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ABSTRACT: Using magnetic relaxation dispersion (MRD), we have previously shown that the four internal
water molecules in bovine pancreatic trypsin inhibitor (BPTI) exchange with bulk water on time scales
between 108 and 10“ s at room temperature. Because this exchange is controlled by the protein structure,
internal water molecules can be used to probe rare conformational fluctuations. Here, weHieguoait

170 MRD data at three temperatures for wild-type BPTI and two BPTI variants where thg8ldisulfide

bond has been cleaved by a double CysSer mutation or by disulfide reduction and carboxamido-
methylation. The MRD data show that the internal water molecules are conserved on disulfide cleavage.
However, the exchange rate of the water molecule buried near the disulfide bond is enhaneetl by 2
orders of magnitude. The relation of water exchange to other dynamic processes in BPTI is discussed.

The exceptional stability of bovine pancreatic trypsin C14-C38
inhibitor (BPTI)* with respect to heat and solvent denatur-
ation is largely due to three disulfide bonds, which lower
the conformational entropy of unfolded conformet$. (f
all three disulfides are reduced, BPTI unfolds even under
physiological conditions. The oxidative folding pathway of
fully reduced BPTI involves several intermediates with non-
native disulfide pairings and has been elucidated in great
detail @, 3). Two of the disulfide bonds (555 and 36-51)
in BPTI are completely buried in the hydrophobic core,
but the third one (1438) is located on the protein surface
with about 50% solvent exposure of the sulfur atoms. The
14—38 disulfide bridges two extensive loops, comprising
residues 817 and 36-44 (4), that contain most of the
primary, 13-18, and secondary, 349, proteinase binding
loops responsible for the extremely tight associatign~

S a1 . . i . N
10% M ) of BPTI with bovine-trypsin (). The rigidity Ficure 1: Location of the internal water molecules (W111, W112,

of th_ese loops is th°“9_ht to be essential for the inhibitory W113, and W122) and the three disulfide bonds in the crystal
function of BPTI €). While the backbones of the two loops  structure of BPTI 4).

are connected by only two intramolecular hydrogen bonds
(16 N—36 O and 36 N-11 O), additional stabilization is  hydrogen bonded to the protein, forming an integral part of
provided by buried water molecules. the native BPTI molecule. Altogether, they are involved in
All reported crystal structures of wild-type BPTT<9) 13 hydrogen bonds with the protein by with each other,
locate four water molecules in the deep groove between thepridging the backbones of the two loops in four places:
two loops (Figure 1). These four internal water molecules, Tyr10 N—-W112—-Asn43 O, Lys41 N-W113-Tyrl0 O,
labeled W111, W112, W113, and W122, are extensively Cys14 N-W122-Cys38 O, and Cys38 NW122-Thrl1l
" This work was supported by the Swedish Research Council O. These four wgter molequles should therefore .be present
*To whom correspondence should be addressed. Fax: 46-46- at the same locations also 'n_ solutiaf), (an expectation that_
2224543, Tel: 46-46-2229516. E-mail: bertil.halle@bpc.lu.se. has subsequently been confirmed by several NMR relaxation
zléund Uﬁivirﬁ(ig)/- AG studies 10—13). Although they can be considered as an
1Ag)t/>$éviaei?ons: aI;ePTI, bovine pancreatic trypsin inhibitor; BPTI- extension of the prOtel.n structure, all four internal water
CS, BPTI double mutant C14S/C38S; BPTI-RCAM, BPTI variant Mmolecules exchange with bulk water on the nanosecond to
where the 1438 disulfide bond has been cleaved by selectively millisecond time scale. The three mutually hydrogen-bonded

reducing and carboxamidomethylating C14 and C38; BPTI-R and BPTI- ; ;
RM, 14-38 reduced BPTI variants with free thiols and methylated Intema.ll water molec;ées W]él_lNlls ?ave mean res.ldence
thiols, respectively; CD, circular dichroism; MRD, magnetic relaxation UMES In the range 160—-10° s at 27°C (12). The singly

dispersion. buried W122 exchanges more slowly, with a residence time
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of 170+ 20 us at 27°C (13), presumably because of the absorbance at 412 nm of ca. AW protein solutions in 0.1
nearby 14-38 disulfide bond. M phosphate buffer (pH 7.3) and 1 mM EDTA was measured
In the present work, we assess the role of the-38& before and after addition of 10L/mL freshly prepared 15

disulfide bond in maintaining the native protein structure and MM DTNB (in the same buffer). The difference was
in suppressing conformational fluctuations. Specifically, we corrected by the absorbance of the same amount of DTNB
examine the effect of cleaving the 488 disulfide on the  in the pure buffer. The concentration of free thiols was
integrity and exchange kinetics of the internal water mol- calculated using an apparent extinction coefficient for the

ecules. To this end, we use wafét and 2’0 MRD mea- 2-nitro-5-thiobenzoate anion of 13.9 micm™2. The latter
surements to probe the internal water molecules in wild- was obtained from a separate assay with cyster@8¢o;
type BPTI and in two BPTI variants where the-128 di- Sigma) and reduced dithiothreitol, with concentrations

sulfide bond has been cleaved either by the double mutationcalculated on the basis of dry weight. This procedure yielded
C14S/C38S or by selectively reducing and carboxamido- @ free thiol concentration (in moles of SH per mole of
methylating C14 and C38. We refer to these BPTI variants protein) of 2.1+ 0.1 before and 0.002 0.003 after blocking

as BPTI-CS and BPTI-RCAM, respectively. the protein with iodoacetamide.

Because of its exposed location, the-B8 disulfide bond _Protein solutions for MRD measurements were made by
can be selectively reduced while leaving the other two di- dissolving the lyophilized protein in a 50:50% w/w mixture
sulfide bonds intactlf4, 15). To prevent reoxidation, the free  Of D20 and HO enriched to 35% iRr’O (both from Cam-
thiols are often blocked, e.g., by methylation or carboxami- bridge Isotope Laboratories). No buffer was used. The pH
domethylation {6). In the following, we refer to 1438 value (W|thout_ correction for isotope effects) was adjusted
reduced BPTI variants with free thiols or with methylated {0 5.2 by adding small amounts of concentrated HCI. The
thiols as BPTI-R and BPTI-RM, respectively. Although BPTI-RCAM solution was centrifuged several times to re-
cleavage of the 1438 disulfide reduces the stability of BPTI ~Move a small fraction of aggregated protein, whereafter the
toward heat and solvent denaturatid7+£20), BPTI-R and sample remalngd clear for several months. The absorbance
BPTI-RCAM are still capable of inhibiting-trypsin as &t 280 nm of wild-type BPTI, BPTI-CS, and BPTI-RCAM
long as proteolysis does not interfefiel(16). Several studies ~ Samples was 73.& 2.0, 72.8+ 2.0, and 72.8+ 2.0,
of the folding pathway of BPTI have employed mutants respectively. Protein concentrations of wild-type and mu-
lacking the 14-38 disulfide bond, specifically C14A/C38A  tant proteins in the MRD samples were determined by
(21—24), C14T/C38T 1), and C14S/C3826), which all completg amino acid analysis, yielding 13[:40.3 mM. for
appear to be very similar to the reduced and alkylated Poth. This corresponds to a water/protein mole rétio=

variants, such as BPTI-RM and BPTI-RCAM. 3870+ 80. . o
Relaxation Dispersion Measuremeni&he longitudinal
MATERIALS AND METHODS relaxation ratesR;(wo), of the wate’H and*’O resonances

were measured as described previously, (31) at 10
Materials. The BPTI mutant Metf1)-C14S/C38S (BPTI-  magnetic fields in the range 0.384.1 T using five Bruker
CS) was prepared according to the procedure described forand varian NMR spectrometers with four fixed-field cryo-
the G36S and Y35G mutant8§, 27). The purified (96%)  magnets and a field-variable iron magnet. The sample
protein was lyophilized as a salt of trifluoroacetic acid. Both temperature was maintained withir0.1 °C of the target
the BPTI-CS mutant and wild-type BPTI (bovine aprotinin; value (4, 27, or 55C) by a thermostated air flow. THéd
Trasylol) were desalted by extensive dialysis against pure and 70 relaxation ratesRuui, of a bulk water reference
water, followed by lyophilization. sample, with the same solvent isotope composition as in the
BPTI with the 14-38 disulfide bond selectively reduced protein solutions, were also measured at each temperature.
and carboxamidomethylated (BPTI-RCAM) was prepared The MRD profiles were modeled with a single correlation
according to procedures described in the literat@rk 28, time according to 32)
29). The lyophilized protein was quickly dissolved (at 185
uM) in 0.1 M Tris-HCI buffer (pH 8.7), LmM EDTA, and R (4) = R, + o + fr|— 22— + 08
10 mM reduced dithiothreitol X97%; Wako) and incu- 1o ulk T+ (wgr)® 1+ (2wg)?
bated for 24 min at room temperature. The reaction was (1)
quenched by shifting the pH to ca. 1.5 by addition of formic
acid to 16% v/v. The solution was dialyzed against 5% wherew; is the variable (angular) resonance frequency. The
formic acid (pH 1.5-1.7) and 1 mM EDTA and lyophilized.  high-frequency relaxation excess= Ri(wo > 1/7c) — Rouic

To block the free thiols, the protein powder was dissolved represents the contribution from mobile water molecules at
(at 55 mM) in 10 mM HCI and then diluted 10-fold with a the protein surface and can be expresse(ﬁab (

solution of 0.1 M Tris-HCI (pH 8.7), 1 mM EDTA, and 10
mM iodoacetamide (Sigma). The reaction was quenched after Ng ( s 1)
u

30 min of incubation at room temperature in the dark by a= N_T

adding formic acid to 28% v/v. The solution was again

dialyzed against 1% formic acid and pure water and then whereNs is the number of water molecules in contact with

lyophilized. the protein surface, estimated as 268 for BP33)( s the
The concentration of free thiols in the selectively reduced average of the (local) rotational correlation time of these

protein before and after blocking with iodoacetamide was water molecules, and,,k the rotational correlation time of

checked by reaction with Ellman’s reageB0) and 5,5 bulk water. The ratiorg/Tpuk is known as the rotational

dithiobis(2-nitrobenzoic acid) (DTNB, 99%; Aldrich). The retardation factor.

(2)

Ik
Toulk
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The dispersion amplitude parametgr,is given by 82) The MRD data are reasonably well described at all
temperatures by a dispersion function with a single correla-
tion time, 7., as in eq 1. However, in nearly all cases small
systematic deviations are evident, and fits of significantly
higher quality can be obtained by invoking two corre-
whereN; is the number of long-lived internal water molecules lation times. The observed deviations from a Lorentzian
in the protein,S is their (root-mean-square) orientational (single correlation time) dispersion law are indeed expected
order parameter, andg is the watePH or O rigid-lattice on several grounds. First, over the temperature range
nuclear quadrupole frequency. Since the ice |h quadrupoleexamined here, the most long-lived of the internal water
frequencies used hereg = 7.61 x 1P rad s'* for O and molecules in wild-type BPTI, W122, is in fast to inter-
8.70 x 10° rad s' for 2H) incorporate the asymmetry mediate exchange fofH and slow to intermediate ex-
parameter of the electric field gradient tensor and are change for’O (13). When an internal water molecule
corrected for librational averagin@T), the order parameter makes a significant contribution to the dispersion without

B= M(w S)? 3)
N @

S has a maximum value of unity for botfO and?H (S = being fully in the fast-exchange limit, the effective correla-
0.94 for water molecules in ice Ih). tion time, 7., will be shorter than the rotational correlation
The molecular interpretation of the correlation time, time, tr, of the protein (see eq 5). Second, at the protein

and the dispersion amplitudé, depends on the relative time  concentration used here, we expect that a few percent of the
scales of molecular exchange and nuclear spin relaxation ofBPTI molecules self-associate into decam8gy.([Because

the internal water molecules. The time scale for exchangethe 14-38 disulfide bond is on the exposed outer surface of
of an internal water molecule with bulk water is characterized the decamerds), its cleavage should not significantly affect
by the mean residence timey, in the internal hydration  the monometdecamer equilibrium.] Despite their small
site. In the so-called fast-exchange limity is short population, the decamers contribute significantly to the
compared to the intrinsic spin relaxation tinig, of the low-frequency part of the dispersion profile since their
internal water molecule. Becauggincreases monotonically  rotational correlation time is 8 times longer than for the
with the resonance frequenays, the dispersion profile can  monomer 84). Third, labile BPTI hydrogens contribute to

be analyzed in the fast-exchange limit onlyrif < Ti(0),  the?H dispersion at 53C with effective correlation times
vv_here the zero-frequency intrinsic spin relaxation rate is that depend on the hydrogen exchange rates. Finally, a few
given by Ti(0) = (wg®S?r) . partially buried water molecules in surface pockets (possibly

An internal water molecule may contribute significantly including W111) may, depending on the temperature, have
to the dispersion profile even if it is not fully in the fast-  residence times longer than 1 ns but not much longer than

exchange limit. The resulting dispersion profile can still be 7. They will then contribute to the high-frequency part of
described by eq 1, but the parametgr®r N;) andz. must the dispersion.

then be regarded as apparent quantities, related to the

molecular parametes andr. through 82) Although the increase from three to five adjustable

parameters is justified by the statisti¢atest, the resulting
parameters have large covariances and are sensitive to small
(4) . o
measurement errors. To obtain robust results, it is then
necessary to hold at least one correlation time fixed during
the fit. However, because of the several temperature-
app _ 2 -1/2 dependent intermediate-exchange and self-association effects,
Te = Tl (0g8) 7wl ©) the correlation times cannot be predicted with useful ac-
In the fast-exchange limit, whergy < (0g?S%)~%, these curacy. With MRD data extendiqg over less than 2.deca.des,
we must therefore resort to single correlation time fits.
Because fits with one or two (fixed or adjustable) corre-
lation times yield similar values for the total dispersion
amplitude 3, or the derived quantitN®*"S?, we believe
that these parameters are robust, even if the accuracy is

decoupled. (The transition from the fast-exchange to the SCmewhat lower than the quoted precision. The apparent
slow-exchange limit is graphically illustrated in Figure 3 of COrrelation timez., derived from the fits is affected by the
ref 13)) aforem_entloned complications, but it is not essential for our
The correlation timeg., measures how quickly an internal ~ 2nalysis.
water molecule loses “memory” of its orientation (with Circular Dichroism Measurement&:D measurements on
respect to the external magnetic field). This orientational ca. 0.2 mM solutions of BPTI-CS or BPTI-RCAM in @
randomization can occur by either of two processes: by at pH 4.6 were performed with a JASCO J-720 spectropo-
rotational diffusion of the protein, with rotational correlation larimeter, equipped with a PTC-343 Peltier-type variable-
time g, or by transfer to the bulk solvent, where a water temperature cell. Temperature scans at 275 nm were per-
molecule rotates 3 or more orders of magnitude faster thanformed between 25 and 9 with a resolution of 1°C.
7r. Because these two processes are independent, their rateBhe thermal denaturation curves resulting from averaging
are additive 82): 1h. = lhr + 1lhw. On the basis of  of the forward and reverse scans were fitted using a two-
previous studies of BPTL{(—13), we assume thaty > tr state (single-transition) model. Since the high-temperature
for the internal water molecules responsible for the disper- slope of the curves could not be accurately estimated from
sion. We can then set = g in egs 1, 4, and 5. the data, it was set to zero in the fits.

Nlapp: N1+ (CUQS1)2chW]_l/2

and

expressions reduce tH**° = N, and 72" = 7.. In the
opposite, slow-exchange, limit, wherg > (wq?S%rc) %, the
internal water molecule does not contribute significantly to
the observed dispersiolN{” < N)) since the relaxation of
the internal and bulk water magnetizations are dynamically
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FiGUrRe 2: CD temperature scans at 275 nm from 0.2 mM solutions 0 0
of BPTI-CS (squares) and BPTI-RCAM (diamonds). The curves Ficure 3: Dispersion of the watet’O (left) and 2H (right)
resulted from fits based on a two-state model. The insert shows longitudinal relaxation rate in aqueous solutions of wild-type BPTI
spectra in the near-UV range at room temperature, with the wild- (circles), BPTI-CS (squares), and BPTI-RCAM (diamonds) at 4,

type BPTI spectrum (dashed) as a reference. 27, and 55°C. The estimated error bars are comparable to the size
of the data symbols. The curves resulted from Lorentzian fits
RESULTS according to eq 1. For each temperature, the bulk relaxation rate,

Rouik, is indicated by a line segment on the right.

Thermal Stability of BPTI Disulfide Variant3.he near-
UV CD spectra of BPTI-CS and BPTI-RCAM (Figure 2, Table 1. Results qf Single Correlation Time Fits?# and’O
insert) demonstrate that the tertiary structure is intact in the MRD Data from Wild-Type BPTI, BPTI-CS, and BPTI-RCAM at
selectively reduced BPTI variants. The small deviations from pH 5.2
the spectrum of wild-type BPTI can be attributed to the _ BPTI  nucleus T(°C) 7dzpuk N**S? 7 (ns) Rouk(s™)
modified 14-38 disulfide bond and to the nearby TyrZ®). wild type O 4  47(1) 1.9(1) 5.1(2) 305@)

The temperature scans at 275 nm (Figure 2) are characteristiccS e 4 52(1) 25(1)  5.8(2)
of a single (two-state) transition, with nearly complete 9 4 50() 25 7.1(2)
9 : y p wildtype Y0 27 49(1) 1.9(1) 3.7(1) 151(2)
denaturation at 90C. cSs 170 27  53(1) 2.6(1) 4.3(1)
From the CD data in Figure 2, we obtained denaturation RCAM o 27 52(1) 26(1) 5.0(1)

L o i wildtype YO 55  5.1(2) 2.3(1) 2.4(1) 81.2(8)
midpoint tempoeratures'ljm, of 71.8+ 0.1 °C for ?PTI CSs S 176 55  47(2) 220) 250)
and 74.5+ 0.1°C for BPTI-RCAM, about 26-25°C below RCAM 170 55 5.6(2) 2.1(1) 3.0(1)

Tn, for wild-type BPTI. OurT,, value for BPTI-RCAM is wild type  2H 4  47(1) 24(1) 8512 4.03(4)
consistent with the previously reported value of G for Cs zH 4 5001) 31(1) 8.8(1)

this variant in BO at pH 5.3 87). In the BPTI-CS mutant, \'?VﬁdAtM o 2: 2‘; 55’91((?) 2?3&)) 12'%83 2.01(2)
the disulfide bond is presumably replaced by a hydro- g P 24 27 54(1) 27(1) 45(1) '

gen bond between the hydroxyl groups of S14 and S38. In RCAM 2H 27  56(1) 29(1) 5.1(1)
BPTI-RCAM, the asparagyl group attached to each of the wild type EH 55 6.5(3) 3.8(1) 2.2(1)  1.09(1)
sulfur atoms can also form a hydrogen bond. €5 H 55 86(1) 19(2)  2.6(2)

. . RCAM H 55 75(2) 2.8(1) 2.6(1)
MRD Profiles. Figure 3 shows thé’O and?H MRD —
a2 Numbers within parentheses are parameter errors (one standard

profiles from 13.4 mM solutions of wild-type BPTI, deviation) in the last position, obtained by the Monte Carlo method

variant, MRD measurements were carried out at three
temperatures: 4, 27, and 88. According to the CD data  N*"S?, and z., obtained from fits to each profile, as de-
in Figure 2, less than 2% and 3% of BPTI-RCAM and scribed in Materials and Methods, are collected in Table 1.
BPTI-CS, respectively, is in the denatured state afG5 The high-frequency plateau of the dispersion profile is only
Therefore, the MRD data refer to the native (fully folded) affected by mobile water molecules at the protein surface.
forms of the three BPTI variants. The dispersions observed The relaxation exces$; — Rouk, at the plateau provides

in the frequency range-1100 MHz are produced by the information about the average rotational correlation tirae,
internal water molecules in BPTI. At pH 5.2, the contribution of all water molecules interacting with the external sur-
to the?H dispersion from labile BPTI hydrogens is negligibly face of the protein. This parameter is usually expressed
small at 4 and 27C (31) but not at 55°C (see below). The relative to the bulk water rotational correlation tingy,
MRD data are reasonably well described at all temperaturesas the so-called rotational retardation factefsnux. The near

by a dispersion function with a single correlation timg, convergence at high frequencies of the three MRD pro-
as in eq 1. The values of the three parameteg&pui, files at each temperature (Figure 3), and the similar values
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of t/Thuik Obtained from the fits (Table 1), demonstrates that
the surface hydration is virtually the same for BPTI-CS and
BPTI-RCAM as for wild-type BPTI. This observation is
consistent with previous studies, showing that cleavage of
the 14-38 disulfide bond (and blocking of the free thiols)
only affects the protein structure locallyq, 29, 37—40).

At 4 and 27°C, the?H and’O data yield the same rotational
retardation factor, as expected for nearly isotropic water
dynamics in the hydration layei3?). The largerts/toui
values derived from théH data at 55C indicate that about
one-third of the high-frequency relaxation excess is contrib-
uted by labile BPTI hydrogens in fast or intermediate
exchange with water hydrogens at this temperature. Exclud-
ing the 55°C 2H data, we find no significant temperature
dependence ing/tuLuk, and the average over the 15 data sets
is 5.1, in agreement with the previously determined value
of 5.5+ 0.4 for BPTI (L1, 33) and the mean value of 54

0.6 for 11 proteins41).

The effective correlation timer,, obtained from the
Lorentzian fits in Figure 3 may be compared to the expected
rotational correlation timegg, of monomeric BPTI. The best
available estimate ofr comes from &°N relaxation study
of 3 mM BPTI (at this low concentration the decamer
population is negligible) in 10% D, pH 4.7, and 25C
(42). Assuming thatrg is proportional ton/T and scaling
the >N result to the viscosity of our isotope-enriched water,
we obtaintg = 7.6, 3.6, and 1.9 ns at 4, 27, and %5,
respectively. The modest deviations of the effectiven
Table 1 from theserg values can be attributed to self-
association of a small fraction of the BPTI molecules and to
variations in the effective correlation time of the several long-
lived water molecules responsible for the dispersion (see
Materials and Methods). With its smaller quadrupole fre-
qguency,wq, the ?H isotope is more sensitive to self-asso-
ciation and therefore yields longey values. The BPTI-CS
mutant yields essentially the samg as wild-type BPTI,
despite the additional N-terminal methionine residue in the
mutant. The slightly longet. for the BPTI-RCAM variant
may be a direct effect of the blocking groups on the protein
rotational friction or an indirect effect of these groups on
protein—protein interactions and self-association (see Materi-
als and Methods).

Internal Water MoleculesThe focus of this work is on
the parameteN;""S?, the product of the apparent number
of long-lived water molecules and their mean-square orien-
tational order parameter. Here, “long-lived” means that the
water residence timeyy, is longer than about 1 ns. Previous
MRD studies have established that the only long-lived water

Denisov et al.
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FicURE 4: Samée’0O MRD data as in Figure 3 but scaled according
to RySeaed= (R; — Ryuk — o)Nt/(wq?te) and presented separately
for 4 °C (left), 27°C (middle), and 55C (right). The curves were
scaled in the same way as the corresponding data points. The
symbols refer to wild-type BPTI (circles), BPTI-CS (squares), and
BPTI-RCAM (diamonds).

3 4°C

LF

0)0 Tc

Ficure 5: Same?H MRD data as
Figure 4.

in Figure 3 but scaled as in

molecules.) Because we cannot separate the water and labile
hydrogen contributions, we exclude the 852H data from
the following analysis.

To visualize differences iMN?*'S?2 among the BPTI
variants, it is helpful to scale the relaxation rates according
to RySe@ed= (Ry — Ryuk — a)Nt/(wo?te) (12, 27). According
to egs 1 and 3, the low-frequency limit of the scaled
dispersion profile directly yields the quantity®"S2. In
Figures 4 and 5, the scalédD and?H dispersion profiles

molecules in BPTI at the temperatures investigated here areyre plotted against the dimensionless frequency variagie

the four internal water moleculed1—13). If the residence
time is sufficiently long, the fast-exchange condition
(woS)%rrtw < 1 is violated. As shown by eq AP will
then be smaller than the actual numbidy, of long-lived
water molecules.

The exces$H relaxation at high frequencies (and the
derived parameters/tyy)) indicates a significant contribution
from labile BPTI hydrogens at 5%. The largeH dispersion
amplitude at 55°C, corresponding tiN?""S2 = 3.8 (Table
1), also suggests a labile hydrogen contribution. (The smaller
NPPS2 values for the disulfide-cleaved variants might be
explained by fast 180flips at 55 °C of internal water

to remove the effect of the slight variation in the correlation
time ..

Referring to Table 1 and Figures 4 and 5, we note that, at
all temperatures and for both nuclei (except af65or ?H,
where labile hydrogens contributé)*"S? has the same
value (within the error bounds) for BPTI-CS and BPTI-
RCAM. From the'’O data, we obtailN*’S2(170) = 2.5+
0.2 for the two BPTI variants lacking the 488 disulfide
bond. The temperature dependence\NB'S?(1’0) is weak
or insignificant (at the two lower temperatures). Becatyge
is expected to be strongly temperature-dependent, this means
that the contributing water molecules are in the fast-exchange
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limit, with 7w < (woS) 2tr * ~ 1 us at 27°C. The?H data DISCUSSION
yield a slightly larger valueN*"S2(?H) = 2.9 + 0.2, in
agreement with our previous studies of wild-type BPTI and
mutants {1, 12, 31). This ca. 30% difference between
NPPS2(?H) and NfP"'S2(*0) has previously been attributed
to twist librations of water molecules W13113 of about

Cleavage of a disulfide bond affects a protein in several
ways. The most obvious effect is a local relaxation to a
different conformational “ground state”. Removal of the
topological constraint also alters the global energy landscape
) . that governs the populations and interconversion rates of
20; amplitude (2, 27), Wh.'Ch redl_JceS(”Q) more than conformationally excited states. If these states are thermally
S(®H). A \;vater molecule with a re&deg:)cezuzme in the range accessible (say, within a felgT units of the global energy
107°-10"* s would only contribute t\**"S?(°H), but then minimum), then the altered topology affects the thermally
we would also expect a temperature dependence (according,yeraged equilibrium properties of the native state. For
to eq 4) iINN**S%(*'0), whereas no significant temperature  jnstance, disulfide cleavage might allow a loop to fluctuate
dependence iN""S? is observed for either nucleus. rapidly among alternative configurations, in which case

For wild-type BPTI, not only isN*PS2(2H) signifi- nuclear Overhauser effects (NOEs) and order parameters,
cantly larger thanNEPPS2(170), but both NEPPS2(170) and as observed by NMR, .wou.ld be aﬁe.ctéw(@).

NEPPS2(?H) increase with temperature. These findings are Because the 1438 dlsglflde bon_d. in BPTI is located at
consistent with a previous temperature-dependent MRD studyth€ surface, the chemical modifications introduced in
(13), where they were attributed to intermediate-exchange BPTI-CS and BPTI-RCAM are not expected to disturb the
effects (according to eq 4) on the contribution from the most Protein structure significantly. Indeed, IR, ORD, Raman, and
slowly exchanging internal water molecule, W122, with a NMR spectroscopic studies suggest that the overall solution
residence time of 176 20 us at 27°C. According to that conformanon of BPTlis Igrge'ly unaffected by reduction (and
study, W122 should contribute 0.02 {€), 0.14 (27°C), blocking) of the 14—38 disulfide bond 17, 37—39). How-

and 0.63 (55°C) to N*PS2(170) and 0.18 (4C) and 0.72 ever, more detailedH NMR studies of BPTI-RCAM

. , led differences from wild-type BPTI in three-bond
27°C) to N***S2(H). These values are derived from fitsto <" co . . . ;
Eiiffere)nce—l\I/II;sD(prznfiles wherd, for the G36S mutant scalar couplings40) and chemical shifts4d) for residues

; . in the two loops. More recently, largél and'®>N chemical
I;‘S'é;]ngif\]fg %ezr?c\év.ani;;t;it{:(\j\t,g?ef;%?pzjrrfﬂgﬁgeBI;Zlc'auseShiﬁ changes near residues 14 and 38 have been reported
the effective correlation time of W122 is different in wild- 10 o1 -RM, indicating local structural adaptatiozd). On

L . ... the basis of chemical shift changes, early workers concluded
type and dlsulflde-clegved B.PTI' Since the MRD data exh|b|t that the four internal water molecules in wild-type BPTI are
small but systematic deviations from single-Lorentzian

. : . not preserved after cleavage of the—13B disulfide bond
dispersion shape (see Materials and Methods), the two types(44) The present MRD study, which monitors these waters
of single-Lorentzian fit are not expected to yield identical molécules directly demons‘frates that they are, in fact
results. The lack of quantitative agreement between theconserved ' ’ '
present (Table 1) and previous3j results can thus be largely :

attributed to the single-Lorentzian approximation. Neverthe- Highly excited conformatllonal states, far removed from
the ground-state conformation, may be more affected by the

less, the semiquantitative agreement leaves little doubt that . A
ess, semiqua a9 e eaves ° altered chain topology. Disulfide cleavage enables large-scale

we are obsenving the same transition from slow to fast conformational fluctuations that are impossible or imper-
exchange of W122 as in the previous study. In other words, ceptibly slow with an intact disulfide bond. Because highly

the residence time of W122 becomes shorter with increasingexCited states are sparselv populated. thev do not contribute
temperature, so that the fast exchange conditign;> T, o parsety pop » (Ney :
significantly to the equilibrium properties of the native

(see Materials and Methods), is satisfied at higher temper- . .
atures. cpnf_ormatl_orjgl ensemble, such as its (average) structure and
) . ) binding affinities. However, dynamic processes that involve
The salient feature of Table 1 and Figures 4 and 5 is the highly excited states as obligatory intermediates, such as
finding that N?ppsz for the disulfide-cleaved variants is chemical exchange of buried amide hydroge#s$) (or
significantly larger than for wild-type BPTI at temperatures physical exchange of trapped internal water molecules, may
where W122 is expected to make only a small contribution pe greatly accelerated by disulfide cleavage.
to Nf*S2 for wild-type BPTI. On the other hand, at w122 occupies a small cavity near the-13B disulfide
temperatures where W122 is known to contribute substan-pond, with O-S distances of 3.6 and 4.3 &)( This is one
tially for wild-type BPTI, the dispersion profiles differ little  of the most densely packed regions of BPTI with cor-
among the three BPTI variants. This behavior is evident for respondingly low atomic displacement facto4$)( In fact,
70 at 55°C (Figure 4) and foPH at 27°C (Figure 5). On  no other non-hydrogen atom in BPTI has as many (22) non-
the basis of these observations, we conclude that the in-hydrogen neighbors withi4 A as theoxygen atom of W122.
ternal water molecules in wild-type BPTI are also present Being completely buried, this water molecule cannot ex-
in the disulfide-cleaved variants. Moreover, the results change with bulk water unless the protein structure undergoes
indicate that cleavage of the +88 disulfide bond accele-  a sizable fluctuation, and because of the dense packing, this
rates the exchange of W122 by several orders of magni-is likely to be a highly cooperative fluctuation. The present
tude. At 27°C, cleavage of the disulfide bond thus de- MRD study shows that the B8 disulfide bond, by
creases the residence time of W122 from 170« us. bridging the two loops, provides an important constraint for
Consistent with this scenario, we find that the difference exchange of W122. When this bond is broken, the loops have
NPP'S3(CS/RCAM) — NPS2(wild-type) decreases with  greater conformational freedom and, as a result, the residence
increasing temperature for both nuclei. time of W122 is drastically reduced, from 1#8 (at 27°C)
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to less than lus. It remains to identify the precise atomic
displacements that allow W122 to exchange in wild-type
BPTI. The 14-38 disulfide bond can adopt at least three
conformations with differeng; dihedral angles for C14 and
C38 (6, 47—49). At room temperature, the mean lifetime of
the major conformation with respect to transitions to the
minor C14 and C38 rotamers is 30 ms and 1 s, respectively
(49). Because these transition times are several orders of
magnitude longer than the residence time of W122, disulfide
isomerization cannot be the rate-limiting step for water
exchange.

The exchange of the other three internal water molecules
(W111-W113), which are buried between the loops further
away from the 1438 disulfide bond, might also be
accelerated by disulfide cleavage, but the MRD data indi-
cate that their residence times remain in the same range,
108-10°s, as for wild-type BPTI. Another indication that
disulfide cleavage has little or no effect on the exchange of
the three remote internal water molecules comes frdfhla
relaxation study, showing that both fast (picosecond to
nanosecond) reorientational dynamics of the backbonklN
vectors and slower (microsecond to millisecond) chemical
shift modulating conformational fluctuations are virtually
unaffected by disulfide cleavage in BPTI-RM9).

Exchange of backbone amide protons requires structural
fluctuations that allow water molecules (and Obr H;O™
ions) to interact directly with the peptide group. Deeply
buried amide protons are thought to exchange by a global
unfolding mechanism on time scales many orders of mag-
nitude longer than the time scale of internal water exchange
(50, 51). However, amide proton exchange in surface-
exposed residues is considerably faster and might conceiv-
ably involve the same type of localized conformational
fluctuations as internal water exchange. Unfortunately, the
rates of these conformational fluctuations are not known,
since hydrogen exchange experiments in the IEgime only
yield the equilibrium protection factor. The amide proton of
C14, which is directly hydrogen bonded to W122, has a
protection factor of 37005@Q). If water exchange and amide
proton exchange occur from the same “open” state in a two-
state equilibrium, then the residence time of W122 (480
at 27 °C) can be identified as the mean lifetime of the
“closed” state. By the principle of detailed balance, the mean
lifetime of the open state then becomes :7A0°%/3700 s
~ 50 ns. While this is a reasonable time scale, the two-state
model may not be a realistic description of the cooperative
atomic displacements involved in the mechanism of water
and amide proton exchange from this cavity.
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