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Single amino acid mutations of MetlO3 in the hydrophobic core of a serine protease
inhibitor, Streptomyces subtilisin inhibitor, caused little change in the inhibitory activ-
ity, as measured by the inhibitor constant, although some altered the thermodynamic
stability of the protein considerably. JH NMR investigations showed that the conforma-
tional stress caused by the replacement of MetlO3 with Gly, Ala, Val, and He, namely, the
effects of the cavities generated by replacements with smaller side-chains and of the
steric distortions generated by ({-branched side-chains, caused considerable changes in
the structural arrangement of the side-chains within the core. However, these structural
changes were absorbed within the hydrophobic core, without distorting the structure of
the reactive site essential for the protein function. These results provide an excellent
example of the conformational flexibility of a protein core and the degree of its toler-
ance of an amino acid replacement. The results also reveal the crucially designed struc-
tural relationship between the core of the inhibitor and the enzyme-binding segment
with the reactive site in a serine protease inhibitor.

Key words: conformational change, inhibitory function, protein engineering, Streptomy-
ces subtilisin inhibitor, thermal stability.

Various strains of Streptomyces are known to produce a mal transition of over 80°C (7). A long protease-binding
family of dimeric serine protease inhibitors, called the SSI segment of each subunit, comprising residues Asp68—Tyr75
family inhibitors (2). They have a common structural de- as a primary binding region, is located on the opposite side
sign but consist of a variety of amino acid sequences. The of the subunit interface. The middle part of the long bind-
first SSI family inhibitor isolated from Streptomyces albo- ing segment is connected to the core part through a disul-
griseolus S-3253, hereafter designated as the wild-type, has fide bridge at residues Cys71 and CyslOl. Most of the side
a unique homodimeric structure with 11.5-kDa subunits (2, chains of the binding segment, containing the reactive site
3). The three-dimensional structures of both free SSI and Met73-Val74 at Pl-Pl', are well exposed to the solvent in a
its complex with subtilisin BPN' have been determined (4- position ready to interact with the target enzymes, such as
6). The two subunits face each other through predomi- subtilisin BPN', from which the name originates. Each sub-
nantly hydrophobic residues on four-stranded fi-sheets, unit of SSI strongly binds one protease molecule, and
which are tightly bound and make almost a single large therefore one dimeric SSI molecule binds two enzyme mole-
hydrophobic core. This arrangement of the two subunits cules, forming a 2:2 complex. The large hydrophobic core,
makes the protein quite stable, the wild-type having a ther- with the strong contacf between the two subunits and the

highly exposed reactive-site segments attached to it, makes
'To whom correspondence should be addressed. Tel: +81-4-7123- ^ fem ^ tem fo m v e s t i g a t e the role of the
9937, Fax:+81-4-7124-1541, E-mail: oda@rs.noda.tus.ac.jp - 4 . 1 , ^i -L * 1 K 1 +• • w \*cA
Abbreviations: 8, chemical shift (in ppm) down field from the inter- «"« m ^ a c t m t y o f a ^bular protein We approached
nal reference, sodium 3-trimethylsilylpropionate-2,2,3,3-d4; A8, this system by employing smgle ammo aad substitutions of
chemical shift difference between the mutant protein and the wild- One central residue, MetlO3, and determined how each re-
type; AH^, calorimetric enthalpy change for denaturation; AHrH, placement in the tightly packed hydrophobic core of the
van't Hoff enthalpy change for denaturation; DQF-COSY, double- protein affects both its structure, e.g., the side chain
quantum filtered correlation spectroscopy; DSC, differential scan- arrangement in the core, and its overall thermodynamic
ning calorimetry; *„ nMbitor constant; SSI, Streptomyces subtuisiii ^ ^ ^ Furthermore, we also analyzed how the replace-
inhibitor; Tn denaturation temperature m the DSC experiments; . , , ~ , , , . ,. , -f-, c
Tm, midpoin? transition temperature for denaturation. m e n t s m the core part affect the enzyme-binding ability of

the protein at the well-exposed reactive-site segment.
-- © 2002 by The-Japanese-Biochemical Society- _.. . _ _ SSL-Contains_three methionine_residues, which are .all
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Met73

Met70

Fig. 1. Backbone structure of an SSI subunit with the three me-
thionine and three phenylalanine residues, based on the crys-
tallographic coordinates (PDB code, 3SSD. The side-chain of
MetlO3 is represented as a CPK model, and those of Met70, Met73,
Phe97, Phelll , and Phell3 are indicated as stick models.

located at crucial sites for its function and stability. Met73
constitutes the PI site in the reactive site of the inhibitor,
and Met70 constitutes the P4 site of the enzyme-binding
segment. Both of the side-chains are well exposed to the
solvent, and the motional dynamics of all three Met side-
chains have been studied in detail by NMR spectroscopy (8,
9). The effects of the Met70 and Met73 mutations of the
enzyme-binding segment on the inhibitory activity, stabil-
ity, and structure of SSI have been studied in some detail
(10-16). In contrast, MetlO3 is deeply buried in the hydro-
phobic core of each subunit and is surrounded by three phe-
nylalanine residues, Phe97, Phe l l l , and Phell3 (Fig. 1). It
is, therefore, located at a crucial position to define the sta-
bility of the core. We chose MetlO3 as the amino acid re-
placement site, and generated five single mutant proteins,
M103G, M103A, M103V, M103L, and M103I, and one dou-
ble mutant, M73K/M103L. The inhibitory activities were
measured for all of the mutants. The conformatdonal rear-
rangement in the core and the thermal stability changes
caused by the mutations were analyzed by :H NMR and
differential scanning calorimetry (DSC), respectively. To-
gether, the results provide a general view of the effect of
each hydrophobic core mutation on the structure, the sta-
bility, and the function of this protein.

MATERIALS AND METHODS

Protein Preparation—The wild-type SSI was obtained by
cultivating Streptomyces albogriseolus S-3253, as described
previously (2). Site-directed mutagenesis was performed by
the method of Kojima et al. (10), and the mutant SSIs were
obtained from the culture of the transformed Streptomyces
lividans 66, as described previously (17). The SSI protein
secreted into the culture medium was precipitated with
ammonium sulfate, then purified by chromatography on an
anion exchange column (DE52, Whatman), followed by a
gel filtration column (Sephacryl S-200, Amersham Pharma-

cia). The purified proteins were lyophilized and redissolved
in an appropriate buffer for analysis. Here the name of
each mutant protein is indicated as, for example, M103G
for the mutation that replaces MetlO3 with Gly, and M73K/
M103L for the simultaneous mutations that replace Met73
with Lys and MetlO3 with Leu.

Inhibitor Constant Measurements—The inhibitor con-
stant (K) of SSI toward subtilisin BPN' was determined
from the residual enzyme activity of subtilisin by using the
peptide substrate succinyl-Ala-Ala-Pro-Phe-methyl-cou-
marylamide, as described previously (15). The enzyme
activity was analyzed by measuring the fluorescence inten-
sity at 440 run, with excitation at 350 nm, resulting from
the release of 7-amino-4-methyl-coumarin.

NMR Measurements—JH NMR spectra were measured
on a JEOL GX-400 spectrometer with standard 5 mm
probes. For one-dimensional NMR measurements in the
thermal stability experiments, the lyophilized proteins
were redissolved to a final protein concentration of 5 mg
ml"1. Chemical shifts (8) were measured relative to an
internal reference, sodium 3-trimethylsilylpropionate-
2,2,3,3-d4. The midpoint transition temperature for dena-
turation (Tm) is defined as the temperature at which the
peaks of the native and denatured proteins have equal
intensities. The van't Hoff enthalpy change for denatur-
ation (AHvH) was calculated from the conventional linear
van't Hoff plot, using a two-state model for the scheme N2

«-» 2D (18). For two-dimensional NMR measurements, the
protein concentration was 10 mg ml"1 in 40 mM sodium
deuterated phosphate buffer, pH 7.0, containing 100 mM
NaCl. Before NMR measurements, the sample was incu-
bated for 10 min at 70°C to exchange the peptide amide
protons for deuteriums. The two-dimensional spectra were
measured using phase-sensitive double-quantum filtered
correlation spectroscopy (DQF-COSY) (19, 20). The spectra
were collected into the data points of Wj = 256 and a^ =
2,048, respectively, with a spectral width of 5,000 Hz. The
residual 1H2H0 signal was saturated during the recycle
time.

DSC Measurements—DSC experiments were carried out
on a DASM-4 scanning microcalorimeter. The temperature
scanning rate was 1°C min"1. The lyophilized proteins were
redissolved in 25 mM sodium phosphate buffer, pH 7.0,
containing 100 mM NaCl, in ^ O or ^ O . The denatur-
ation temperature in the DSC experiments (TD) was de-
fined as the temperature where the molar heat capacity is
maximal.

RESULTS

Inhibitory Activity—All of the MetlO3-substituted mu-
tant proteins were overexpressed and purified in amounts
sufficient for NMR measurements and biochemical charac-
terizations (Table I). The productivity of the mutant pro-
teins varied considerably, tending to be lower for mutants
with smaller side-chains, but it also varied from one prepa-
ration to another. The K^ values of the MetlO3 mutants
toward subtilisin BPN" were determined and are summa-
rized in Table I. The inhibitory activities of all of the
mutants were surprisingly similar to that of the wild-type
SSI.

Thermal Stability—The thermal stabilities of the mutant
proteins were analyzed based on the one-dimensional JH
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NMR signals obtained as a function of temperature at pH
7-.0. As reported-previously (8, 21-}, the three methyl proton
signals of Met70, Met73, and MetlO3 of the wild-type
native SSI are separately observed in the one-dimensional
*H NMR spectrum (Fig. 2A). In the denatured state, the
signals of Met73 and MetlO3 overlap, but the signal of
Met70 is separately observed and can be used to monitor
the denatured fraction. Based on the respective 'H NMR
signals, Met70 and the sum of Met73 and MetlO3, the Tm

and Ai/vH values could be determined from the van't Hoff
analysis. The chemical shifts of the Met residues of the
mutants were similar to those of the wild-type in both the
native and denatured states. In the case of the MetlO3-sub-
stituted mutant protein, the transition for unfolding could
be analyzed based on either the Met70 or Met73 signal,
respectively (Fig. 2B). In the same way, the transition could
be analyzed based on either the Met70 or MetlO3 signal in
the M73K mutant, and on the Met70 signal in the M73K/

TABLE I. Yields and inhibitory constants of wild-type SSI and
mutant proteins.

Protein Hydrophobicity*
(kcal mol'1)

Yield"
(mg liter1) (M)

Wild-type
M103G
M103A
M103V
M103L
M103I
M73K
M73K/M103L

1.68
0
0.42
1.66
2.32
2.46
1.68
2.32

225.0
46.8
50.3
61.0

104.3
68.4

141.7
85.6

1.8 ± 0.3 x 10-lld

1.1 ± 0.6 x 10"1

0.9 ± 0.2 x 10"1

2.3 ± 1.1 x 10"'
1.1 ± 0.6 x 10"1

2.3 ± 0.7 x 10-1

1.8 ± 0.4 x 10-lld

n.d.'
•Hydrophobicity represents the free energy of transfer of the intro-
duced amino acid into position 103 from octanol to water (31).
bYield represents the amount of the protein purified from 1-liter
culture. °Kt values were calculated based on a nonlinear fitting
method (15). dData were taken from Masuda-Momma et al. (15).
"Not determined.

Temperature
CO

72 0

24 S(ppm) 1.7 5(ppm) 1 7

Fig. 2. Temperature dependence of the 'H NMR spectra of wild-
type (a) and M103G (b) in the methyl proton region. Each signal
was previously assigned as follows: MetlO3 in the native state at 8 =
1.78, Met70 in the native state at S = 2.08, Met73 in the native state
at 8 = 2.13, Met73 and MetlO3 in the denatured state at 8 = 2.04,

_and Met70 in the denatured state at 8 =2.06 (8).

M103L mutant. Table II summarizes the thermodynamic
parameters of the wild-type and the seven mutant-proteins
studied at pH 7.0. The Tm values of M103G, M103A,
M103V, and M103I were lower than that of the wild-type,
while that of M103L was almost the same as that of the
wild-type. The invariance of Tm upon the substitution of
MetlO3 with Leu was also noted between M73K/M103L
and M73K (Table II).

In order to compare the results in Table II with the ther-
modynamic parameters obtained in 1H2O in a previous
DSC work (22), the solvent isotope effects between ' H p
and 2H2O must be evaluated. Table III summarizes the
thermodynamic parameters of the wild-type and M73K
proteins in ^ O and ^ O , respectively, and M73K/M103L
in 'HjO, obtained from DSC measurements. The TD values
of both the wild-type SSI and the M73K mutant in

TABLE II. Thermodynamic parameters of wild-type SSI and
mutant proteins.

Protein T.'CC) YH' (kcal mol"1)

Wild-type
M103G
M103A
M103V
M103L
M103I
M73K

86.2 ± 0.8
73.6 ± 0.4
82.7 ± 0.9
82.6 ± 1.1
86.2 ± 0.6
83.0 ± 0.6
87.0 ± 0.7

M73K/M103L 86.9 ± 1.1

0
-12.6
-3.5
-3.6
0

-3.2
0.8
0.7

177.1
122.0
166.5
147.5
171.5
170.1
221.7
184.3

±6.8
± 7.4
± 5.6
±8.9
± 14.8
± 18.3
±23.5
± 2.3

82.2
68.6
78.0
78.7
82.5
78.3
82.9
n.d.

*Tm and A//^ are the average values determined from the van't
Hoff analysis using the methyl proton signals of methionine resi-
dues, as mentioned in "RESULTS* bATm is the change in Tm rela-
tive to that of the wild-type. cCalorimetric data in 1H2O taken from
Tamura et al. (16, 22).

015

0.10-

a.
a.

0.05-

000
0 5 10 15 20 25

distance (A)

Fig. 3. Chemical shift differences of the aromatic proton sig-
nals between the mutant proteins and the wild-type (A5). The
correlation of A8 with the distance from the substituted site, MetlO3
(Cp), to each residue, Phe (C-y), Tyr (C-y), Trp (C9), His (C2), calcu-
lated from the crystal structure (PDB code, 3SSI) is plotted for
M103G (o), M103A (x), M103V (a), M103L (+), and M103I (A). The
A8 values are the average chemical shift differences of the C2, C3,
C5, C6 protons for the Phe and Tyr residues, the C4, C5, C6, C7 pro-
tons for the Trp residue, and the C2, C4 protons for the His residues
in the DQF-COSY spectra, measured at 60°C in 40 mM sodium deu-
terated phosphate buffer, pH 7.0, containing 100 mM NaCl. The cal-
culated distances are 5.66 A to Phelll, 6.65 A to HislO6,11.93 A to
Tyr93, 11.98 A to His43, 14.34 A to Tyr75, 18.73 A to Trp86, and
29.42 A to Tyr-7, respectively.
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were higher than those in 1H2O by 3.5°C. The calorimetric
enthalpy changes for denaturation (&HJ) inJ were
smaller than those in 'H^O. The Tm values obtained from
the DSC measurements in 2H2O were comparable to those
obtained from the NMR measurements (Table II). The ther-
mal stability of M73K/M103L was similar to that of M73K,
while that of M73K was slightly higher than that of the
wild-type.

Conformational Change—The effects of the MetlO3 mu-
tations on the conformational change of SSI were analyzed,
based on the 'H chemical shift values of some representa-
tive side chains. The methyl proton signals of Met70 and
Met73, located at the crucial positions of the reactive-site
segment (PI and P4), showed similar 8 and pK, values
among the wild-type and mutant proteins (data not
shown), which is consistent with the notion that the muta-
tion does not significantly affect the conformation of the
reactive-site segment. These residues are well separated
from the mutation site (residue 103): Met70 (16.55 A away
from the C(3 of MetlO3) and Met73 (14.67 A). The results
are in accordance with the observation that the mutation
caused no significant changes in the inhibitor constant
(Table I).

In contrast, the residues on the core part of the protein
were considerably affected by the mutations. Among the
previously assigned aromatic XH NMR signals of SSI (21,
23, 24), the 8 values of the five single-mutant proteins were
compared with those of the wild-type in the phase-sensitive
DQF-COSY spectra. Figure 3 shows the chemical shift dif-
ferences of these signals between the mutant proteins and
the wild-type (A8) at 60°C against the distance between the
substituted site and each residue. The A8 values were
smaller in the residues further from the substitution site.
On the other hand, the substitution effect was larger for
the M103G and M103A mutants than for the others, ap-
parently representing the greater effect of the substitutions
with the smaller sized Gly and Ala residues. Although the
hydrophobicity of Val is similar to that of Met, this substi-
tution caused a conformational change within the hydro-
phobic core. In addition, the hydrophobicity of lie is similar
to that of Leu, and the A8 values of M103I were larger than
those of M103L.

DISCUSSION

The present NMR analyses indicated that the cavities gen-
erated by Gly and Ala, and the steric distortions generated
by the p-branched amino acids, Val and Be, at position 103
of SSI induce large changes in the A8 values (Fig. 3).
Although the chemical shifts can be affected by various fac-
tors, such as the ring current and the solvation effects, the
major contribution caused by the mutation should be due to
the conformational change, which is mainly attributable to
the microenvironmental changes of the three phenylala-
nine residues surrounding the substituted site. It should be
noted that the larger A8 values were only observed for the
residues closer to the substituted site, indicating that the
conformational rearrangement is induced within the hydro-
phobic core, while the conformation outside the hydropho-
bic core remains almost unchanged. The inhibitory ac-
tivities of the MetlO3-substituted mutant proteins also sup-
port the results of the local conformational rearrangement.
Since the reactive site of SSI is located over 14 A away from

Met 103, its conformation and flexibility are not affected by
the substitution. This is in contrast to the mutations of the
PI site in the reactive site, which altered the inhibitory
function while causing only a slight conformational change
(15).

The thermal stability of each mutant protein could be
correlated with the extent of the conformational rearrange-
ment in the hydrophobic core (Table II and Fjg. 3). The
present NMR analyses indicate that the mutational effect
in M103G and M103A is due to the newly generated cavity
in the hydrophobic core, and that in M103V and M103I is
due to steric distortion, both of which cause a conforma-
tional rearrangement in the hydrophobic core. The destabi-
lizations of M103G and M103A would also be caused by the
increased backbone conformational flexibility in the un-
folded state, as mentioned previously (22). In contrast, the
thermal stability of M103L was almost unchanged, similar
to that of M73K/M103L relative to M73K Although Leu
has a "/-branched side-chain and greater hydrophobicity
than Met, this mutation would only cause a small confor-
mational change, which would minimally affect the confor-
mational stability at neutral pH (Table II).

Both the present NMR and previous DSC studies yielded
similar results for the thermal stabilities of the five single
mutant proteins, although relatively higher Tm values were
observed in the present analyses (22). Several reports have
shown the relatively higher stability in 2H2O and discussed
the solvent isotope effects (25, 26). In the case of SSI, the
Tm values in 2H2O at pH 7.0 analyzed using NMR were 4.3
± 0.8°C higher than those in ^ O analyzed using DSC
(Table II). The present DSC measurements of the wild-type
and M73K proteins in 2H2O also showed higher TD values
than those obtained in 'H^O, and those in 2H2O were simi-
lar to the Tm values obtained in the NMR measurements
(Tables II and HI). These results indicate that the present
NMR analyses can accurately determine the thermal sta-
bility, and the higher Tm values in 2H2O for the NMR mea-
surements should be due to the solvent isotope effects.
While calorimetric analyses can provide precise thermody-
namic parameters, NMR analyses can monitor the transi-
tions of the respective residues. The respective NMR sig-
nals of the three methionine residues showed that the un-
folding transition of SSI is cooperative.

Some reports have shown that the cavity in the hydro-
phobic core is needed for the protein function, although the
conformational stability of the wild-type is somewhat lower
than that of the cavity-filling mutant protein (27, 28). The
core-packing can affect the conformational flexibility, which
is likely to be important for the interactions with other mol-
ecules or the enzymatic activity. Consonni et al. showed
that a single-point mutation in the hydrophobic core causes
it to undergo a major conformational rearrangement, re-
sulting in the loss of the protein function and stability (29).

TABLE in.
proteins in

Protein

Wild-type
Wild-type
M73K
M73K

Calorimetric data of wild-type SSI
'H.O and 11,0.

Cone (mg ml1) Solvent TD CO M
0.86 >H
i.23 *H
1.20 'H
1.42 ^

M73K/M103L 0.94 'H

^0 82.8
^0 86.3
^0 83.9
^0 87.4
^0 83.9

and mutant

/ ^ (kcal mol1)

179.9
162.6
159.5
145.3
142.4
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In contrast, the present structural and thermodynamic
analyses using SSI showed that the mutational effects can
be accommodated by rearrangements within the hydropho-
bic core, to maintain its inhibitory activity. This may be a
characteristic feature of proteinase inhibitors. Canonical
inhibitors of serine proteinases, including SSI, possess an
exposed binding loop, and the binding affinity of less stable
inhibitor mutants, which are still thermostable, is almost
unchanged in the physiological temperature range (30).
Although the substitution of Trp86 with His changed SSI
into a temporary inhibitor, the inhibitory activity of this
mutant protein was similar to that of the wild-type SSI
(22). Together with this result, the present study clearly
showed that the structural rearrangement caused by sin-
gle-point mutations in the hydrophobic core can affect the
thermal stability, but can also be somewhat absorbed
within the hydrophobic core without changing the inhibi-
tory function.

The authors thank Dr. Harumi Fukada and Dr. Katsutada Taka-
hashi of the University of Osaka Prefecture for the DSC measure-
ments, and Mr. Taku Shimada and Dr. Masaru Kawakami of Kobe
University for assistance with the NMR measurements.
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