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ABSTRACT. Peptide hydrogen exchange is measured in bovine pancreatic trypsin inhibitor (BPTI) by 2D
NMR in KCI solutions varying between 0.02 and 0.43 M. The effects of salt are analyzed for 16 assigned
peptide groups located near the protesolvent interface in the crystal structure. Salt effects are obtained

for exchange by M and OH catalysis, at pH 2.3 and 5.3, respectively. Semilogarithmic plots of rate
constants vs the square root of the ionic strengths are virtually linear. The salt effects, taken as the slopes
of these plots, vary both in size and sign for each catalytic process, reflecting the variation of local
electrostatic field at the exchanging site. The effects are correlated with electrostatic potentials calculated
by the finite differences method, taking into account both ionic and dipolar charges in the static structure.
This suggests that the transition complexes between the catalyst and the protein are formed with the
protein structure very similar to the crystal structure.

Although salt effects on hydrogen exchange (HX) electrostatic theory (Leichtling & Klotz, 1966; Kakuda &
proteins may provide valuable information about the mech- Mueller, 1975; Schinkel et al., 1985). Model compound
anism of the exchange reaction (Hvidt & Nielsen, 1966), studies have been on a similar level. In charged synthetic
they have only scarcely been investigated. Salt effects arehomo- or heteropolymers, HX responds strongly to solvent
interesting owing to their inherent information about the salt, in correlation with the molecular net charge (Kakuda
conformational processes associated with the exchangeet al., 1971; Kim & Baldwin, 1982). For neutral model
reaction. In the classical Linderstrgm-Lang model (Scheme compounds, as for some of the investigated proteins, salt
1), the thermal distribution of protein conformations is effects are vanishingly small (Schleich et al., 1968, 1971)
divided into subsets “C” and “O”. “O” contains conforma- and may not rise above experimental error (Englander &
tions that are open to exchange of a given peptide group,Poulsen, 1969; Kim & Baldwin, 1982). A few single-site
and “C” contains those that are not (Hvidt & Nielsen, 1966; salt effects were obtained by NMR for surface peptide groups
Woodward & Hilton, 1979, 1980; Barksdale & Rosenberg, in BPTI (Tuchsen & Woodward, 1985b, 1987). We include
1982; Englander & Kallenbach, 1984; Pedersen et al., 1993):these in our interpretation here.

Salt effects on kinetic processes in macromolecules are

Scheme 1 expected to depend on the local electrostatic field in the
. microenvironment where the reaction occurs rather than on
— ik the net charge of the macromolecules. A lucent example is
C - O0—X
2

the substrate binding to CtZn superoxide dismutase (Cudd
& Fridovich, 1982; Getzoff et al., 1983; Allison et al., 1988;
The lack of knowledge concerning the nature of the “O” Harvey, 1989). In spite of a negative net charge of
conformations is the origin of the persistent controversy in superoxide dismutase, the effect of salt on its catalytic rate
hydrogen exchange. The salt effects on HX originate from indicates a positive electrostatic environment at the active
the salt-dependent polarization of the solution surrounding site. This is ascribed to the local field of the histidine charge
the protein. The return field from the pOIarization attenuates in the active cleft of superoxide dismutase.
the electrostatic contribution to the energy barrier of the  Methods both for assessing HX by NMR and for comput-
eXChange reaction. The electrostatic potentials measured ang electric field energies based on the actual Shape of the
the salt effects, consequently, relate to the transient accessiblgrotein (Warwicker & Watson, 1982; Gilson & Honig, 1988)
protein conformation, “O” in Scheme 1. have been vastly improved in recent years. This continued
Older studies, in which the exchange at single sites was development calls for a reinvestigation of salt effects on
not resolved, tended to conclude that effects of salt on HX protein HX.
were small or absent. The best of these studies could The experiments reported in this paper concerns salt effects
conclude that salt effects measure the protein net charge, asn HX of peptide groups near the solvent interface of BPTI.
predicted by simple Debye-lgkel and “smeared charge” Exchange rates were obtained for several partially buried
peptide groups at KCI concentrations ranging from 0.02 to
* Corresponding author. 0.43 M. The salt effects show a considerable variation from
® Abstract published idvance ACS Abstract&ebruary 1, 1996.  site to site. This indicates that the HX depends on the local
" Abbreviations: HX, hydrogen exchange; BPTI, bovine pancreatic g|actrostatic field. We find that the salt effects are correlated
trypsin inhibitor; COSY, two-dimensional correlation spectroscopy; . . .
FID, free induction decay; LP, linear prediction; NMR, nuclear magnetic With calculated electrostatic potentials based on the BPTI
resonance spectroscopy. crystal structure. We conclude that, for this sample of
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Table 1: Sample Composition cross peak between nonexchangeable protons (Thrf82)H
to eliminate differences between spectra. Exchange rates

no. Crer® PH no. Crar® PH were calculated by nonlinear maximum-likelihood fitting of
% 8-8gg g-ég ? 8-8%2 g-gg experimental peak volumes vs time data to an exponential
3 0145 591 8 0.060 529 decay. A robust algorithm (Press et al., 1990) was chosen
4 0.220 2.24 9 0.097 5.61 to prevent adverse effects of occasional deviating peak
5 0.426 2.33 10 0.180 5.57 volumes. The algorithm was designed to minimize the target
11 0.340 5.52 functions,
aln mol/L.
N
— 2y 4 —
peptide groups, the catalyst combines with its target sites S= NZ In(1+07), d = A exp(kt) = A (1)
while the protein conformation is closely similar to the crystal
structure.

whereA andt; are experimental peak volumes and exchange
times, and the initial peak volum#&y, and the rate constant,
k, are the fitting parameters. The effect of using a robust
BPTl is a gift from Novo-Nordisk A/S, Copenhagen. The method instead of a standard procedure is shown in Figure
protein, five times recrystallized and lyophilized, was dis- 2. The robust method does not give a normal standard
solved in water, thoroughly dialyzed to remove traces of salt, derivation value, but rather the minimized value sf
and lyophilized in aliquots containing 16 mg of BPTI. These Second-order catalytic rate constakis= k/[H*] (pH 2.34)
were redissolved in 0.5 mL of # (5 mM BPTI) containing  andkon = k[H*]/Ky [pH 5.29,K,, = 107148>M? (Covinton
1-400 mM KCI. Adjustment of pH to the experimental etal., 1966)] were calculated to eliminate the effects of smalll
value was made by addition of HCI or KOH, and the samples differences in experimental pH. Rate constants were re-
were relyophilized and stored a20 °C until they were used.  moved from the data set if they were significantly influenced
An exchange experiment was initiated by dissolving the by both acid and base catalysis, that is, if the experimental
sample in 0.5 mL of BO and transferring to an NMR sample  pH was closer than 0.5 units from the pH of minimum rate,
tube immediately before starting the acquisition of the first pHmin, for the particular peptide group.
NMR spectrum. During the course of the experiments, Electrostatic potentials were calculated by numeric inte-
samples were kept in the sealed NMR sample tubes in agration of the linearized PoissetBoltzmann equation using
water bath at 274 0.5 °C or in the NMR probe at that the finite differences method (Warwicker & Whatson, 1982,
temperature. Typically 24 absolute intensity COSY NMR Allison et al., 1988). These calculations were performed on
spectra were measured at 250 MHz (Bruker AC250), spaceda Silicon Graphics 4D work station. The BPTI crystal form
by increasing time intervals over 10 weeks. The size of the Il coordinates were modified by rotating the Gly-56 main
time domain spectra was 128 512 complex data points;  chain bonds (tap = 80.8 andy = 106.8) to bring the
the acquisition time, 65 min. Experimental pHs were C-terminal COOH into salt-bridging distance of the N
measured after the experiment directly in the NMR vials, terminus. The high-occupancy conformation was chosen for
and salt concentrations were obtained from calibrated the Glu-7 side chain which features an H-bond to Asn-43
conductivity measurements. Reported values of pH are directmain chain NH. The atom coordinates were incorporated
readings, calibrated with standard buffers at pH 4.01 andin a 45 x 45 x 45 grid with a 1 A grid spacing. The
7.00 (25°C). The composition of the samples are sum- convergence of the iteration was accelerated by 30% over-
marized in Table 1. relaxation and was complete after ca. 100 steps. To eliminate
Fourier transformation and other processing of NMR data the effects of the limited grid resolution and short distance
were performed after transfer of the time domain spectra to to grid edges, potentials were averaged for several calcula-
an INTEL 80486-based computer. After Fourier transforma- tions (usually 10), with the protein molecule randomly rotated
tion of unapodized FIDs in the direction, the spectra were before incorporation in the grid. The dielectric constants
expanded in the direction from 128 to 512 data points by ~Wwere 8 for grid points inside the protein, and 80 elsewhere.
linear prediction (LP) (Stephenson, 1988; Gesmar et al., A Debye—Huckel screening factor corresponding to 0.1 M
1990) and apodized with a combined squared sine bell andsalt was used in the space outside the protein. All atoms of
exponential multiplication before the second Fourier trans- the protein were assigned fractional charges by the algorithm
formation. The signal to noise ratio was about£fold of Gasteiger and Marsili (1980). The output of the calcula-
improved by using LP rather than zero-filling, and, impor- tion was potentials with arbitrary units at the sites of each
tantly, the base-plane was considerably flattened. This atom of the structure.
dramatically improved the reproducibility of peak volume
calculations. The LP algorithm taken from Press et al. RESULTS
(1990), was modified to prevent occasional overflow. HX was followed at pH 2.3 (H catalysis for most NH’s)
Figure 1 shows the assigned cross peaks for whichand pH 5.3 (OH catalysis), at KCI concentrations ranging
exchange rates are reported here. The peak volume for eaclfrom 0.02 to 0.43 M (Table 1). The time schedule for
cross peak was determined by summing single data pointsampling the exchange was optimized for rates in the range
intensities over an area including the peak. Correction for 1072—10~% min~%. Exchange rates spanning 1G—10752
base-plane offset was made by subtracting an averagemin—! were obtained from the LP expanded COSY spectra
intensity, obtained from a neighboring area with no peak (Table 2). The listing in Table 2 includes all residues with
intensity, from the intensity of each data point. Corrected resolved NH-C*H cross peaks and exchange rates within
peak volumes were normalized to the volume of a resolved that range. Exchange salt dependencies were obtained for

MATERIALS AND METHODS
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Ficure 1. Amide region of the 250 MHz absolute-intensity COSY spectrum of BPTI. The locations where the exchange is measured are
indicated. The sample contained 5 mM BPTI, pH 1.5, 0.3 M KCI. Thirty-two transients were acquired foy BISs; there were 512
complex data points. Squared sine wave apodization is applied in both dimensions. diilmension was expanded to 512 spectra by
standard zero-filling. Overlapping NHC*H cross peaks for Val-34/Arg-53, Lys-41/Cys55, Tyr-35/(Phe-22), and Lys-26/(Gly56) were
fully resolved in spectra expanded by linear prediction.

10 9

10 interactions between catalyst ions and the overall positive
field from the BPTI net charge of 11 (pH 2.3) or+6 (pH
5.3). Salt effects previously reported for three acid-catalyzed
and five base-catalyzed HX rates"¢hsen & Woodward,
1985b, 1987) also follow this pattern.

Unlike what is expected from the net charge model, we
observe a considerable site-dependent variation of the salt
effects. The ratios of exchange rates at 0.02 and 0.43 M
o salt range from 0.6- to 2.8-fold for acid-catalyzed HX and
0.7- to 9.7-fold for base-catalyzed HX. The salt effects on
acid-catalyzed HX of Ala-27 NH and on base-catalyzed HX
of Cys-5 NH are virtually zero. Interestingly, one of the
effects on acid-catalyzed HX (Glu-7) and three of the effects

05} ;

o on base-catalyzed HX (Leu-6, Lys-26, and Arg-53) have their
sign reversed, indicating that the transition complexes in these
0 2 P 8 TO0weeks cases are formed in an environment with an electrostatic

FIGURE 2: Exponential decay of Glu-7 amide proton intensity. The BOtentia,I, opposite to that formed by the net charge. Such
fitted maximum likelihood (solid line) and nonlinear least-squares “inverse” salt effects on HX have not been reported previ-
(dotted line) exponential decay are shown. The vertical axis is the ously. The inverse salt effect for Glu-7 at pH 2.3 is

G'“'TNH;ChaHTﬁrOSS é’fa‘éyiﬂtensnyv re|aktive to the constant particularly interesting since, at that pH, all carboxy! groups
intensity of the Thr- ~ /s Cross peax. are protonated, requiring the negative potential to come from

16 of the 54 non-proline peptide groups in BPTI. For 6 of short-range dipolar charges. An experiment was performed

them data were obtained for both catalytic processes. In the;?i‘:l gm gltgélgcélj)?'ggouﬁe i?lltsg?tngﬁggtitﬁgrsé trc;r\)/reorgzct 2213
crystal structure these peptide groups are typically located and the experiment, in 'Eurn reconfirmed the Batalysis '
near the proteintsolvent interface, and all but four of them "~ 7 o pH=< 2 3 ’

(Cys-5, Leu-6, Tyr-35, and Asn-44) have some portion of -
their surface exposed to the solvent. The Tyr-35 peptide : :
group is somewhat atypical for the sample. It is often ;:k?tacljyzted. ra_'i_e glonztaragi and valufes %gplagelGr}clu?deLd |n29
considered to be a member of the slowly exchanging core (€ ¢ala in fableé 4. 1nhese are for Lys-o, Liu-7, Leu-29,
of BPTI. Static accessibilities were calculated for the cO and Thr-54. A very high pii, of 3.9 is suggested for Leu-

and NH moieties of the peptide bonds (Lee & Richards, 29 comparable to that of Ala-16 at pH 4.2"Chsen &
1971). These are listed in Table 3. Woodward, 1987). High pkl values are expected for

B peptide groups, like Leu-29 and Ala-16, with exposed
The Salt Effects Debye-Huckel plots [logk) vs Vi) of carbonyl oxygen and buried NH (Table 3). This pattern is
the data in Table 2 are shown in Figure 3. The slopes of g effect of different steric hindrance for attack of the H
these plotsB) are used as a measure of the salt effects andgng o catalysts on peptide O and NH, respectively.
are listed in Table 4. Strong negative electrostatic potential could, in principle, be
At increasing salt concentration, acid-catalyzed HX is an alternative explanation. This is ruled out by the finding
usually accelerated and base-catalyzed HX is slowed. Thisof salt effects for Leu-29 compatible with a positive
pattern is the one expected for screening of the electrostaticelectrostatic field at both pH 2.3 and 5.3. Other values of

Exchange Kinetics.A few previously unpublished acid-



2312 Biochemistry, Vol. 35, No. 7, 1996

Christoffersen et al.

Table 2: Exchange Rate Constants Obtained from 2D NMR Spectra

sample
1 2 3 4 5
Cys-5 —3.8% 0.40 —4.13 0.77 —4.04 0.32 —3.92 0.13 —-3.74 0.15
Leu-6 —3.95 0.10 —3.99 0.14 —-3.74 0.08 —-3.61 0.15 —3.60 0.07
Glu-7 —3.61 0.36 —3.66 0.52 -3.75 0.20 —3.83 0.65 -3.89 0.51
Cys-14 —-4.19 0.29 —-4.34 0.61 —4.25 0.61 —4.16 0.86 —4.15 0.41
Ala-27 -2.31 0.05 —-2.37 0.07 —2.25 0.07 —-2.27 0.10 —-2.37 0.04
Gly-28.1 +3.38 142.4) —3.45 0.08 -3.29 0.04 -3.33 0.43 -3.39 0.16
Gly-28.2 —3.36 0.05 —3.43 0.06 —3.26 0.06 —3.26 0.06 -3.29 0.05
Leu-29 —4.52 1.51 —-4.70 1.25 —4.61 2.36 —4.57 1.61 —4.60 0.44
Thr-32 -3.81 0.03 —3.86 0.02 —-3.74 0.01 —3.69 0.01 -3.73 0.06
Val-34 —3.28 0.01 —3.40 0.07 —-3.19 0.05 —3.16 0.02 —-3.11 0.03
Lys-41 —4.40 0.12 —4.44 0.12 —4.40 0.40 —4.32 0.13 —-4.21 0.08
Thr-54 —4.44 0.53 —4.46 0.15 —4.39 0.15
sample
6 7 8 9 10 11

Cys-5 —2.78 0.04 —2.58 0.06 —2.52 0.17 —2.35 0.32
Leu-6 —3.39 0.22 —3.10 0.15 —3.02 0.13 —2.96 0.26 —2.75 0.06 —2.83 0.11
Glu-7 —3.95 0.25 —3.86 0.25 —3.55 0.38 —-3.64 0.47 -3.79 1.02
Lys-26 —2.28 0.25 —2.00 0.82 -1.71 0.23
Leu-29 —4.59 0.17 —4.42 0.54 —4.40 0.82 -4.11 9.06 —4.32 0.22 —4.31 2.30
Tyr-35 —4.99 2.49 —4.81 1.41 —4.95 0.73 —4.83 1.71 —5.23 1.74 —5.02 1.45
Lys-41 —2.86 0.01 —2.50 0.02 —2.63 0.02 —2.69 0.04
Asn-44 —4.82 0.84 —4.74 1.22 —4.74 0.89 —4.56 0.66 —4.96 4.78 —4.68 1.68
Arg-53 -3.75 0.33 —3.69 0.59 —-3.53 0.24 —3.08 0.22 —-3.18 0.14 —-3.22 0.16
Thr-54 —2.68 0.02 —2.45 0.02 —2.53 0.02 —2.21 0.07 —2.38 0.08

Cys-55 —3.66 0.08 —3.43 0.12 —3.48 0.07 —3.08 0.07 -3.33 0.13 —3.45 0.22

alog(k), wherek is the rate of exchange (miH. ° Relative errorg/k, wheres is the error function defined in eq 1. Data in parantheses are not

used.

Table 3: Static Accessibilities and Hydrogen Bonds

static accessibility hydrogen bonds

residue SAH (%) SAco (%)° NHe-+ CO---¢
Cys-5 0 0 + +
Leu-6 0 0 + -
Glu-7 0.5 28.0 + -
Cys-14 0 8.6 - _
Lys-26 3.0 33.3 + -
Ala-27 0 32.6 + -
Gly-28 0 31.0 + —
Leu-29 0 17.0 - -
Thr-32 7.6 0 - +
Val-34 7.9 0 - +
Tyr-35 0 0 + —
Lys-41 0 32.7 - -
Asn-44 0 0 + —
Arg-53 1.0 1.7 + +
Thr-54 0 32.6 + -
Cys-55 0 13.0 + -

aProbe radius, 1.4 A. Values are relative to the maximum accessible
area of the group, obtained by rerunning the calculation with all other

atoms removed, except those directly bonded to atoms of the group.

bTaken from Wlodawer et al. (1987a,5)Carbonyl group of the
previous residue in the sequence.

pHmin coincide within 0.1 pH units previously published
values (Table 4).
The exchange rates from LP expanded 2D NMR (Table

Electrostatic Modeling.The choice of axis transformation
to obtain linear plots depends on the electrostatic model used
to describe the effects. The ldgjf/s square root of the ionic
strength, v/1, linearization is derived from the classical
point charge description of small ions. This model appears
rather inappropriate for the present system. In the Tanford-
Kirkwood model (1957), the zero-order salt-dependent term
is ax/(1 + ax), wherea is the ion exclusion radius of the
spherical “protein” molecule, and is the Debye-Hiickel
screening parameter, proportional 0. Linear plots of
log(k) vs1 requireax to be <1, which, for a molecule like
BPTI, would occur only at very low ionic strengths. Under
the present circumstances, is larger than unity. The salt-
dependent term should then be approximated by(1/ax),
predicting linear plots of lod vs 1#/1. This transforma-
tion is also derived from the much simpler GetChapman
model (McLaughlin, 1989). Substituting’l_ for 11 in
Figure 3, however, results in pronounced curvatures for the
majority of the plots. In a study of salt effects on acid
dissociation constants in BPTI, Shire et al. (1974a,b) also
found the simple DebyeHickel transformation to be
superior to linearizations derived from the Tanfetgirk-
wood model.

The correlation of the salt effects with calculated local

4) compare reasonably with rates previously determined by electrostatic potentials is tested in Figure 4. The electrostatic

1D NMR (Tichsen & Woodward, 1985a, 1987). The£-

potentials are obtained from the Poiss@oltzmann finite

fold faster rates obtained here are, in part, explained by thedifferences calculation (Warwicker & Whatson, 1982; Al-

difference in experimental temperature. Larger]1P-fold,

lison et al., 1988) and refer to the BPTI crystal form Il

discrepancies between base-catalyzed rates in Table 4 andtructure (Wlodawer et al., 1984). Electrostatic potentials

those of Wagner and Wrich (1982) probably are due to
incomplete quenching of the exchange during the 12 h
acquisition of NMR spectra in their experiments.

relating to acid-catalyzed rates were calculated with all
carboxyl groups protonated, and potentials relating to base-
catalyzed rates were calculated with the carboxylic groups
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Ficure 3: Effects of salt concentration on hydrogen exchange rates. Exchange rates are measut€datiZbrrected to pH 2.34 (frame
a—c) and pH 5.29 (framef). The assignments are (a), Ala-27; 0O, Leu-6;®, Cys-5;0, Leu-29; (b)O, Gly-28; ®, Glu-7;0, Lys-41;
(c) a, Val-34; 0, Thr-32;@, Cys-14;00, Thr-54; (d)A, Thr-54;0, Leu-6;®, Glu-7;0, Asn-44; (e)a, Lys-26;0, Lys-41;@, Arg-53; 0,
Leu-29; (f) A, Cys-5;0, Cys-55;@, Tyr-35.

Table 4: Salt Effects on Hydrogen Exchange in BPTI

acid catalysis

base catalysis

K Kon

(I =0y B (I =0y B PHumird
Cys5 518 1.330.01 10.24 —0.04+0.05 2.9
Leu-6 11.50 1.04-0.01 2.44 028-0.05 3.1 (3.0
Glu-7 50.50 —0.49+ 0.05 0.47 —0.08+0.02 3.1
Cys-14 6.33 0.5%0.04 2.9
Lys-26 30.05  0.26: 0.04 (2.5)
Ala-27 793.96 0.1 0.06 (3.0)
Gly-28 65.22 0.28:0.01
Leu-29 3.39 0.30:0.01 0.19 —0.57+£0.01 3.9
Thr-32 20.46 0.4% 0.01 2.7
val-34 49.17 0.82:0.01 (2.8)
Tyr-35 0.12 —1.93+0.02
Lys-41 401 072001 11.01 —0.84+0.04 3.0 (2.9
Asn-44 0.14 —1.33+0.02
Arg-53 0.93  0.26:0.02 (3.9)
Thr-54 2,55 0.94:0.01 16.27 —0.68+0.01 3.0
Cys-55 1.62 —0.53+ 0.03

a Acid-catalyzed rate constant (0 M~! min1). ® Salt effects
measured as slopes of the Debyéekiei plots (M3, including
standard derivation$.Base-catalyzed rate constant {20! min™2).

4 pHmin = Y2[pKw + log(kn/kon)] whereky andkoy refer to 0.3 M salt,
pKw = 14.85.¢ Tiichsen and Woodward, 1985d&.iichsen et al., 1987.

9 Tuchsen and Woodward, 1987.

ionized. All atoms were supplied with fractional dipolar

charges. Potentials were extracted from the grid and are identical, within error: 0.65 0.12 for the combined
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Ficure 4: Salt effectsB, vs zZ¥ wherez is the catalyst charge and

W is the electrostatic potential calculated for peptide group locations
in the crystal form Il structure.®) Acid-catalyzed exchange at
pH 2.3; @) base-catalyzed exchange at pH 5.3. Closed symbols
are used for the data from Table 4, open symbols for data from
Tuchsen and Woodward (1985, 1987). Calculated potentials are in
arbitrary units and are averaged over the atom sites of C, N, and O
for acid catalysis and over C, N, and HN sites for base catalysis.
A field offset of 0.43 units, due to uneven cancellation of permanent
dipoles, is subtracted from calculated potentials. The correlation
coefficient for the data from Table 4 is 0.77.

averaged over the sites of C, N, and O for acid catalysis, data and 0.8 £0.3) and 1.0 £0.7) for acid- and base-
and over C, N, and HN for base catalysis. Linear regression catalyzed data, respectively.

of the data in Figure 4 provides a correlation coefficient

Calculated electrostatic energies were somewhat dependent

= 0.77 for the combined acid- and base-catalyzed data.on values chosen for the Debyelickel screening factor
Linear regression for the acid-catalyzed data alone gives and the dielectric constant inside the protein, For the

= 0.70. The correlation is less impressive for the base- acid-catalyzed data, however, the overall correlation was not
catalyzed datar = 0.42. The slopes of the regression lines seriously affected foe, varying between 1 and 40, nor by
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screening factors corresponding te-T0 M salt. Highep and base-catalyzed data. The lower correlation, however,
and screening factors tended to reproduce better a lowcan be taken to imply that base-catalyzed exchange requires
electrostatic field near the Glu-7 peptide bond. The cor- larger excursions of the protein conformation than does acid-
relation for base-catalyzed data could be improved by catalyzed exchange. The mechanism for base-catalyzed
somewhat unrealistic choices for these parameters. Theexchange suggests that a hydroxyl ion removes the peptide
choice of atomic charges had a considerable effect on theH, producing an anion intermediate (Hvidt & Nielsen, 1966).
outcome of the calculation. Similarly, slightly altered This requires the structure to allow space close to NH for
conformations like those inherent in the 1PIT data file in the hydroxyl ion.

the Brookhaven Data Bank (Berndt et al., 1993) failed to  Since solvent ionic strength affects all electrostatic interac-
provide any visible correlation, at least for the first 10 of tions in the protein, diminutive conformational changes could
the entries. The calculation sometimes seems to misfocusoccur in response to salt concentration and give rise to
the potential wells. For example, in the pH 5.3 calculation, complicated additional terms in the salt effects. Such effects,
the lowest of all potentials is calculated for the Glu-7 peptide if important, would add to the scatter data in Figure 4. This
group, while the Leu-6 peptide group is the one showing complication cannot be excluded, although an analysis based

the inverted salt effect, at that pH. on coupling constants in NMR spectra failed to provide
evidence for salt-dependent conformational changes. Un-
DISCUSSION fortunately, NMR chemical shifts, which are much more

Acid-Catalyzed ExchangeThe data presented above sensitive to subtle structural changes, are not useful in this
provide support for the idea that hydrogen exchange occursCONext, because of their primary electric field dependency.
while the protein is in a conformation similar to the time- EXPeriments have shown that the terminal salt bridge in BPTI
averaged structure, at least for the acid-catalyzed reactionlS uUnaffected by salt concentrations in the range2M
The salt effects on the exchange reaction are expected tdUnpublished data). _
report the electrostatic potentials experienced by the exchange The base-catalyzed salt effects that seem particularly to
transition states. The close correlation between salt effectsoffend the correlation are the inverse ones. These suggest
and electrostatic potentials calculated for the crystal structurethat the exchange takes place in a perturbed conformation
then indicates that the exchange transition state is well iN Which electronegative atoms, or a negative charge other
described by the crystal structure. The correlation coef- than the catalystion, is in close proximity to the exchanging
ficient, r = 0.70, between salt effects on acid-catalyzed peptide NH. The smaller correlation coefficient for base-
exchange and calculated electrostatic potentials could not becatalyzed salt effects could well be due to most of the NH
expected to be any higher, given the methods applied. groups in the sample being more buried and H-bonded (Table

For most of the peptide groups in our data set, this 4). ) ] . )
conclusion is well accounted for by the imidic acid mech-  Buried Amide GroupsWhile most of the peptide groups
anism for acid-catalyzed exchange (Perrin, 1989). For 7 of of the current data set are in relatively close contact with
the 11 peptide groups in the data set, the carbonyl oxygenthe surrounding solvent, res_ldues Cys-5, Leu-6, Tyr-35, a_md
atoms are almost fully embedded in bulk water (Table 3). ASn-44 are completely buried. The salt effects on acid-
These can easily combine withtt¢atalyst, without the need ~ Catalyzed exchange of Cys-5 and Leu-6, and base-catalyzed
for any perturbation of the structure. Clearly, subsequent €xchange of Tyr-35 and Asn-44, are among the largest salt
steps in the exchange event require breakage of NH hydrogerfffécts observed. They report particularly high positive
bonds, if present, and a conformational opening to allow electrostatic potentials. These potentials are well accounted
solvent access. These steps include the formation of a strond®r P the electrostatic calculation, which in general provides
imidic acid, the transfer of imide H to a suitable acceptor, much higher potentials for the low dielectric protein interior
and the reversal of this sequence by attachment of a protonthan for the exterior regions of the protein. The buried amide
originating from the solvent. If NH forms an H-bond inthe 9roups thereby become strong supporters of the correlation
time-averaged structure, then the H-bond acceptor mightbetween salt effects and electrostatic effects based on the
accommodate the imidic proton, initiating an exchange event CTystal structure. A similar point was made previously, based
in a deeply buried peptide group @sen & Woodward, on the exchange kinetics of histidine side chains (Bradbury
1985b). In any case, the breakage of the hydrogen bond®€t a_I., 1_980). Perturbed<pvalues for buried h|st|Q|ne §|de
and the actual exchange are then secondary events followin{halns in RNAse were found to be reproduced in their C-2

the protonation of carbonyl O. This mechanism is unlike Nydrogen exchange kinetics. This shows that the exchange
that in Scheme 1. It could symbolically be written as in '€action occurs in a conformation similar to crystal structure

Scheme 2: (Woodward et al., 1982). Our next study will focus on the
buried amide protons from the slow-exchange core of BPTI.
Scheme 2 Salt effects on acid- and base-catalyzed exchange are
expected to report different electrostatic potentials, due to
ce= [O] — X different environments of peptide O and NH target sites for

the catalysts. For Cys-5 and Leu-6, this difference is larger
Base-Catalyzed Exchangdlthough the correlation be-  than that for other peptide groups in our data set. An
tween the salt effects on base-catalyzed exchange and thadditional term for these groups is due to the ionization of
electrostatic potentials is much less than for acid-catalyzedthe Glu-7 side chain at high pH. The electrostatic calcula-
exchange data, the idea of close proximity of the “O” tions do, to a considerable extent, account for these differ-
conformation to the time-averaged structure is still viable ences for Cys-5 and Leu-6.
for most of the peptide groups. This is especially due to  Origin of the Salt Effects.A matter of concern for our
the coinciding slopes of the regression lines through the acid- interpretation is the possibility of hysteresis in establishment
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of the electrostatic polarization of the solvent. It is therefore
of interest to investigate whether the lifetime of “O”
conformations is long enough for solvent polarization to
establish itself. The dielectric relaxation rate of the solvent
is well known from conductivity measurements (Johri &
Roberts, 1990; Kaatze, 1989; von Hippel, 1988; Mashimo
et al.,1987; Schmid & Larsen, 1938). A sharp rise in the
conductivity at frequencies in excess of %300° Hz
indicates the limit of interest. This frequency coincides with
the rotational correlation times for surface water on BPTI
(Denisov & Halle, 1995). For the “O” conformation to be
sufficiently long lived for dielectric polarization of the solvent
to occur, k; in Scheme 1 must be less than that limit.
Unfortunately k, can be measured only under circumstances
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Harvey, S. C. (1989Proteins 5 78—92.

Hayward, A., Kitao, A., & Go, N. (1993Protein Sci. 3 936—
943.

Hvidt, Aa. (1973) inDynamic Aspects of Conformation Changes
in Biological Macromolecule¢Sandron, C., Ed.) pp 163115,
D. Reidel, Dordrecht, The Netherlands.

Hvidt, Aa., & Nielsen, S. O. (1966Adv. Protein Chem. 21287—
386.

Johri, G. K., & Roberts, J. A. (199Q). Phys. Chem. 947386~
7391.

Kaatze, U. (1989)). Chem. Eng. Data 3871-374.

Kakuda, Y., & Mueller, D. (1975Arch. Biochem. Biophys. 171
586—596.

Kakuda, Y., Perry, N., & Mueller, D. D. (1971)) Am. Chem. Soc.
93, 5992-5998.

Kim, P., & Baldwin, R. L. (1982)Biochemistry 211—5.

Lee, B., & Richards, F. (1971). Mol. Biol. 55 379-400.

where the equilibration between the C and O conformations Leichtling, B. H., & Klotz, I. M. (1966)Biochemistry 54026

is rate limiting [i.e., ks + k) < ks]. Published values for

k. under such conditions are in the I'srange at low
temperatures and may increase t6<0 at high temperatures
(Woodward & Hilton, 1980; Roder et al., 1984; Pedersen et

al., 1993). These conditions are observed for exchange thatredersen, T. G., Thomsen, N. K., Andersen, K. V., Madsen, J. C.

involve major unfolding/refolding processes.

Under the conditions in the present experiment, however,

the pH dependence & fully penetrates the observed pH
profiles (Tichsen & Woodward, 1985a, 1987), requiring the
preequilibrium to be fast kf + k) > kg] (Hvidt, 1973).

4027.

Mashimo, S., Kuwabara, S., Yagihara, S., & Higasi, K. (1987)
Phys Chem. 916337-6338.

McLaughlin, S. (1989)Annu. Re. Biophys. Biophys. Chem. 18
113-136.

& Poulsen, F. M. (1993)). Mol. Biol. 23Q 651-660.

Perrin, C. (1989Acc. Chem. Res. 2268-275.

Press, W. H., Flannery, B. P., Teukolsky, S. A., & Vetterling, W.
T. (1990) Numerical Recipes in Pascalhe Art of Scientific
Computing Cambridge University Press, New York.

Roder, H., Wagner, G., & Whrich, K. (1984)Biochemistry 24

Such (EX2) kinetics may be observed at pHs as high as 11  7396-7407.

(Woodward & Hilton, 1980) or higher (Hvidt, 1973). This
requiresk, to be larger than, at least, 4672, leaving only
3—4 orders of magnitude fde¢, to vary without jeopardizing
the condition ok, being less then the water relaxation rate.
The consequence of that condition not being filled presum-
ably would be cancellation of the salt effects for “O”
conformations that are significantly different from the static
structure, in contrast to the observation in Figure 3. Alter-
natively, if the “O” conformations are like extremes of
normal mode fluctuations (Hayward et al., 1993), the bulk
solvent might be left relatively unperturbed, and the salt
effect might correlate with the electrostatic potentials of the
average structure, as observed.
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