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ABSTRACT: Cold denaturation and heat denaturation of the protein Streptomyces subtilisin inhibitor (SSI)
were studied in the pH range 1.84-3.21 and in the temperature range —3-70 °C by circular dichroism and
scanning microcalorimetry. The native structure of the protein was apparently most stabilized at about
20 °C and was denatured upon heating and cooling from this temperature. Each denaturation was reversible
and cooperative, proceeding in two-state transitions, that is, from the native state to the cold-denatured state
or from the native state to the heat-denatured state. The two denatured states, however, were not perfect
random-coiled structures, and they differed from each other, indicating that there exist three states in this
temperature range, i.e., cold denatured, native, and heat denatured. The difference between the cold and
heat denaturations was indicated first by circular dichroism. The isodichroic point for the transition from
the native state to the cold-denatured state was different from that from the native state to the heat-denatured
state in the pH range between 3.21 and 2.45. Moreover, molar ellipticity for the cold-denatured state was
different from that of the heat-denatured state, and the transition from the former to the latter was observed
at pH values below 2. Values of van’t Hoff enthalpies from the native state to the heat-denatured state
at pH values between 3.21 and 2.45 were obtained by curve fitting of the CD data, and AC, = 1.82 (£0.11)
[kcal/(mol:K)] was obtained from the linear plot of the enthalpies against temperature. The parameters
obtained from the heat denaturation studies gave curves for AG° which were not in agreement with the
experimental data in the cold denaturation region when extrapolated to the low temperature. Moreover,
the value of the apparent AC, for the cold denaturation in the pH range 3.03-2.45 was estimated to be
different from that for the heat denaturation, indicating that the mechanism of the cold denaturation of
SS1 is different from a simple cold denaturation. A differential scanning calorimetric study confirmed that
the heat denaturation was of the cooperative two-state type (from the dimeric form in the native state to
the monomeric form in the heat-denatured state) with absorption of enthalpy upon increasing the temperature
at pH 3.07. As the pH decreased, however, the enthalpy for the heat denaturation decreased whereas that
for the cold denaturation showed a different behavior. The value of the heat capacity of the protein in the
cold-denatured state is different from that in the heat-denatured state and is even closer to that in the native
state. Furthermore, below pH 2, a direct transition between the two denatured states was observed with
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absorption of heat,

It has been known for some time that the native structure
of a globular protein in an aqueous environment may be de-
stroyed not only with increasing temperature (heat denatu-
ration) but also with decreasing temperature (cold denatura-
tion; Brandts & Hunt, 1967; Pace & Tanford, 1968; Privalov
& Gill 1988; Privalov, 1989). The phenomenon of cold de-
naturation has been firmly established recently in two proteins,
i.e., in myoglobin (Privalov et al., 1986) and staphylococcal
nuclease (Griko et al., 1988). These are relatively small sin-
gle-domain proteins with no disulfide bridges.
Streptomyces subtilisin inhibitor [SSI;' MW = 23000, p/
(isoelectric point) = 4.3, « content = 13%, § content = 24%;
Hiromi et al., 1985) is a dimeric protein consisting of two
identical subunits, each having two disulfide bridges. In the
present report, SSI was also found to undergo cold denatu-
ration in an acidic aqueous environment and the thermody-
namic parameters of the heat and the cold denaturation of SSI
were examined in detail using circular dichroism and micro-
calorimetry. Since, so far, cold denaturation has not been
studied in a protein having subunits and disulfide bridges, SSI
is thought to provide an interesting system of study and may
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disclose some new aspects. The results will be compared with
those obtained with myoglobin and staphylococcal nuclease.

Both the heat and cold denaturations were examined first
by circular dichroism (CD) in glycine buffers (pH 1.84-3.21),
and van’t Hoff enthalpy (AH,y) and heat capacity changes
(AC,) were obtained. The thermodynamic parameters thus
obtained were used for further analysis of the denaturation
on the assumption of the denaturational equilibrium N, = 2D,
where N, represents the dimeric form of the native structure
of SSI and D represents the denatured state of the monomeric
form of SSI (Takahashi & Sturtevant, 1981). Calorimetric
measurements were also performed to confirm the thermo-
dynamic analysis of the CD data.

MATERIALS AND METHODS

Crude solutions of SSI were obtained by cultivating
Streptomyces albogriseolus S-3253 and were purified on
chromatographic columns with DE52 (Whatman) and Se-
phacryl S-200 (Pharmacia), as originally described by Sato
and Murao (1973). Protein solutions for CD measurements
were prepared by dissolving appropriate amounts of lyophilized
SSI in 25 mM glycine buffer at the desired pH. The solution

! Abbreviations: SSI, Streptomyces subtilisin inhibitor; CD, circular
dichroism; DSC, differential scanning calorimetry.
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was centrifuged for 10 min at 15000 rpm and filtered through
a polysulfone membrane filter (pore size 0.2 um; Gelman
Science). For DSC measurements, the protein solutions were
further dialyzed against the glycine buffers. The protein
concentrations were determined spectrophotometrically after
diluting the solution in a concentrated phosphate buffer (0.10
M, pH 7.2), using the absorbance 4,4 = 0.796 at 280 nm
(Inouye et al., 1977).

CD spectra in the range of 180-350 nm were measured with
a Jasco J-720 spectropolarimeter using a cell with a light path
of 0.5 mm. The protein concentration was kept at 0.368
mg/mL (1.60 X 10~* M) throughout. The temperature of the
solution was changed with a step of about 4 °C with time
intervals of 20 min.

The calorimetric measurements were made with a scanning
calorimeter DASM-4 (Privalov & Potekhin, 1986) in a tem-
perature range from 0 to 80 °C. The temperature scanning
rate was set at 1 K/min. The protein concentration varied
from 3.59 to 4.26 mg/mL in the same glycine buffers as those
used in the CD measurements.

RESULTS AND DISCUSSION

CD Measurements. Temperature dependences of the CD
spectra were measured in the temperature range between 2.9
and 70 °C with about 4 °C steps at intervals of 20 min, in
25 mM glycine buffers, pH 3.21, 3.03, 2.87, 2.72, 2.45, 2.21,
2.08, and 1.84. Reversibility of the denaturations was con-
firmed by comparing the CD spectra measured in the first run
with those obtained with repeated scans, in going from -2.9
to 19.8 °C or from 70.0 to 19.8 °C at each pH. The molar
ellipticities obtained in the second run reproduced those in the
first run within experimental error, showing that the rever-
sibility was essentially complete. The temperature-scanning
rate was chosen to be sufficiently slow so that the conforma-
tional states involved are in equilibrium at each temperature.
The CD spectrum was fully reproduced when the protein
solution was brought up to 19.8 °C from -2.9 °C at a much
higher rate (22.7 deg/20 min) after leaving the protein solution
at —2.9 °C for a sufficiently long time (45 min). This result
indicates that the rate of folding from the cold-denatured state
to the native state is sufficiently rapid even at the tempera-
ture-scanning rate of 1.1 K/min.

Panels a—¢ of Figure 1 show the CD spectral changes with
temperature at pH 2.87 (a, the high-temperature side; b, the
low-temperature side), at pH 2.45 (c, the high-temperature
side; d, the low-temperature side), and at pH 1.84 (e, the whole
temperature region). The CD spectral changes of Figure 1a
occur with a clear isodichroic point at 208.3 nm, whereas those
of Figure 1b occur with a clear isodichroic point at a slightly
but distinctively different wavelength, 209.6 nm. The existence
of these isodichroic points suggests that these two transitions
proceed as two-state processes; the former can be identified
as the conformational transition of SSI between the native state
and the heat-denatured state (heat denaturation), and the
latter can be identified as that between the native state and
the cold-denatured state (cold denaturation). The CD spectral
changes in Figure 1¢, with almost the same isodichroic points
(207.8 nm for the low-temperature transition and 209.9 nm
for the high-temperature transition), can be identified also with
the heat and cold denaturations, respectively. The shapes of
the CD spectra at around 20 °C are different between pH 2.87
and 2.45 because of the difference in the native fraction at the
two pH values. At pH 1.84 (Figure le), CD spectral changes
are different from those at pH 2.87 and 2.45. Only relatively
small spectral changes were observed with two isodichroic
points (205.0 and 231.7 nm), entirely different from those at
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the other two pH values. This transition is interpretable as
that from the cold- to the heat-denatured state, as will be
discussed later.

The CD spectra at various pH values converge to a common
pattern at high temperatures, indicating that the heat-dena-
tured conformation is common to every pH. Similarly, the
spectra tend to converge to a common spectrum at low tem-
peratures below pH 2.21, indicating that in the cold-denatured
state the protein takes a definite structure irrespective of the
pH of the measurements. Figure 1f represents typical CD
patterns for the fully native (N; pH 3.21, 19.8 °C), fully
heat-denatured (D; pH 2.21, 50.3 °C), and the fully cold-
denatured states (D’; pH 2.21, -2.9 °C). The spectrum for
the native state and that for the heat-denatured state cross at
208.2 nm, and the spectrum for the native state and that for
the cold-denatured state cross at 209.8 nm, at nearly identical
wavelengths for the respective isodichroic points for the heat
denaturation and the cold denaturation at pH 2.87 and 2.45.
The crossing points between the cold- and heat-denatured
states come at 204.7 and 231.5 nm, which correspond ap-
proximately to the isodichroic points observed at pH 2.08
(205.4 and 231.0 nm) and at pH 1.84 (205.0 and 231.7 nm;
Figure le), supporting the view that the observed transition
at pH 1.84 is that from the cold- to the heat-denatured state.

Figure 2 shows the plot of isodichroic points vs pH. The
isodichroic points for the cold denaturation and the heat de-
naturation are slightly but distinctly different from each other
and are constant at averaged values of 209.8 and 208.1 nm,
respectively. This observation suggests strongly that the
heat-denatured and the cold-denatured states are different in
secondary structure. At pH 2.21, isodichroic points were not
clear, especially below 25 °C (cf. Figure 3d), suggesting that
the equilibrium involves more than two states, i.e., the cold-
denatured, the heat-denatured, and the native states. The
isodichroic point for cold denaturation at pH 3.21 is excluded
because the spectral changes were too small to obtain a reliable
value (cf. Figure 3a).

Thermodynamic Analysis of the CD Data. The molar
ellipticities from 222 nm (at which the « helix takes a mini-
mum value of §; Johnson, 1990) to 197 nm (at which the 8
sheet and the random coil take maximum and minimum values
of 8, respectively) were plotted as functions of temperature,
at every 5-nm interval excluding 207 nm, where a clear
transition was hard to recognize due to the closeness to the
isodichroic point. Figure 3 shows the plots for pH 3.21, 2.87,
2.45, and 1.84 as examples. The maximum near 20 °C in-
dicates the dominance of the native structure, while the decline
of the ellipticity either toward the higher temperature side or
toward the lower temperature side shows the transition from
the native structure to the heat-denatured structure or from
the native structure to the cold-denatured structure. The cold
and heat denaturations occur at almost the same temperatures
irrespective of the wavelength of observation (222-197 nm),
indicating clear cooperativity of unfolding of the entire sec-
ondary structure of SSI.

According to the denaturational equilibrium

N, =2D K = [D]*/[N,] (for heat denaturation)

)]

(for cold denaturation)

(2)

where N, represents the native conformation of SSI (as a
dimer) and D and D’ represent the heat- and cold-denatured
conformations (as monomers), respectively, curve fitting of
the ellipticity was carried out by the following procedure: The

N, =2D" K'=[D']?/[N,]
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FIGURE 1: Circular dichroism spectra of SSI near the transition temperatures at various pH values in 25 mM glycine buffers. (a) pH 2.87
(high-temperature region: 27.6, 35.3, 42.9, 46.6 °C); (b) pH 2.87 (low-temperature region: 16.0, 8.3, 4.6,-2.9 °C); (c) pH 2.45 (high-temperature
region: 27.6, 31.5, 35.3, 46.6 °C); (d) pH 2.45 (low-temperature region: 12.1, 8.3, 4.6, -2.9 °C); (¢) pH 1.84 (8.3, 27.6, 39.2, 46.6 °C). The
arrows indicate isodichroic points. (f) CD spectra of SSI in fully cold-denatured (D’), fully heat-denatured (D), and fully native (N) states.

experimentally observed ellipticity (8) is assumed to be ex-
pressed by the superpasition of the cold and heat denaturations
as

6 = Ony + a(28p - Ona) + B(20p — On2) (3)

where 8y, 20p, and 28y, are the molar ellipticity of SSI in the
native, the heat-denatured state, and the cold-denatured state,
respectively, and « and 8 are degrees of dissociation expressed
by using equilibrium constants as
a=(K/8c) X

[((1 + (K/K)'/%)? + 16c/K)'2 - (1 + (K'/K)'/D)] (4)

B = (K'/8c)[((1 + (K/K)'/H)? +
16c/KH 2 = (1 + (K/K)/D] = a(K'/K)M? (5)
where c is the initial concentration of SSI solution (1.60 X 107

mol/L). The temperature dependence of the ellipticity should
be expressed by the van't Hoff equations as

K = A exp(-AH,u/RT)
"= A4’ exp(~AH' .3/ RT)

(6)
M

where AH,; and AH',y are the van’t Hoff enthalpies for the
heat and cold denaturations, 4 and A’ are constants, R is the
gas constant, and T is the absolute temperature.
Temperature dependences of the experimentally observed
ellipticities at each wavelength were fitted by using eqs 3-7.
The parameters for the curve fitting were as follows: The
values of molar ellipticity adopted for fy;, 20p, and 26, are
those at pH 3.21 and 20 °C, where most of the SSI molecules
are supposed to be in the native conformation (Figure 3a),
those at pH 2.21 and 61.5 °C, where the ellipticity is assumed
to reach the converged value at a higher temperature (heat
denatured), and those at pH 2.21 and -2.9 °C, where the
ellipticity is assumed to reach another converged value at lower
temperature (cold denatured), respectively. The values ac-
tually employed are 6y, = —1.81,-1.91,-1.82,-0.28, and 1.90
(%1072 (deg-cm?) /mol, for 222, 217, 212, 202, and 197 nm,
respectively), 20p = -0.82, -0.97, -1.20, -2.33, and -2.07, and
20y = —0.96, -1.14, -1.37, ~1.82, and -1.32. The values for
26, and 26y, are close to but different from each other, as the
transition from the former to the latter is observed at pH 1.84
(Figure 2¢). Thus, in view of the secondary structure as
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FIGURE 2: Plot of the isodichroic points against the pH between N
and D (O), N and D’ (X), and D’ and D (A and #).
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FIGURE 3: Temperature dependences of the molar ellipticity at 222
nm (+), 217 nm (X), 212 nm (O), 202 nm (<), and 197 nm (O).
The full-drawn curves were obtained by least-squares fitting of eq
3 to the experimental data. (a) pH 3.21. (b) pH 2.87. (c¢) pH 2.45.
(d) pH 1.84. (Fitting to the 197-nm data were abondoned at pH 1.84,
because of a poor signal-to-noise ratio.)

revealed by CD, the structure of SSI in the cold-denatured
state is close to but a little different from that in the heat-
denatured state. The curve fitting was carried out by the
method of least squares, and the result is displayed in Figure
3 as full-drawn curves. The simulations are fairly well fitted
to the experimental values in the pH range 3.21-2.45, while
it is difficult in practice to fit the data of pH 2.08 and 1.84.
Thus, the data at pH 1.84 are fitted by a single transition (from
D’ to D) as in Figure 3d. The coincidence between the ex-
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Table I: Summary of Heat and Cold Denaturation Temperatures
(T4 and T’) and Associated van’t Hoff Enthalpies (AH,y and
AH’y) Obtained by Curve Fitting of the CD Data at Various
Wavelengths

wavelength (nm) 222 217 212 202 197 av

pH 3.21
T4 (°C) 454 453 447 474 464 458
AHyy (kcal/mol) 720 709 748 803 755 747
T4 (°C) -11.5 -113 -119 -9.1 -99 -10.7
AH',y (kcal/mol) -49.2 -49.2 -483 -448 -50.5 -48.4
pH 3.03
T4 (°C) 384 377 348 427 411 389
AH,y (kcal/mol) 568 583 567 672 593 597
T’ (°C) -09 07 24 -88 -99 -36
AH'y (kcal/mol) -38.0 -250 -39.1 -41.1 -258 -33.8
pH 2.87
T4 (°C) 350 355 364 359 355 357
AHy (kcal/mol)  49.8 495 458 577 578 521
T4 (°C) -24 -21 -58 0.8 03 -18
AH'y (kcal/mol) -248 -247 -205 -36.5 -29.6 -27.2
pH 2.72
T4 (°C) 313 316 338 308 305 316
AH (kcal/mol)  46.0 46.0 444 477 503 469
T’y (°C) 35 3.8 34 5.5 43 4.1
AH'y (kcal/mol) -348 -348 -298 -38.4 -35.1 -346
pH 2.45
T4 (°C) 200 215 216 23.0 220 216
AH,y (kcal/mol) 319 31.7 237 31.0 318 300
T/ (°C) 139 147 138 127 138 138

AH'y (kcal/mol) -46.4 -46.1 -39.5 -48.7 -46.7 -45.5

o heat
+ cold
so -
40 -
§ AH,, =-10.6+1.82Td
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FIGURE 4: Plot of the van’t Hoff enthalpies (AH,y) obtained from
the analysis of the CD data against denaturation temperatures, for
heat denaturation (O) and cold denaturation (+).

perimental data and the fitted curves indicates the validity of
the conditions for the simulation including the assumption of
eq 1 and 2. That SSI dissociates into subunits both upon heat
and cold denaturations will be shown directly by sedimentation
equilibrium experiments in the following paper (Tamura et
al., 1991). '

Table I summarizes the enthalpies (AH,y, heat denatura-
tion; AH", cold denaturation) and denaturation temperature
(T4, heat denaturation; T7, cold denaturation) at various pH
values obtained by this simulation. T, and T are defined here
as temperatures where « = 0.5 and 3 = 0.5, respectively. [In
contrast to a monomeric protein (Privalov, 1979), AG® is not
zero at T4 or T/ for a dimeric protein such as SSI.] T4 and

"y are independently calculated from the results of the sim-
ulation using the values 4 and AH 4 for Ty, and 4’and AH',4
for T’d'
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FIGURE 5: Differences in standard Gibbs energy (AG°) between the
native and denatured states of SSI as functions of temperature at
various pH values, calculated from eq 8 with the values of AC, and
AH,y obtained in Figure 4.

The averaged values of enthalpy are plotted against dena-
turation temperatures (7) in Figure 4 in a range from pH
3.21 to 2.45. (The value at pH 2.21 is only of the heat de-
naturation because the transition of the cold denaturation was
not clear at this pH as described earlier.) Since the plot shows
clear linearlity, AC, for the heat denaturation, defined here
as the slope of the plot of Figure 4, is obtained as 1.82 (£0.11)
kcal/(mol-K). By using these values, the standard Gibbs
energy difference (AG®) of the native and denatured states
of SSI at various pH values can be obtained according to the
equation

AG°(T) = AH®(Ty) — T(AH®(Ty) - AG*(Ty))/ Ty +
AC,(T - Ty~ TIn(T/Ty)) (8)

which is derived from the assumption of constancy of AC, over
the experimental range of temperature. Equation 8 gives the
AG®(T) curves shown in Figure 5. Ty is the temperature at
which the AG°(T) curve crosses the full-drawn straight line
(= - RT In (2c)) because the protein concentrations are kept
constant in the consecutive experiments. The extrapolation
of the line to the lower temperature side in Figure 4 does not
cross the points of cold denaturation, nor does the extrapolation
of the AG°(T) curve in Figure 5 predict the experimentally
obtained Ty Furthermore, AC, for cold denaturation ob-
tainable from the slope of Figure 4 is much smaller than that
for the heat denaturation, indicating that the cold denaturation
of SSI cannot be explained by the assumption that the sec-
ondary structure of SSI in the cold- and heat-denatured states
are the same. ,

Figure 6a shows the plot of T4 and T’ against pH. T, was
found to increase linearly with increasing pH for heat dena-
turation, whereas T’y decreased linearly with increasing pH
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FIGURE 6: (a) Plot of denaturation temperatures of SSI against pH
for heat denaturation (O) and cold denaturation (+). (b) Plot of Av
values obtained from eq 11 against pH for heat denaturation (O) and
cold denaturation (+).

for cold denaturation, following the empirical equations ob-
tained by the method of least squares:

Td =
-53.0 (£5.1) + 30.7 (£1.8) pH heat denaturation
)]
Ty =897 (+£7.0) - 31.3 (£2.4) pH cold denaturation
(10)

If Av is the denaturational increase in the numbers of
protons bound by the protein per dimer, then

AH, dT,
D= ——
2.303RT,2 dpH

which is derived by differentiating the van’t Hoff equation with
respect to pH with the assumption that the observed enthalpies
exclude the buffer ionization heats, as in the case of the N =
D equilibrium (Privalov, 1979). By eq 11, Av is expressed as
a function of pH for the heat denaturation as

Av = -5.66 (£0.66) + 3.27 (£0.23) pH  (12)

but it is difficult to give a similar expression for the cold
denaturation (Figure 6b).

From the curve fitting of the CD data at pH 1.84 (Figure
3d), the enthalpy of transition from D’ to D was determined
to be 29.8 kcal/mol with a transition temperature of 18.4 °C.
The large difference in enthalpy between the D and D’ states
shows clearly that they are thermodynamically distinct from
each other.

11)
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FIGURE 7: (a) Comparison of an experimental (O) and a calculated
(—) DSC curve for the heat denaturation of SSI for the model N,
= 2D, together with the calculated base line (——). The experimental
DSC curve was obtained at a concentration of 3.90 mg/mL in 25 mM
glycine buffer, pH 3.07. (b) Experimental DSC curves of SSI at
various pH in 25 mM glycine buffers: pH 3.07 (protein concentration,
3.90 mg/mL); pH 2.78 (4.20 mg/mL); pH 2.54 (3.59 mg/mL); pH
2.47 (3.74 mg/mL); pH 2.26 (4.09 mg/mL); pH 2.12 (4.09 mg/mL).
(c) Experimental DSC curves at pH 2.12 (protein concentration; 4.09
mg/mL), pH 1.96 (4.03 mg/mL), and pH 1.48 (4.26 mg/mL).

Differential Scanning Calorimetric Measurements. Figure
7a shows a differential scanning calorimetry (DSC) curve of
SSI solution at pH 3.07. The experimental data are shown
as discrete points by circles, to which the theoretical curve for
the equilibrium N, = 2D was least-squares-fitted by the
method of Kitamura and Sturtevant (1989), with the resultant
base line shown by the broken line. The accurate fitting
indicates that the denaturation of SSI in the acidic pH range
can be well expressed as a cooperative reaction involding the
equilibrium N, = 2D, as previously pointed out from the
concentration dependence of the thermal stability of SSI at
pH 7 (Takahashi & Sturtevant, 1981). From this fitting,
values of AC, (difference in C, between the native and the
heat-denatured state), AH,, (calorimetric enthalpy), and Ty
was determined to be 2.02 (£0.15) (kcal/mokK)), 74.7 (£5.6)
(kcal/mol), and 50.2 °C, respectively. These values are
slightly different from those obtained from the analysis of CD
data. These differences are probably due to the difference in
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the concentration of SSI in the two types of measurements.

Figure 7b shows DSC curves of SSI at various pH values.
At higher temperatures, all the DSC curves converged to a
common value, considerably higher than that in the native
state, indicating that SSI in the heat-denatured state takes a
distinctive state different from the native state irrespective of
pH. The peak temperatures and the areas of the DSC curves
(corresponding to AH,; obtained from CD) for the heat de-
naturation decreased as the pH decreased, similarly as ob-
served with myoglobin (Privalov et al., 1986) and staphylo-
coccal nuclease (Griko et al., 1988). On the other hand, the
peak temperatures for the cold denaturation (7y) increased
with decreasing pH much less steeply than those of myoglobin
and staphylococcal nuclease, and the area of the excess heat
capacity curves for the cold denaturation (corresponding to
AH';;) did not decrease as steeply as those of the two proteins.
These results suggest that the cold-denatured state of SSI may
be different from those of the two proteins which are mo-
nomeric and have no disulfide bridges. Also, a much smaller
AC, value for the cold denaturation than that for the heat
denaturation is inferred from Figure 7b, although a 100%
cold-denatured state could not be reached under the present
experimental conditions. This result would indicate that SSI
retains some tertiary structure in which some hydrophobic
amino acid residues are packed in its interior (Privalov & Gill,
1988) as in the native state. As the pH was decreased below
2.0, absorption of heat for the heat denaturation diminished,
while that at the position of the cold denaturation did not
appear to be diminished at least to pH 1.48 (Figure 7c), with
its peak temperature around 12 °C. This indicates that heat
absorption of the transition from D’ to D remains even after
the native structure is lost, i.e., even after transitions from N
to D or D’ disappear. The transition from D’ to D is not much
affected by lowering the pH below 2.0 (Figure 7c), probably
because the extent of protonation of SSI in the D and the D’
form is the same. Granting that the transition observed below
pH 2 is that from D’ to D, the pH dependence of the DSC
curves for cold denaturation in Figure 7b can be explained by
the assumption that the apparent constancy in the area
(corresponding to enthalpy for cold denaturation) with de-
creasing pH is due to the increased fraction of the transition
from D’ to D in addition to that from D’ to N.

The results of the DSC data indicate that the transitions
from N to D, N to D’, and D’ to D of SSI are distinctive phase
transitions accompanied by the absorption of heat upon in-
creasing temperature. The heat capacity value of SSI in the
cold-denatured state is closer to that in the native state, sug-
gesting the presence of a tertiary structure with packed hy-
drophobic amino acid residues. In contrast, the CD data
indicate that the secondary structure is lost in the cold-de-
natured state to a similar extent as that in the heat-denatured
state, although the secondary structures of the two denatured
states are not identical. These observations prompted us to
investigate the tertiary structure of SSI in the two denatured
states and the native state by '"H NMR spectroscopy (Tamura
et al., 1991).
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ABSTRACT: Structural transitions of the protein Streptomyces subtilisin inhibitor (SSI) from the native state
to the cold-denatured and heat-denatured states were studied by !H NMR spectroscopy in the temperature
range from —10 to 60 °C in the acidic pH range. Assignments of some of the !H NMR signals of SSI in
the cold-denatured and heat-denatured states were performed by a combined use of selective deuteration
and site-directed mutagenesis. Throughout the pH range from 2.1 to 3.1, both transitions were cooperative
and basically only three distinct spectra corresponding to structures in the cold-denatured, native, and
heat-denatured states were detected. In the cold-denatured state, the side-chain signals of Met73, His106,
at least one Val, and two Leu were observed at distinctly shifted positions from those for a random-coiled
structure, suggesting the formation of a tertiary structure, while those of Met70, His43, and Ala2 were
observed at positions for a random-coiled structure. This tertiary structure in the cold-denatured state is
entirely different from that in the native state, as some amino acid residues exposed to the solvent in the
native state (e.g., Met73, His106) are buried while those sequestered in the native state (e.g., His43) are
exposed. In the heat-denatured state, however, most 'H NMR signals were observed at random-coiled
positions, indicating that there is much less tertiary structure in the heat-denatured state than in the
cold-denatured state. At pH values below 2.09, a structural transition was observed from the cold-denatured
state to the heat-denatured state without passing through the native state. A sedimentation equilibrium
experiment indicated that the two subunits of SSI were dissociated in both the heat-denatured and cold-
denatured states, eliminating the possibility of formation of a tertiary structure in the cold-denatured state
by intersubunit interaction, such as by aggregation.

’I;ne preceding paper using circular dichroism (Tamura et
al., 1991b) indicated that neither the cold-denatured (D’) nor
the heat-denatured state (D) of Streptomyces subtilisin in-
hibitor (SSI;! see Figure 1 for the tertiary structure) is per-
fectly random coiled and that the two states differ slightly but
distinctly in their secondary structure. Furthermore, DSC
experiments suggested that a tertiary structure might be
formed from hydrophobic amino acid residues in the D’ form
of SSI.

*This work was supported by a Grant-in-Aid for Developmental
Scientific Research from the Ministry of Education, Science, and Culture
of Japan.

In the present paper, a detailed study of the structural
transitions of SSI was undertaken using '"H NMR spectros-
copy, which reflects the tertiary structure of a protein more
directly than CD and DSC. Our points of interest here are
(1) whether SSI takes three distinct states, N, D, and D’,
differing in their tertiary structure, (2) whether and how the
tertiary structure of SSI in the D’ state is different from that
in the D state, and (3) whether the transitions of tertiary
structures between the N and D’ forms (cold denaturation),

! Abbreviations: SSI, Streptomyces subtilisin inhibitor; NMR, nu-
clear magnetic resonance; CD, circular dichroism; DSC, differential
scanning calorimetry.
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