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Based on the nuclear magnetic resonance assignments of a dimeric protein, Streptomyces
subtilisin inhibitor (SSI), microscopic details of secondary structures in solution have been
elucidated. The chemical shift index of C signals, together with information on the
hydrogen exchange rates of the backbone amide protons, were used to identify secondary
structures. The locations of these secondary structures were found to be different in some
critical points from those determined earlier by X-ray crystallography of the crystal.
Notably, the 03 strand is completely missing and the <r2 helix is extended toward the C-
terminus. Furthermore, hydrogen exchange experiments of individual peptide NH protons
under strongly folding conditions revealed mechanisms of global and local structural
fluctuation within the dimeric structure. It has been suggested that the global fluctuation of
the monomeric unit occurs without affecting the accompanying monomer, in contrast to the
equilibrium thermal unfolding, which is cooperative. Higher protection against hydrogen
exchange for residues in part of the 04 strand implies that this region might serve as a
folding core.

Key words: dimer, hydrogen exchange, protein dynamics, protein folding, secondary
structure.

Streptomyces subtilisin inhibitor (SSI) (1, 2) is one of the
most well-characterized proteins in terms of its crystallo-
graphic structure (3-5), thermodynamic properties (6, 7),
and interactions with target enzymes (8, 9). The crystal
structure of SSI retains a unique dimeric structure with
two identical subunits associated through a /7-sheet; each
subunit consists of 113 amino acids with two disulfide
bridges (4, Fig. 1). The subunits of SSI dissociate into
denatured monomers upon denaturation without the ac-
cumulation of any monomeric native or intermediate forms
(10-14). Mutational effects on thermodynamic stability
(15-17) have also been studied extensively. In particular,
SSI and its mutant forms have been found to undergo cold
denaturation in acidic aqueous environments, and the
thermodynamic parameters associated with heat and cold
denaturation have been examined in detail by circular
dichroism, micro-calorimetry, and 'H NMR spectroscopy
(10, 11, 14). Mutational effects on the interaction with
target enzymes have also been studied crystallographically
(8, 9).

On the other hand, microscopic details of the structure in
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solution have been studied only to a limited degree, using
such methods as fluorescence (18), 'H (19-22), and "C
NMR spectroscopy (23, 24). In this paper, we used
multidimensional NMR techniques to elucidate for the first
time the secondary structures of SSI in solution based on
the chemical shift index of the C signals and the hydrogen
exchange rates of the peptide NH protons. Complete NMR
assignments of backbone 'HN, 16N, and 13C signals have
recently been reported (25), although the self-association
of the molecules at high concentration (26) has hampered
the total assignment of all side chain signals and complete
determination of the structure by NMR.

It is well known that hydrogen exchange experiments,
especially in combination with two-dimensional NMR
techniques, can be successfully applied to protein folding
studies (for a review, see Ref. 27). This method, however,
has mainly been applied to studies of monomeric proteins.
To our knowledge, only two dimeric proteins have been
subjected to hydrogen exchange study to investigate pro-
tein folding, Bacillus subtilis SPOl-enhanced transcription
factor 1 (28) and the Jun leucine zipper domain (29), both
of which are helical proteins. On the other hand, SSI has a
dimeric interface consisting solely of /3-sheet (Fig. 1).
Therefore this study provides a unique opportunity to
investigate /9-sheet interactions between subunits. Since
the dimeric interaction under equilibrium conditions has
been extensively studied calorimetrically, and the thermo-
dynamic parameters have been determined with exception-
al accuracy (23, 15), comparison of these thermodynamic
parameters with the present kinetic analyses is expected to
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Fig. 1. The tertiary structure of SSI generated with MOL-
SCRIPT (47) based on the crystallographic coordinates (4).

shed light on the local and global structural fluctuation of
the dimeric structure.

MATERIALS AND METHODS

Uniform Isotope Labeling—SSI uniformly labeled with
16N or 13C-15N isotopes was produced by cultivating E. coli
JM109 carrying pOST plasmid in M9 medium with
(15NH4)2SO< and 13C-D-glucose as the only nitrogen and
carbon sources, respectively. SSI uniformly labeled with
15N isotopes was produced by cultivating E. coli JM109
carrying pOST plasmid in M9 medium with (16NH4)2SO4 as
the only nitrogen source. After cultivating the E. coli for 24
h, the cells were harvested by centrifugation and subjected
to the osmotic treatment. The resulting supernatant was
precipitated with ammonium sulfate. The precipitate was
dialyzed against 10 mM phosphate buffer, pH 7.0, through
a Spectra/Por dialysis membrane (MWCO: 3,500, SPEC-
TRUM). The dialysate was loaded onto an anion-exchange
DEAE-Sepharose (DE52, Whatman) column equilibrated
with 10 mM phosphate buffer, pH 7.0. The eluent was
obtained by a linear gradient to 1 M NaCl (2), and the
active fractions were dialyzed against 10 mM phosphate
buffer, pH 7.0. The dialysate was applied to a gel filtration
column (Sephacryl S-200 HR, Pharmacia). The fraction
containing SSI was dialyzed against water and freeze-dried.
Approximately 10 mg of electrophoretically pure SSI was
obtained from 1 liter of culture broth.

Hydrogen Exchange Experiment—13C/16N-labeled SSI
was dissolved in 95% 'H2O/5% 2H2O containing 25 mM
phosphate buffer. For hydrogen exchange experiments, the
IBN-labeled protein samples were dissolved in 99.9% *H2O
containing 25 mM phosphate buffer, pH* 6.14, and in
99.9% 'HjO containing 25 mM borate buffer, pH* 8.96, at
a concentration of 20 mg/ml. The pH* values cited are the
direct readings of a pH meter without isotope correction.

All NMR measurements were performed on a Bruker
DMX-750 spectrometer equipped with a triple resonance
inverse probe with a field gradient unit. 3D CT-HNCA and
CT-HN(CO)CA (30, 31) were measured for CSI analysis at
30'C, with a spectral width of 10,000 Hz in the 'H axis,
2,000 Hz in the 15N axis, and 2,000 Hz in the "C axis. The
time domain signals were accumulated for a number of

scans of eight into 1,024 complex data points for 64 t l
increments and for 6412 increments using WATERGATE
for water suppression (32). Data processing and peak
selection were carried out on SiliconGraphic workstations
with nmrPipe, nmrDraw, and Pipp software (33). The 'H
chemical shifts were referenced to the methyl signal of
DSS, while the "C and 16N chemical shifts were referenced
indirectly using the consensus yc/yn ratio of 0.25144954
and yn/yn ratio of 0.10132914 for 13C and 1BN, respectively
(34).

Hydrogen exchange reactions were followed on
'H{15N}HSQC (35) spectra at pH* 8.96 and 6.14 at 52°C.
Signal acquisition was started 5 min after the temperature
was raised from 10 to 52'C at pH* 6.14. At pH* 8.96,
acquisition was initiated after preincubation at 42" C for 12
h to completely exchange the labile hydrogens. The time-
domain signals were collected into 2,048 complex data
points for 128 t l increments to a number of accumulations
of 8. Spectral widths of 10,000 Hz and 2,584.6 Hz were
employed in the 'H and 16N axes, respectively. The time
domain data were processed with the XWTNNMR software
package (Bruker) on a SiliconGraphic workstation. To
calculate the rates of hydrogen exchange, time dependent
volume integrals of the amide proton signals were fitted to
a single exponential function of time with the program Igor
(Wave Metrics, Oregon) on a Macintosh computer.

Theory of Hydrogen-Deuterium Exchange and Its Appli-
cation to a Dimeric Protein—Hydrogen exchange rates can
be analyzed in terms of a structural unfolding model, in
which exchange only takes place from an "open" form of the
protein, but not from the "closed" form (36):

^N-H(closed) ==± N - H - ^ (open)N-D. (1)

In this scheme, ki and k, are the local unfolding and folding
rates, respectively, and km is the intrinsic exchange rate
for an amide proton in the open form. The sequence-specific
intrinsic exchange rate for an amide proton, km, can be
calculated for each protein by the method of Bai et al. (37).
At the EX2 limit, i.e., ki + k{> km, the measured exchange
rate, keX, can be written as:

ksX = kx X = Kop X km (2)

where KaV is the equilibrium constant between the ex-
changeable open form and the non-exchangeable closed
form of the hydrogen bond. In this case, protection factors
(P) can be calculated from the measured exchange rates
and the sequence-specific intrinsic exchange rates.

_ km (3)

The free energy for the equilibrium between the closed and
open forms derived from the hydrogen exchange can be
calculated as

(4)

(5)

On the other hand, when ki + k-K. km,

kex = ki (EX1 mechanism)

Thus the observed rate constant reflects the rate of
unfolding of the whole protein, ki.

This theory can be applied to a dimeric protein by
substitutingK»9= [N-H(open)]/[N-H(closed)] with i£,P =
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[N-H(open)]z/[N-H(closed)2], where N-H(open) denotes
an exchangeable monomeric form and N-H(closed)2 repre-
sents a non-exchangeable dimeric form. Then the observed
rate constants at the EX2 and EX1 limits can be derived
according to the same formula as in Eqs. 2 and 5.

RESULTS

Chemical Shifts of the C Signal—The Chemical Shift
Index (CSI) proposed by Wishert and Sykes (38), based on
the differences in the chemical shifts of the Ca and signals
from the corresponding random-coil values, were calcu-
lated for each residue of SSI and are shown plotted in Fig.
2, where + 1 indicates a tendency toward a-helix and —1
indicates a tendency toward /J-strand. The criterion for +
1 or — 1 is that the difference is higher than 0.8 ppm or
lower "ihan —0.5 ppm, respectively. Based on Fig. 2, we
predict the existence of secondary structures of SSI as
follows: 01, 02, a\, 04 , 05, and a2 for residues 10-16,
30-36, 46-55, 78-81, 89-98 and 100-110, respectively.
The borders, however, were not so clear because the
difference is close to the threshold for Glyl9 ( — 0.31 ppm),
Arg29 (-0.47 ppm), Cys83 (-0.40 ppm), and Gly84
( + 0.93 ppm). Thus the secondary structure including
these residues will be modified taking into account the
following hydrogen exchange study and will be shown in the
next section.

Hydrogen-Deuterium Exchange—Figure 3 shows the 'H
{l5N}HSQC spectrum obtained immediately after the
temperature was raised from 10 to 52°C in deuterium
oxide, pH' 6.14, in which 35 remaining cross peaks were
observed. Among them, the signal for Asp83 was excluded
from the following analysis because it overlaps with
another signal. At pH* 6.14, the exchange was previously
shown to follow the EX2 mechanism (39). Typical time
courses of cross peak intensities are shown in Fig. 4.
Similar experiments were carried out at pH* 8.96, where
the exchange mechanism is supposed to be EX1 (39),
although detection was started after incubating the protein
solution for 12 h at 42°C in order to exchange out easily
exchangeable protons. The measured exchange rates at
pH* 6.14 were transformed to protection factors by taking
into account the sequence dependence of the intrinsic

pi 02 p3 a i
crystallography • • •—• - <

CSI(NMR) >—• •—•

04 P5 o2

; j M ! ! ! ! ! ! ! ! i H ' ! ! M ! i I • • i ' ' 11 i

Residue number

Fig. 2. Chemical shift index plotted for the amino acid se-
quence of SSI. Secondary structures determined by X-ray crystallo-
graphy and Chemical Shift Index (CSI) are indicated at the top.

exchange rate (37). Individual k,m/k<>x ratios were obtained
at both pH* values (Table I) and are plotted in Fig. 5. At
pH* 6.14, ZJG°HX values were derived according to Eq. 4 and
are shown in the last column of Table I.

Since the NH hydrogens observed here should form
hydrogen bonds and are likely to be involved in secondary
structures, we determined the secondary structure in
solution according to the following criteria, (i) CSI is the

E
a.

Fig. 3. The amide region of the 'H{'5N}HSQC spectrum of
uniformly 15N-labeled SSI in deuterated phosphate buffer, pH'
6.14, at 52°C. The signals were accumulated for 40 min immediately
after the sample was brought to 52°C from 10°C.

Fig. 4. Time course of the signal intensities of the amide
protons of Glyl7 (o), Thr81 (n), and Val91 ( A ) measured at 52°C
and pH* 6.14. The curves were obtained by non-linear least-squares
fitting of the experimental data to single exponential functions of
time.
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TABLE I. kcX and feim/Au values of the main chain amide
protons of Streptomyces subtilisin inhibitor at pH 6.14 and pH
8.95 at 52'C.

ctyitalography pl J2 P3 (i5 al

Residue
No.

PH6.14
52-C

(min-')

pH8.96
52-C

(mia-')

. . .

52-C
(fccal/mol)

SerlO
Alall
Leul2
Vall3
Leul4
Thrl5
Vall6
Glyl7
Arg29
Val31
Thr32
Leu33
Asp52
Leu53
Val56
Val74
Asp76
Val78
Leu79
Leu80
Thr81
Val82
Asp83
Gly84
Val85
Trp86
Lys89
Val91
Phe97
Asn99
GlulO2
MetlO3
ValllO
Alall2
Phell3

2.5e-03
5.7e-03
5.5e-04
2.7e-04
4.9e-04
l.le-03
6.5e-04
1.7e-03
9.7e-03
3.6e-O4
5.4e-03
7.3e-04
1.3e-02
3.6e-03
l.le-Ol
7.9e-02
7.4e-02
8.3e-05
l.le-O4
1.4e-04
3.3e-04
3.7e-04

N.D.
6.1e-03
3.8e-04
5.1e-04
1.7e-02
5.5e-04
3.2e-04
2.7e-02
3.7e-02
1.9e-02
6.9e-03
1.3e-O2
3.2e-O2

N.D.
N.D.

5.1e-03
3.9e-03
4.6e-03
5.1e-03
6.2e-03
2.0e-03

N.D.
4.3e-03

N.D.
4.7e-03

N.D.
N.D.
N.D.
N.D.
N.D.

1.3e-03
2.5e-03
2.7e-03
4.3e-03
4.7e-03

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

4.4e-03
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

2.4e+05
1.5e+05
2.1e+05
2.1e + 05
1.7e + 05
2.0e + 05
2.2e + 05
3.6e+05
1.4e + 05
2.5e + 05
5.1e + 04
2.5e + 05
1.7e+05
1.3e+05
8.3e + 02
1.5e + 03
3.3e + 04
6.1e + 05
7.5e + 05
5.1e + 05
7.0e + 05
3.8e + 05

N.D.
5.4e+05
3.4e+05
2.5e+05
3.6e+04
2.7e + 05
5.7e + 05
l.Oe + 05
7.5e + O4
5.5e + O4
2.6e+O4
3.8e + O4
8.1e + 03

N.D.
N.D.

1.8e + 07
l.le + 07
1.5e + 07
3.6e + 07
1.8e + 07
2.3e+08

N.D.
1.6e + 07

N.D.
3.1e + 07

N.D.
N.D.
N.D.
N.D.
N.D.

3.1e + 07
2.7e + 07
2.1e + 07
4.3e + 07
2.4e + 07

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

3.4e + 07
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

8.01
7.73
7.93
8.03
7.80
7.91
7.94
8.27
7.64
8.03
7.01
8.05
7.78
7.61
4.34
4.71
6.73
8.62
8.75
8.50
8.71
8.30
N.D.
8.54
8.25
8.03
6.79
8.08
8.58
7.46
7.26
7.06
6.57
6.83
5.82

N.D. indicates that reliable integration was not obtained either due to
a rapid loss of signal intensities or to the overlapping of signals.

basis, (ii) For residues Glyl9, Arg29, Cys83, and Gly84,
which were close to the threshold of the CSI criteria as
mentioned in the previous section, hydrogens with detect-
able exchange rates were regarded as coming from par-
ticipating residues in the secondary structure if they were
consecutive. Then the resulting secondary structures deter-
mined by NMR were pi, pi, eel, /34, /35, and <*2 for
residues 10-17, 29-36,46-56, 78-86, 89-98, and 100-110,
respectively (Fig. 5).

DISCUSSION

CSI and Secondary Structure—According to the results
of CSI (Fig. 2), the location and elements of the secondary
structures showed several differences from those predicted
by X-ray crystallography (4). (i) The /93-strand is com-
pletely missing, (ii) The <r2-helix is longer in the C-tenni-
nal direction. Although the <ar2-helix was defined for GlulOO
to GlylO7 in the crystal structure, the a-2-helix was
determined to comprise GlulOO to ValllO by CSI. (iii) The
ending positions for pi, /?2, al, /?4, and /?5 are slightly
different from those in the crystal structure, (iv) The
starting positions for p2 and /?4 do not coincide with those

o ' ° -

!<>•-

10* -

10*-

• pHB 96
• pH6.14

•

•

Residue number

Fig. 5. ftim/fcei values of the amide protons of SSI at pH* 6.14
and pH* 8.96 at 52'C. Secondary structures determined by X-ray
crystallography and NMR based on CSI and hydrogen exchange
experiments are indicated at the top.

in the crystal structure. Based on the present analysis with
CSI, it is likely that SSI forms a dimeric interface consist-
ing of a four-stranded P- sheet instead of a five stranded
P-sheet as previously reported in the crystal (4). Recently,
a newly refined crystallographic structure of SSI by
X-PLOR (40) using the same diffraction data of Mitsui et
al. (4) was reported (Protein Data Bank: 3SSI); this
predicts a four-stranded /9-sheet. These results appear to
indicate that a stable existence is questionable for the
five-stranded /9-sheet. Although the refined crystal struc-
ture is in qualitative agreement with regard to the P- sheet
structure, it also shows differences from the NMR CSI
structure in solution in the many details mentioned above.
Differences between the solution structure and the crystal
structure (4) were reported earlier in terms of the micro-
scopic environment of Tyr75 (19).

Hydrogen Exchange and Secondary Structure—The
measurement of hydrogen exchange rates in proteins has
become a useful tool for studying the structure, folding, and
intermolecular interactions of proteins in solution (41-43).
Although details of the mechanism of exchange and its
quantitative correlation with structure and internal mobil-
ity are still not fully understood, various models agree upon
a general two-process model (44). According to this model,
there are two pathways for exchange: (i) exchange from the
unstructured ensemble of the protein after global unfold-
ing, and (ii) exchange by local fluctuations within the native
ensemble. It has been suggested that while the buried
amide protons of SSI in the core P- sheet are only exchanged
by global unfolding, two a--helices and the C-terminal
region exchange by local fluctuation (39). According to the
X-ray analysis, the SSI subunit has 38 amide groups
involved in hydrogen bonding with carbonyls, among which
25 belong to the /9-sheet and 11 to the two a-helices. It is
also known from IR studies that the exchange of the amide
hydrogens can be classified into three kinetic classes with
72, 15, and 17 residues, the latter 32 slow exchanging
residues being involved in the a-helices and the /9-sheet
(45).

In our experiment at pH' 6.14 and 52'C in 2H,O, we
successfully identified thirty-five amide proton signals
remaining for at least forty minutes as shown in Fig. 3. The
amide protons involved in 17 hydrogen-bonds determined
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by X-ray diffraction (Glyl9, Thr24, Thr34, Cys35, Ser40,
Thr42, Cys50, Ala51, Ala54, Ala55, Gly57, Ala62, Gln87,
Tyr93, AsnlO4, AlalO5, and HislO6) were exchanged
rapidly before signal detection, while 8 peptide NH protons
with no reported hydrogen bonding in the crystal structure
(Glyl7, Thr32, Val74, Asp76, Asn99, ValllO, Alall2,
Phell3) exchanged slowly with detectable signals. Among
the 17 rapidly exchanging hydrogen bonded residues,
Cys35, Ala51, Gly57, Ghi87, and AlalO5 have a non-zero
accessible surface area for NH groups according to the
crystallography (4). Even though the remnants of these
residues have zero accessible surface areas and thus are
completely buried inside the protein in the crystal struc-
ture (4), no signals were observed in the HSQC spectrum
after 40 min of signal accumulation. Particularly, there
were no observed signals from the /?3-strand, indicating
that the /93- strand is unstable or does not exist at all.
Among the eight slowly exchanging amide protons that
have been reported to be non-hydrogen bonded in the
crystal structure (4), only Glyl7 and Thr32 are located
within the y?-strand. The rest of the residues do not belong
to any secondary structures in the crystal structure (4).
From the observed slow exchange rates, the C-terminal
residues, ValllO, Alall2, and Phel l3, are likely to be
involved in some kind of secondary structure, while Asn99
might serve as an N-cap of the a-2-helix. It is interesting to
find that the hydrogen exchange rate is slow for Val74,
which is located at the reactive site of the inhibitor and
exposed to solvent (2), suggesting that it is involved in
some kind of inter-residue interaction with the rest of the
protein. This also explains why the pid value of Tyr75 is
unusually high, 11.8, implying that its side chain might be
involved in hydogen bonding {19), although in the crystal
this side chain is reported to be well exposed (46). In the
refined crystal structure, no y33-strand is reported and the
<ar2-helix extends to AsnlO4. Our hydrogen exchange
experiments show better agreement with the refined
crystal structure, although there are still some discrep-
ancies.

Hydrogen Exchange Kinetics and Global Stability—
When hydrogen exchange occurs in the EX2 mechanism at
pH* 6.14 (39), the Mm/fcex ratios indicate the protection
factor P (Eq. 3), whereas at pH* 8.96, where EX1
mechanism prevails (39), they represent rates of unfolding
(Eq. 5) and not KoP. Thus the differences in the absolute
values of the exchange rates between the two pH*s shown
in Fig. 5 are caused by the difference in the exchange
mechanism. Since all the easily exchangeable protons were
replaced with deuterons beforehand at pH* 8.96 and the
remaining thirteen protons (Leul2, Vall3, Leul4, Thrl5,
and Vall6 in the £1 strand, Val31 and Leu33 in the £2
strand, Val78, Leu79, Leu80, Thr81, and Val82 in the 04
strand, and Phe97 in the /?5 strand; note that Asp83 is
observed but excluded due to signal overlapping) show
similar ratios, these rates are likely to represent the
frequency of the global unfolding event. It is to be noted
that all these residues are located at the interface of the
dimeric interaction consisting of the £-sheet.

For quantitative analysis of the global unfolding at
atomic resolution, exchange rates at pH* 6.14 for signals
remaining even at pH* 8.96 were obtained. As shown in Fig.
5, the protection factors (P) for these 13 residues are close
to each other at pH* 6.14. The average protection factor for

these residues is 3.9 X106 or the average ^ G V = 8.2 kcal/
mol (Table I) at 42"C. At this temperature the free energy
of equilibrium thermal unfolding, which has been proven to
be a cooperative phenomenon without the accumulation of
any native -like monomer or intermediate (7), can be
precisely calculated based on thermodynamic parameters
calorimetrically obtained (13). This was made possible by
making the best use of the precise values of the enthalpy
change (120.9 kcal/mol at 60'C) and the heat capacity
change upon unfolding, ACP, which itself is a function of
temperature, i.e., Cp

N = 0.0483T + 6.86 (kcal/mol/'C),
CP

U=-0.000314T + 0.0592T+9.94 (kcal/mol/'C) and
ACp=Cpv—Cpi (13), in a temperature range from 15 to
105"C. Based on these parameters, the free energy was
determined to be 17.0 kcal/mol per dimer, or 8.5 kcal/mol
per monomer at 52'C. The latter value coincides very well
with that obtained in the present hydrogen exchange study,
zJG°Hx = 8.2 kcal/mol, implying that the global unfolding of
the monomeric unit occurs without affecting the accom-
panying unit in the dimer. Although the value of the free
energy itself can not distinguish the molecular mechanism
of global unfolding, it is safe to say that the hydrogen
exchange can be induced in the absence of complete
unfolding of the dimer. This is in clear contrast with the fact
that all attempts to dissociate the native dimer into native
monomers by mutations in equilibrium studies have failed
so far (15).

Although all the amide protons in the slowly exchanging
groups exchange at similar rates at pH* 8.96, suggesting
that they exchange by global unfolding, at pH* 6.14 the
protection factors for residues in the /34-strand, especially
Val78, Leu79, and Thr81, are slightly higher than those of
the rest (Table I, Fig. 5), implying that this region is highly
resistant to local unfolding and thus might serve as a folding
core (41).

Local Stability—la addition to the global unfolding event
detected for the remaining 14 residues at pH* 8.96, as
described in the previous section, local unfolding can be
detected as differences in fcmt/kx- Two differences are
noted in the exchange rates between the data at pH* 6.14
and 8.96 (Fig. 5). One is an acceleration of the exchange
rate for the al- and <*2-helices and for the three C-termi-
nal residues at pH* 8.96, suggesting enhanced local fluctua-
tions in these parts of the molecule at 52*C. The other is the
observation of faster exchange rates at pH' 8.96 for
residues in the /92 and fib strands, suggesting local fluctua-
tions in these yS-strands. Although CSI does not suggest any
specific secondary structure for the C-terminal residues
(Alall2 and Phell3), the moderate exchange rates at pH*
6.14 for these residues suggest that this region lies in a
structurally stable part of the molecule. This finding is
consistent with the fact that SSI-A (SSI with the four
C-terminal residues removed) is markedly less stabile than
intact SSI (2).

The differences in P at the same pH* value of 6.14,
notably P values lower than 5x10" for Val56, Val74,
Asp76, Leu79, Lys89, ValllO, Alall2, and Phel l3 , should
also be caused by local fluctuations. Among them, Val74,
Asp76, Leu79, ValllO, Alall2, and Phel l3 do not partici-
pate in the formation of any secondary structure in the
crystal (4), and thus it is likely that the hydrogen networks
are weakly held. Other residues involved in the secondary
structures without detectable protection factors are mainly
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located in the al and a 2 helices, and /92 and /S3 strands,
suggesting that these secondary structures have some
modes of local fluctuation and/or solvent accessibility. In
other words,the /91 and /?4 sheets are tightly packed and
form a well-organized secondary structure. This may be
because the two strands are the central strands in the /3-
sheet comprising the J32, /?1, /?4, and /?5 strands according
to our present NMR data and the recent refined crystallo-
graphic structure.

We believe that these evaluations of local as well as
global unfolding derived from hydrogen exchange for
individual residues provide an invaluable source for future
folding studies of this protein with a unique dimeric
structure.
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