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A Kinetic Study of Protein-Protein Interactions?

Ruth Koren and Gordon G. Hammes*

ABSTRACT: Kinetic studies have been carried out of the
monomer-dimer interaction of insulin, S-lactoglobulin, and
a-chymotrypsin using stopped-flow and temperature-jump
techniques. The pH indicators bromothymol blue, bromo-
phenol blue, and phenol red were used to monitor pH
changes associated with the monomer-dimer interaction. In
all three cases a kinetic process was observed which could
be attributed to a simple monomer-dimer equilibrium, and
association (k) and dissociation (k_) rate constants were
determined. The results obtained are as follows: for insulin
at 23 °C, pH 6.8, 0.125 M KNO3, k; = 1.14 X 108 M~!
s7! k-1 = 1.48 X 10*s~!; for B-lactoglobulin AB at 35 °C,
pH 3.7, 0.025 M KNO;, k) = 4.7 X 10* M~} =t k_, =
2.1 s7Y for a-chymotrypsin at 25 °C, pH 4.3, 0.05 M

A number of studies have been directed toward charac-
terizing the equilibrium properties of protein-protein inter-
actions (cf. McKenzie, 1967; Blundell et al., 1972: Aune et
al.,, 1971; Horbett and Teller, 1974). However, relatively
little information is available concerning the dynamics of
protein-protein interactions. In the work reported here, ki-
netic studies have been carried out of the self-association of
insulin, 3-lactoglobulin, and a-chymotrypsin using stopped-
flow and temperature-jump techniques. Changes in pH ac-
companying the self-association have been used to monitor
the course of the reaction.

* * From the Depgrtment of Chemistry, Cornell University, Ithaca,
New York 14853. Received October 8, 1975. This work was supported
by a grant from the National Institutes of Health (GM 13292).

KNOs, k; =37 X 103 M~ !5~} k_; = 0.68 s~'. The kinet-
ic behavior of the separated $-lactoglobulin A and B was
similar to that of the mixture. In the case of chymotrypsin,
bromophenol blue was found to activate the enzyme cata-
lyzed hydrolysis of p-nitrophenyl acetate, and a rate process
was observed with the temperature jump which could be at-
tributed to a conformational change of the indicator-pro-
tein complex. The association rate constant for dimer for-
mation of insulin approaches the value expected for a diffu-
sion-controlled process, while the values obtained for the
other two proteins are below those expected for a diffusion-
controlled reaction unless unusually large steric and electro-
static effects are present.

Ultracentrifuge studies of insulin (Zn free) aggregation
have been made at pH 2 (Jeffrey and Coates, 1966) and at
neutral pH (Pekar and Frank, 1972). Monomer, dimer, tet-
ramer, and higher aggregates have been used to account for
the data at pH 2, while at neutral pH values monomer,
dimer, hexamer and higher aggregates were found to ac-
commodate the data better. Although a detailed study of
the pH dependence of the aggregation equilibria is not
available, the amount of polymerization appears to decrease
with decreasing pH (Blundell et al., 1972). In the kinetic
studies, attention was confined to a range of protein concen-
trations in which the monomer and dimer are the prevalent
species.

The aggregation properties of 3-lactoglobulin have been
studied over a wide pH range (McKenzie, 1967; Albright
1165
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FIGURE 1: Typical kinetic traces for the monomer-dimer interaction
of insulin, B-lactoglobulin AB and a-chymotrypsin. (A) Temperature-
jump experiment with insulin (7.15 gM), bromothymol blue (20 uM),
0.125 M KNOs; (pH 6.8) at a final temperature of 23 °C. The wave-
length used for observation was 615 nm; the vertical scale is 10 mV/
division and the horizontal scale is 50 us/division. (B) Stopped-flow ex-
periment with B-lactoglobulin AB (23 uM)-bromophenol blue (20
puM), 0.025 M KNO; (pH 3.7) at 35 °C. The wavelength used for ob-
servation was 590 nm; the vertical scale is 2 mV /division, and the hori-
zontal scale is 0.1 s/division. (C) Stopped-flow experiment with a-chy-
motrypsin (84 uM), bromophenol blue (10 uM), 0.05 M KNO; (pH
4.0) at 25 °C. The wavelength used for observation was 590 nm; the
vertical scale is 5 mV /division, and the horizontal scale is 0.5 s/divi-
sion. (D) Same as C except pH 3.7.

and Williams, 1968; Visser et al., 1972; Towend et al.,
1961; Timasheff and Towend, 1961; Kelly and Reithel,
1971; Zimmerman et al., 1970). In the pH range 4 to 5, (3-
lactoglobulin A exists in a dimer-octamer equilibrium at
low temperatures, whereas (-lactoglobulin B is a dimer
under similar conditions. Both proteins tend to dissociate to
monomer below pH 4, and kinetic experiments were carried
out under conditions where only monomer and dimer
species should be present.

The dimerization of a-chymotrypsin in the pH range 2 to
6 has been studied extensively (Aune and Timasheff, 1971;
Timasheff, 1969; Horbett and Teller, 1974). The standard
free energy of association goes through a minimum at pH 4,
and kinetic studies have been carried out in the pH range
3.7-4.3.

Rate constants characterizing the monomer-dimer inter-
action have been obtained for all three proteins and are
compared with the rate constants for other protein-protein
interactions.

Experimental Section

Materials. The Zn free porcine insulin was a generous
gift of Dr. B. H. Frank of Eli Lilly. The 8-lactoglobulin AB
(mixture) and p-nitrophenyl acetate were obtained from
Sigma and three times crystallized a-chymotrypsin from
Worthington Biochemicals. The pH indicators bromothym-
ol blue, bromophenol blue, and phenol red were purchased
from Fisher Scientific Company. In some cases bromophe-
nol blue was recrystallized from glacial acetic acid. How-
ever, the results obtained with the crystallized material did
not differ significantly from those obtained with the com-
mercial material. All other chemicals used were the best
available commercial grades, and all solutions were pre-
pared with distilled deionized water.
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FIGURE 2: A plot of the square of the reciprocal relaxation time, (1/
7)2, vs. the total insulin concentration (calculated in terms of the mo-
nomer) in 0.125 M KNOs: (O) 20 uM bromothymol blue, 23 °C, pH
6.8; (¢) 20 uM phenol red, 23 °C, pH 7.8; (A) 20 M bromothymol
blue, 14 °C, pH 6.8.

The A and B components of S-lactoglobulin were ob-
tained from the commercial preparation essentially fol-
lowing the procedure of Piez et al. (1961) except that a
DEAE-cellulose column was substituted for DEAE-Selec-
tacell. The protein eluted at slightly higher salt concentra-
tions than reported by Piez et al. (1961). The protein frac-
tions of each component were pooled, precipitated with am-
monium sulfate, and recrystallized (Armstrong et al.,
1967).

Methods. The protein concentrations were determined
spectrophotometrically using an extinction coefficient of
1.05 ml/(mg cm) at 276 nm and a molecular weight of
5800 for insulin (Frank and Veros, 1968), an extinction
coefficient of 2.03 ml/(mg cm) at 282 nm and molecular
weight of 24 800 for chymotrypsin (Smith and Hansch,
1973), and an extinction coefficient of 0.97 ml/(mg cm) at
280 nm and a monomer molecular weight of 18 000 for 8-
lactoglobulin (Span et al., 1974). The B-lactoglobulin AB
solutions were dialyzed overnight against distilled water
prior to use.

Difference spectra between protein-pH indicator mix-
tures and the pH indicator were determined with a Zeiss
PMQ II spectrophotometer.

Steady state kinetic measurements of the chymotrypsin
catalyzed hydrolysis of p-nitrophenyl acetate were carried
out on a Cary 14 spectrophotometer by monitoring the re-
action at 30 °C at 340 nm with a constant slit width of 1.75
mm (Hartley and Kilby, 1954; Gutfreund and Sturtevant,
1956). The difference in extinction coefficient between sub-
strate and product was determined to be 7026 M~! cm™!,
The reference spectrophotometer cell contained all reaction
components except enzyme, thus automatically correcting
for the small amount of nonenzymatic reaction.

Stopped-flow measurements were carried out on a Dur-
rum D-10 stopped-flow spectrometer. In the stopped-flow
experiments, an unbuffered protein-pH indicator-KNOs
solution was mixed with an equal amount of unbuffered pH
indicator-KNO3 solution. The pH of the solutions was
carefully adjusted with 1072-10~3* M KOH or HCI imme-
diately prior to inserting them into the syringes of the
stopped-flow instrument.

Temperature-jump measurements were carried out using
the instrument and procedures previously described (Fae-
der, 1970). The temperature jump was 7.7 °C and the heat-
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Table I: Rate Constants for 2A.——‘_~A2.

-1

Protein pH T¢O) E, (M7 s™) k_ (s k) M™)
Insulin? 6.8 23 1.14 (£0.15) x 10* 1.48 (£0.11) x 10* 0.77 x 10*
7.8 23 1.31 (£0.31) x 10* 1.55 (x0.23) X 104 0.85 x 10*
6.8 14 1.0 (x0.25) x 108 1.0 (20.2) x 10* 1.0 x 10*
g-Lactoglobulin AB? 3.7 35 4.7 (+1.5) x 10* 2.1 (£0.6) 2.3 x 10°
a-Chymotrypsin® 4.3 25 0.37 (x0.09) x 10* 0.68 (x0.12) 5.5x 10°

40.125 M KNO,. 2 0.025 M KNO,. ¢0.05 M KNO,.

ing time of the instrument is about 8 us. Solutions were pre-
pared similarly to those used for the stopped-flow measure-
ments.

The data from the stopped-flow and temperature-jump
experiments were analyzed by an on-line computer system
as described elsewhere (Hilborn and Hammes, 1973; Hil-
born et al., 1973). Signal averaging of 5-10 kinetic traces
was carried out, and the data were fit to a single exponen-
tial by a least-squares procedure.

Results

Insulin. Temperature-jump experiments on insulin-0.125
M KNO;j solutions were carried out at pH 6.8 using bro-
mothymol blue as a pH indicator and at pH 7.8 using phe-
nol red as a pH indicator. The concentration range of insu-
lin was 0.7-8.2 X 10~5 M. In most cases, the indicator con-
centrations were fixed at 2 X 1075 M and the insulin con-
centration was varied; in some experiments the insulin con-
centration was fixed at 7.3 X 1076 or 1.6 X 1075 M and the
pH indicator concentration was varied up to 107* M. A sin-
gle relaxation process was observed under all conditions
over the accessible time range, from 10 us to about 500 ms.
Slower kinetic processes were not observed in dilution ex-
periments using the stopped-flow instrument. A ‘typical ki-
netic trace is shown in Figure 1A. With bromothymol blue
an increase in transmittance was observed at 615 nm and a
decrease in transmittance at 430 nm. Since the absorbancy
of the dye is significantly higher at 615 nm (the absorbance
maximum of the basic form of the dye), this wavelength
was generally utilized to monitor the reaction progress.
With phenol red the reaction progress was monitored at 510
nm where a transmittance increase was observed.

The relaxation times calculated from the signal averaged
data were found to vary significantly with insulin concen-
tration at constant indicator concentration, but varying the
concentration of indicator from 2 X 1075 to 10™* M did not
alter the relaxation time within the experimental uncertain-
ties (£10%). If the relaxation process is attributed to a mo-
nomer-dimer equlibrium (eq 1)

k1
— A 1
28 =2 A2 (1)
the reciprocal relaxation time, 1/7, can be written as in eq 2
or3
1/7=k-1 + 4k1(A) (2)
(1/7)? = (k-1)? + 8k1k—1(AT) (3)
where (A) is the equilibrium concentration of monomer and
(ArT) is the total protein concentration expressed in terms of

monomer. Plots of (1/7)? vs. (A1) at pH 6.8 (14 and 23
°C) and pH 7.8 (23 °C) are shown in Figure 2. The scatter

at pH 7.8 is somewhat greater than at pH 6.8, primarily
due to the pH instability of the unbuffered solutions at pH
7.8. The pH was monitored before and after measurements,
and the variation of pH was +0.2 unit at the higher pH. A
least-squares analysis of the data in Figure 2 according to
eq 3 was used to obtain the rate constants in Table I. (Simi-
lar rate constants were obtained using eq 2, assuming an
equilibrium constant, and using a least-squares analysis ac-
cording to eq 2 to obtain an equilibrium constant from the
ratio of rate constants. This new equilibrium constant was
then used to recalculate the equilibrium concentrations, and
the data again were analyzed according to eq 2. This pro-
cess was repeated until the rate constants and assumed
equilibrium constant were self-consistent.)

The concentration dependence of the relaxation times is
in good agreement with the mechanism of eq 1. The possi-
bility that a mechanism involving a dye-protein interaction
is occurring seems unlikely in view of the lack of depen-
dence of the relaxation time on dye concentration. In addi-
tion, a difference spectrum between dye-protein mixtures
and dye could not be detected at pH 6.8 (5 X 1075 M bro-
mothymol blue, 2.5 X 1075 or 5 X 107> M insulin, 0.1 M
imidazole chloride) or pH 8 (5 X 1075 M phenol red, 6.7-
13.4 X 1073 M insulin, 0.05 M potassium phosphate) at
room temperature (23 °C). This indicates a strong indica-
tor-insulin interaction does not occur. From the rate con-
stants obtained at 14 and 23 °C, approximate Arrhenius
activation energies of 2.5 and 7.4 kcal/mol can be calculat-
ed for kj and k_y, respectively.

B-Lactoglobulin. Below pH 4, both B-lactoglobulin A
and B exist in a monomer-dimer equilibrium at a conve-
niently accessible concentration range (McKenzie, 1967,
Albright and Williams, 1968; Towend et al., 1961; Visser et
al., 1972). The maximum sensitivity for studying the kinet-
ics of the monomer-dimer reaction with relaxation pro-
cesses is under conditions where approximately equal
amounts of monomer and dimer are present. In addition the
total protein concentration should be as large as possible
relative to the hydrogen ion concentration so that the
changes in pH used to monitor the reaction are significant
compared with the equilibrium hydrogen ion concentration.
Conditions were optimized by varying the pH, ionic
strength, and temperature until a relaxation effect with an
easily measurable amplitude was obtained in stopped-flow
dilution experiments. The final conditions employed were
pH 3.7,0.025 M KNQ3;, 35 °C, 1-10 X 1075 M B-lactoglo-
bulin AB and 2 X 1073 M bromophenol blue (concentra-
tions after mixing). Under these conditions a single relaxa-
tion process was observed in dilution experiments with the
stopped-flow apparatus. (The amplitude of the relaxation
effect increased with increasing temperature and decreasing
ionic strength.) No relaxation processes were found in tem-
perature jump experiments; apparently the amplitude of the
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FIGURE 3: A plot of the square of the reciprocal relaxation time, (1/
)2, vs. the total B-lactoglobulin concentration (calculated in terms of
the monomer) in 0.05 M KNO;, pH 3.7, 35 °C: §-lactoglobulin AB, 20
M bromophenol blue (O), 12 uM bromophenol blue (O), 40 uM bro-
mophenol blue (¢), 60 uM bromopheno! blue (m); 3-lactoglobulin B,
20 uM bromophenol blue (¥); 3-lactoglobulin A, 20 uM bromophenol
blue (A).

process observed in stopped-flow experiments is too small
for observation with the temperature-jump apparatus.

A typical kinetic trace observed at 590 nm is shown in
Figure 1B. Observations at 440 nm revealed a similar relax-
ation process with a smaller amplitude of opposite sign. The
signal averaged data were used to obtain the relaxation
times as previously described, and the results are summa-
rized in Figure 3 as a plot of (1/7)? vs. 8-lactoglobulin con-
centration according to eq 3. The data are consistent with
the mechanism of eq 1, and the rate constants obtained by a
least-squares analysis of the data are included in Table I.
The relaxation time does not depend significantly on the in-
dicator concentration: this is illustrated in Figure 3 where
points at three different indicator concentrations and a
fixed protein concentration are shown. Some kinetic experi-
ments also were carried out with the separated A and B
proteins, and the results obtained are included in Figure 3.
The relaxation times for the separated components are sys-
tematically longer than those found for the mixture, al-
though the differences are barely outside the experimental
uncertainty. The rate constants calculated from the limited
data for the separate A and B proteins are 10-20% lower
than those reported in Table I for the mixture. These differ-
ences are two small to warrant a more extended study of
this phenomenon.

Although altering the dye concentration has little effect
on the relaxation process, some interaction between dye and
B-lactoglobulin occurs since a difference spectrum is found
between a protein-dye mixture and the dye (4 X 107> M
bromophenol blue, 2.38 X 10~4 M B-lactoglobulin AB, 0.2
M potassium acetate, pH 3.7). The difference spectrum is
shown in Figure 4. The bound dye has a decreased extinc-
tion coefficient at the absorption maximum of the acid form
and an increased extinction coefficient at the absorption
maximum of the basic form (this could be attributed to a
change of the ionization constant of the dye upon binding to
the protein), and the absorption maximum of the basic form
is red shifted. A spectrophotometric titration of the protein
with dye indicated the binding is too weak to characterize
quantitatively. However, it is estimated that, under the con-

1168 BIOCHEMISTRY, VvOL. 15, NO. §, 1976

KOREN AND HAMMES

1073 ae (M'em™)

FIGURE 4: A plot of the difference extinction coefficient, Ae, vs. wave-
length, A, at 23 °C for bromophenol blue (40 pM)-S-lactoglobulin AB
(240 uM) and the separate components (- - -), and for bromophenol
biue (50 uM)-a-chymotrypsin (400 tM) and the separate components
(—).

ditions of the kinetic experiments, no more than 10% of the
protein has dye bound to it.

Chymotrypsin. a-Chymotrypsin dimerizes in the pH
range 2-6, with a maximum association constant of about
104 M~! at pH 4 (Timasheff, 1969; Horbett and Teller,
1974). Stopped-flow and temperature-jump experiments
were carried out in the pH range 3.7-4.3 using bromophe-
nol blue to monitor the pH changes. Two relaxation pro-
cesses could be resolved clearly: one with the temperature
jump with a relaxation time of about 100 us, the othcr with
the stopped flow with a relaxation time of about 0.5 s.

The fast relaxation process proceeded with an increase of
transmittance at 440, 590, and 620 nm (pH 3.7, 0.125 M
KNO;, 24 °C). This process clearly cannot be due solely to
a pH shift. The amplitude of this process is quite small, ne-
cessitating signal averaging of 7-10 kinetic traces. The de-
pendence of the relaxation time on the chymotrypsin con-
centration at a constant bromophenol blue concentration (2
X 10™° M) is shown in Figure 5. The fact that a limiting
value of the relaxation time is reached at high enzyme con-
centrations indicates a conformational change of dye-en-
zyme complex is probably responsible for the relaxation
process {(cf. Hammes and Schimmel, 1970). The relaxation
time was found to be independent of dye concentration over
the range 3 X 1073 to 1074 M at a chymotrypsin concentra-
tion of 5.2 X 1073 M. Since the primary focus in this work
is protein aggregation, a detailed kinetic study of this relax-
ation process was not carried out. However, additional re-
sults were obtained in support of this interpretation. A dif-
ference spectrum was found between indicator (5 X 1077
M)-enzyme (4 X 107% M) mixtures and indicator (5 X
1073 M) in 0.2 M potassium acetate, pH 3.7. A typical dif-
ference spectrum is shown in Figure 4. Bromophenol blue
also was found to influence the hydrolysis of p-nitrophenyl
acetate by chymotrypsin (~7.5 X 107% M) in 0.19 M potas-
sium acetate-10% isopropyl alcohol, pH 3.7, 30 °C. Steady
state initial velocities were determined in the presence and
absence of 4.7 X 107° M bromophenol blue, with the sub-
strate concentration being varied between | and 9 X 1074
M. Bromophenol blue was an activator of the enzyme at all
substrate concentrations; the primary effect of bromophenol
blue appeared to be about a 20-fold increase in the maximal
velocity. Thus compelling evidence exists that bromophenol
blue binds specifically to the enzyme and that a conforma-
tional change occurs following binding which may be relat-
ed to activation of the enzyme.

The slower relaxation process proceeded with a transmit-
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FIGURE 5: A plot of the reciprocal relaxation time determined with
the temperature-jump technique, 1/7, vs. the total chymotrypsin con-
centration (calculated in terms of the monomer) in 0.125 M KNO;, 20
uM bromophenol blue, 24 °C; signal change monitored at 620 nm (O)
and 440 nm ().

1 1

tance decrease at 590 nm and an increase at 440 nm above
pH 3.9. At pH 3.7 the amplitudes were reversed in sign.
Some typical kinetic traces illustrating the variation of am-
plitude with pH are shown in Figure 1C-D. The wavelength
dependence of the amplitude indicates a pH change is being
monitored, and the pH dependence of the amplitude is con-
sistent with that predicted for the monomer-dimer reaction
(Horbett and Teller, 1974). The reaction kinetics were
studied in detail at pH 4.3, 0.05 M KNO;, 1 X 107% M bro-
mophenol blue. A plot of the square of the reciprocal relax-
ation time vs. the chymotrypsin concentration according to
eq 3 is shown in Figure 6. At the higher protein concentra-
tions, the perturbation was sufficiently large so that some
second-order contribution to the rate process could be ob-
served. In these instances, only the last 50% of the observed
approach to equilibrium was used to calculate the relaxa-
tion time. The results obtained are in good accord with the
simple monomer-dimer mechanism of eq 1, and the rate
constants obtained by a least-squares analysis of the data
are included in Table I. The linearity of the plot indicates
that the pH indicator is not significantly influencing the re-
action kinetics.

Discussion

For all three proteins, insulin, 3-lactoglobulin, and chy-
motrypsin, the kinetic processes observed can be attributed
to a monomer-dimer equilibrium. The kinetic data provide
an independent determination of the monomer-dimer equi-
librium constant which can be compared with values ob-
tained by equilibrium methods. In the case of insulin, the
most recently determined value of the equilibrium constant
under conditions similar to those employed in the kinetic
experiments is 1.4 X 10° M~! (Pekar and Frank, 1972)
which is about one order of magnitude larger than the kine-
tically derived constant (Table I). The reason for this dis-
crepancy is not apparent, but several possibilities exist. In
our treatment of the data, the existence of aggregates high-
er than dimer has been neglected. If the monomer-dimer-
hexamer aggregation model and associated constants of
Pekar and Frank (1972) are correct, a significant amount
of hexamer exists in the concentration range employed in
the kinetic experiments (a maximum of 30% by weight).
Two limiting cases can be considered in this regard. First
the dimer-hexamer equilibrium can be assumed rapid com-

(1/7)2 (sec™2)

I I | | 1}
o] 0.4 0.8 1.2 1.6 2.0 2.4

104 [chymotrypsin] (M)

|

FIGURE 6: A plot of the square of the reciprocal relaxation time deter-
mined with the stopped-flow technique, (1/7)2, vs. the total chymo-
trypsin concentration (calculated in terms of the monomer) in 0.05 M
KNO3, 10 uM bromophenol blue, pH 4.3, 25 °C.

pared with the monomer-dimer equilibrium. This possibili-
ty can be excluded because unrealistic rate constants are re-
quired, and the observed kinetic monomer-dimer equilibri-
um constant would be even smaller than the one calculated
without the correction. A second possibility is that the
dimer-hexamer equilibrium is adjusted very slowly com-
pared with the monomer-dimer equilibrium. If the kinetic
data are treated with this assumption, a plot of (1/7)? vs.
the total concentration of monomer and dimer displays
some curvature rather than the predicted linearity. The
equilibrium constant obtained by drawing the best straight
line through the data is about 2 X 10* M~!, which is still
significantly smaller than the constant derived from the ul-
tracentrifuge data. Another possibility is that a second re-
laxation process exists, such as a rapid conformational
change, which is too fast to observe. In this case, the ob-
served relaxation process would be coupled to another, and
the expression for the relaxation time becomes complex.
Model calculations have been carried out with this assump-
tion and, as might be expected, since four rate constants are
available as parameters, the data can be fit reasonably well
with the ultracentrifuge equilibrium constant. For example,
one such calculation gives k; ~ 8 X 108 M~!s~! k_; ~ 2
X 10% s~! and the rate constants associated with the confor-
mational change are ~2.5 X 10% s~!. None of the above ex-
planations are actually supported by existing data, and the
possibility should not be excluded that the value of the equi-
librium constant derived from the ultracentrifuge data is
not correct since it is based on curve fitting to a model over
a particular concentration range. Variations in the model
and concentration range could alter the constant, and in
fact significantly different constants have been reported by
others under different experimental conditions (Jeffrey and
Coates, 1966). In any event, the bimolecular rate constant
is not greatly influenced by these considerations and must
be about 108 M~1s~L.

In the case of 3-lactoglobulin, equilibrium constants have
not been determined under exactly the same conditions as
reported here, but the value obtained from the kinetic data
is well within the range expected from equilibrium mea-
surements (McKenzie, 1967; Visser et al., 1972; Zimmer-
man et al., 1970; Kelly and Reithel, 1971). The equilibrium
constant for the chymotrypsin dimerization is in fair agree-
ment with that determined from equilibrium measurements,
~1.5 X 10* M~! (Horbett and Teller, 1974). The rate con-
stant for dimer dissociation has been previously estimated
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Table 11: Second-Order Rate Constants for
Protein—Protein Interactions.?

107% k
Proteins M™s™) Reference
Trypsin—turkey ovomucoid 0.97 Haynes and Feeney,
1968
Trypsin—chicken ovomucoid 2.7 Haynes and Feeney,
1968
Trypsin—lima bean inhibitor 1.4 Haynes and Feeney,
1968
Trypsin—soy bean inhibitor 8.2,6 Haynes and Feeney,
1968; Luthy et al.,
1973
Trypsin—pancreatic 6.8 Schweitz et al., 1973
secretory inhibitor
Trypsin—pancreatic 13 Vincent and Lazdunski,
trypsin inhibitor 1972
a-Chymotrypsin—pancreatic 6.8 Vincent and Lazdunski,
trypsin inhibitor 1973
Insulin—insulin receptor 3.5 Cuatrecasas et al., 1971
(liver membrane)
Acetylcholine receptor— 0.17 Fulpius et al., 1972
cobra toxin
Acetylcholine receptor— 0.012 Hesset al., 1975
a-bungarotoxin
Hemoglobin—haptoglobulin 0.7 Nagel and Gibson, 1971
Deoxyhemoglobin dimer — 0.63 Andersen et al., 1971
deoxyhemoglobin dimer
Phosphofructokinase mono- 0.008 Parr and Hammes, 1976

mer—phosphofructokinase
monomer

@ The pH was in the range 7—8 and the temperature was 20-25 °C,
except for the acetylcholine receptor —a-bungarotoxin reaction
where the temperature was 4 C.

from steady state measurements (Kézdy and Bender, 1965)
and the values reported are 0.023 s™! for a-chymotrypsin in
0.05 M citrate, pH 2.7, and 0.1 s™! for 8-chymotrypsin in
0.05 M sodium acetate, pH 4 at 25 °C.

The measured second-order rate constants can be com-
pared with the upper limit for a second-order rate constant
calculated from diffusion theory. This upper limit is given
by eq 4 (cf. Amdur and Hammes, 1966).

4N

k 1000 Rbf @)
In this equation NV is Avogadro’s number, R is the distance
of closest approach of the two reactants, D is the sum of the
diffusion coefficients of the reactants, and f is a factor
which takes into account electrostatic interactions between
reactants. For insulin, D2 is 30 X 10~7 cm? s~} (Blundell
etal, 1972), R is 24 A (assuming a specific volume of 0.75
ml/g for the protein), and f can be approximated as unity
at pH 6.8; the calculated diffusion-controlled rate constant
is 5 X 10° M~! s~} Although this value is significantly
greater than the observed rate constant, some steric restric-
tions must exist in the dimerization process; it is not unrea-
sonable to assume that only 2% of the total solid angle of
approach of 4 leads to reaction. Thus the dimerization of
insulin appears to be close to diffusion controlled. The rate
constants for dimerization of §-lactoglobulin and chymo-
trypsin are considerably less than that for insulin. However,
at the pH of the experiments, both 8-lactoglobulin and chy-
motrypsin are highly charged (Nagasawa and Holtzer,
1971; Marini and Wunsch, 1963) so that strong repulsive
interactions exist. Although current theories are inadequate
to calculate f for such strong interactions, an approximate
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calculation using a Debye-Hiickel type potential (cf.
Hammes and Alberty, 1959) indicates f would be approxi-
mately 1073 for 8-lactoglobulin and 1072 for chymotrypsin.
Thus the rate constant for 3-lactoglobulin dimerization is
within the range which might be expected for a very steri-
cally restricted diffusion controlled reaction, but the rate
constant for a-chymotrypsin dimerization appears to be
considerably too small for a diffusion controlied process.

Finally a comparison of the rate constants reported here
with those found for other protein-protein reactions is of in-
terest. A summary of rate constants observed in other sys-
tems is given in Table II. Most of the rate constants which
have been reported are around 10°-10° M~! s7!; these
values are somewhat less than might be anticipated for a
diffusion-controlled reaction and considerably less than
found for the dimerization of insulin. Of course, it should be
noted that some of the reactions listed in Table Il involve
covalent changes which could be rate determining. For the
reaction of trypsin with lima bean inhibitor and turkey ovo-
mucoid, activation energies of 7-8 kcal/mol were reported
{Haynes and Feeney, 1968); these are higher than would be
anticipated for a diffusion-controlled reaction. In addition,
the reaction rate was unchanged in 20% sucrose. An activa-
tion energy of 14 kcal/mol has been measured for the reac-
tion of a-chymotrypsin with pancreatic trypsin inhibitor
(Vincent and Lazdunski, 1973) and 8.6 kcal/mol for the re-
action of the inhibitor with trypsin (Schweitz et al., 1973),
which indicates these reactions are not diffusion controlled.

In conclusion, the rate constants for protein-protein asso-
ciation which have been measured are all quite large; how-
ever, only in the case of insulin dimerization does the rate
constant appear to approach the value anticipated for a dif-
fusion-controlled process.
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Determination of the Complete Amino Acid Sequence of

Bovine Cardiac Troponin C¥

Jean-Paul van Eerd*¥ and Kenji Takahashi$

ABSTRACT: The amino acid sequence of bovine cardiac tro-
ponin C has been completely determined. The protein was
cleaved by cyanogen bromide and the resulting peptides
were isolated. All of the 161 residues of the protein could be
accounted for in 12 cyanogen bromide peptides. Overlap-
ping peptides were generated by tryptic digestion of citra-
conylated troponin C and isolation of the resulting five pep-
tides. The primary structure of cardiac troponin C was elu-

’I.‘roponin plays an important role in the regulation of
muscular contraction (Ebashi and Endo, 1968). One of its
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cidated by sequential manual Edman degradation of these
peptides. It consists of four homologous regions, one of
which probably has lost the ability to bind calcium ions. By
comparing the amino acid sequence of cardiac troponin C
with the sequence of skeletal troponin C, it was found that
the mutation rate of the region that does not bind calcium is
almost twice as high as the mutation rate of the three ho-
mologous regions that do bind calcium.

subunits (troponin C) has a strong affinity for calcium
(Hartshorne and Pyun, 1971) and upon calcium binding it
undergoes a large conformational change (van Eerd and
Kawasaki, 1972) which triggers a set of events resulting in
muscular contraction.

The almost complete amino acid sequence of rabbit skel-
etal troponin C has been reported by Collins et al. (1973).
Troponin C is homologous to parvalbumins, a group of cal-
cium binding proteins with a molecular weight around
12 000 (Pechére et al., 1971b, Collins et al., 1973). More
recently Collins has indicated that troponin C is also homol-
ogous to the “alkali light chains” of myosin (Collins, 1974).
The three dimensional structure of a parvalbumin of carp
muscle has been determined by x-ray diffraction analysis,
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