 2 two adjacent peptide amides.
k{jo kyo kCO
(minTtM™Y) 2 (mintM™Y 2 (mintMT?3)  r?

The amide pairs in SSI shown here to undergo correlated
exchange at high pH are located in antipargflaheet and
Villo 45410 100 27410 08 ao«1¢ o0gs  Participatein hydrogen bonds (Figure 7). The amide hydro-
Vval78 15x 1% 096 2.1x 1® 098 57x 10 1.00 gens of adjacent residues in /& strand project toward
Leu80  9.6x 1821 0.86 5.6x 1821 0.80 5.3x 1g 0.63 opposite sides and form hydrogen bonds with opposite
volg2 2710 091 2810 082 T.2<100 07°  strands. Therefore, correlated exchange of these amide
hydrogens implies global unfolding that involves all thfee
strands. Because the five-strangkesheet forms the interface
of the dimer, this transition must also involve the dissociation
of SSI to monomers.

Br
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FiGure 8: Simulated plot ofXg, versus pH according to eq 18.
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