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The Polymerization of Carboxypeptidase A in 
Solutions Containing Sodium Chloride” 

J. L. Bethune 

ABSTRACT: Depending upon the NaCl concentration of 
the solvent, carboxypeptidase A polymerizes pre- 
dominantly to either one of two products, as revealed 
by sedimentation. In 1-2 M NaCl only a single sym- 
metrical boundary is seen, which together with the con- 
centration dependence of the sedimentation coefficient 
implies the formation of a dimer. Apparently, one 
molecule of the enzyme, acting as an enzyme, interacts 
with a second molecule of enzyme acting as “sub- 
strate,’’ the dimer, therefore, representing an “enzyme- 
substrate” complex. Acetylation of the “free” tyrosine 
residues of the enzyme, known to abolish synthetic 
dipeptide binding (Vallee, B. L. (1964), 6th Intern. 

U nder appropriate conditions three proteolytic 
enzymes, mercuripapain (Smith et al., 1954), chymo- 
trypsin (Massey et ai., 1955; Nichol and Bethune, 
1963), and carboxypeptidase A (Bethune, 1963), mani- 
fest bimodal boundary formation in the ultracentrifuge, 
reflecting a rapidly equilibrating polymerization (Gil- 
bert, 1955, 1959). 

Two proteolytic enzymes, trypsin (Cunningham 
et a/., 1953; Nord and Bier, 1953) and native papain 
(Smith et al., 1954), while not exhibiting bimodality 
during sedimentation, polymerize nevertheless since 
their sedimentation coefficients increase with increasing 
enzyme concentration. Chymotrypsin (Schwert, 1949; 
Schwert and Kaufmann, 1957; Massey et ai., 1955; 
Steiner, 1954) and carboxypeptidase A (Rupley and 
Neurath, 1960) behave similarly under conditions where 
double boundary formation is not seen, leading to the 
conclusion that, under difl’erent experimental condi- 
tions, differing modes of polymerization exist. Thus, 
different conditions may lead to phenomenologically 
different polymers, but both the mechanisms of forma- 
tion and the degrees of aggregation are usually unde- 
fined. 

Detailed physicochemical studies of these polymeri- 
zations have been carried out on chymotrypsin, mainly 
to investigate the theoretical predictions derived from 
behavior of interacting systems (Rao and Kegeles, 
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Congr. Biochem. New York 32, 255), also abolishes the 
polymerization, in accord with this interpretation. 
However, in 2.5 M NaCI, carboxypeptidase forms a 
higher polymer, which is in rapid equilibrium with the 
monomer. Here two boundaries are seen at high en- 
zyme concentrations and here the magnitude of the 
area under the slow boundary varies inversely with 
temperature, suggesting that the polymer is stabilized 
by hydrophobic bonds. The formation of this polymer, 
containing more than two monomer units, demon- 
strates that the surface of carboxypeptidase has more 
than one binding site for interaction with additional 
protein molecules. 

1958; Bethune and Kegeles, 1961; Nichol and Bethune. 
1963; Kegeles and Safare, 1965). 

This paper, while concerned with the polymerization 
of carboxypeptidase A, is the first reporting on a con- 
tinuing study of the characteristics of the various 
polymerizing states directed at the discernment of the 
conditions which may lead to the identification of the 
sites responsible for these interactions in this proteo- 
lytic enzyme. 

Materials and Methods 

Bovine Pancreatic Carboxypeptidase A,. The crystal- 
line enzyme (Worthington Biochemical Corp.) was 
washed three times with distilled water, dissolved in the 
appropriate solvent, and dialyzed to the final salt con- 
centration desired. Peptidase activity and esterase 
activity were determined as described (Coleman and 
Vallee, 1960). Protein concentrations were measured by 
absorbance at 278 mg. A molar absorptivity of 6.42 
X lo4 M-’ cm-l was used (Simpson et ul., 1963). 
Acetylation with acetylimidazole was carried out using 
the method of Simpson et al. (1963). Sedimentation was 
carried out in a Model E ultracentrifuge equipped with 
RTIC and with a phase plate as the schlieren dia- 
phragm. The distance from the center of rotation to the 
cell center in the rotor used was determined by the 
method of Kegeles and Gutter (1951), as modified by 
Schachman (1959). 

In all cases 4” aluminum single sector centerpieces 
ranging in thickness from 3 to 12 mm were used. The 
rotor was accelerated linearly in an identical manner for 
each run. The timer was started at 40,000 rpm to give a 
total lapsed time corresponding to an instantaneous 269 1 
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FIGURE 2: Concentration dependence of the sedimenta- 
tion coefficient for carboxypeptidase A ([(CPD)Znl), 
above, and acetylated carboxypeptidase A [(Ac,CPD)- 
Zn]), below. In 1 M NaCI, 0.02 M Veronal, pH 7.5 (o), 
or in 2 M NaCI, 0.02 M Veronal, pH 7.5 (A). 

1 

Z,, which were plotted. The values of Z, were nor- 
malized, i.e., the plots show Z./Z,.,,,,,. This procedure of 
base-line correction was followed, rather than simul- 
taneous registration of solution and base line in a 
double sector aluminum-filled epoxy centerpiece, since 
it has been observed that, even with the most careful 
filling of these cells, while there is first obtained a single 
narrow meniscus. after running with solvents of the 

FIGURE 1 : Sedimentation of carboxypeptidase. Con- 
centration 18.5 mg/ml in 1 M NaCI, 0.02 M Veronal, 
pH 7.5; 63 min at 59,780 rpm. In this and all similar 
patterns sedimentation proceeds from left to right. 

application of the full field at zero time (Schachman, 
1959). Photographs were taken at appropriate times and 
phase-plate angles on metallographic plates (Eastman- 
Kodak), developed for 4 min in D-19 developer, were 
fixed for 10 min in acid fixer and washed for 30 min. 
The exposure time for different runs was 8-10 sec. 
Following a sedimentation run or series of runs in 
which the protein concentration was the only variable, 
the cell was reassembled, torqued to the same pressure, 
filled to the same level with the solvent against which 
the protein had been dialyzed, and the run repeated to 
obtain suitable base lines. The base-line photographs 
were taken at the same times and angles as those in the 
velocity run. Plates were read either in a two-dimension 
projection comparator (David D. Mann Co.) or were 
projected and traced on graph paper, followed by 
planimetry to obtain desired areas. When plates were 
read in the comparator, the plate was first aligned using 
the image of the meniscus as the reference line. Read- 
ings of the refractive index gradient, 2, were referred to 
the image of the phase plate in the reference lines from 
the counter balance. In the calculation of sedimentation 
coefficients in 1-2 M NaCl the rate of movement of the 
peak maximum was generally followed, since it was 
found that utilization of the rate of movement of the 
square root of the second moment (Goldberg, 1953) gave 
results which did not differ significantly (+0.01 S) from 
those obtained by the first method. In determinations of 
symmetry the pattern was read at regular increments of 
90 P, as was that of the separate base-line run. Each 
point was read from two to six times. The standard 
deviation of a single reading was 0.0005 cm. The base 
line was then subtracted from the velocity pattern to 
give the corrected values of the refractive index gradient, 2692 

- 
density used here (1.05-1.1 gl/ml) at 59,780 rpm there 
occurred a gradual broadening of the meniscus, at- 
tributable to shifts in the liquid levels on either side 
resulting from distortion of the centerpiece. To check 
this effect a cell was deliberately loaded unevenly with 
1 M NaCl and a run performed at 59,780 rpm. The 
positions of the two air-liquid menisci as a function of 
time are given in Table I. The inner meniscus moved 

TABLE I :  Radial Position of Meniscus. 
- ~~ . ~ 

Time Meniscus I Meniscus I1 
(sed (cm) (cm) 

1140 6.2220 6.4170 
1620 6.2359 6.4034 
2280 6.2442 6.3927 
3000 6.2537 6.3847 
3660 6.2592 6.3796 

370 f i  centrifugally while on the other hand the outer 
meniscus moved centripetally by the same amount. 
This type of movement imparts a velocity to the liquid 
as a whole which is superimposed on the actual move- 
ment of the sedimenting molecules (J. I>. Bethune, in 
preparation). 

In the case of solutions in 2.5 M NaCl the patterns 
were projected and traced, after which the base line was 
projected and traced on the same sheet of graph paper 
using the counterbalance images, the meniscus, and the 
phase-plate image as reference points. In determina- 
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FIGURE 3: Sedimentation pattern for carboxypeptidase 
A corrected for salt redistribution. Zr is the normalized 
corrected refractive index gradient a t  a distance r from 
the center of rotation. Enzyme (27.8 mg/ml) in 2 M 

NaCI, 0.02 M Veronal, pH 7.5; after 108 min at 59,780 
rpm. The vertical axis of symmetry is drawn as the 
bisector of the horizontal distances between conjugate 
levels of the pattern. 

tions of the concentration represented by the areas 
under the two maxima, where they occurred, the total 
area was divided into two at the position of the mini- 
mum between the two maxima, since this describes the 
value that the total protein concentration must achieve 
before two maxima appear (Gilbert, 1955; Nichol 
et al., 1964). All sedimentation coefficients are cor- 
rected to szo.x (Svedberg and Pedersen, 1940), assuming 
a partial specific volume of 0.75 ml/g. 

Viscosities were determined at 20 * 0.01O using a 
70-sec outflow time Cannon-Fenske pipet. The bath 
temperature was controlled to +0.002". All time de- 
terminations were reproducible to rt1.5 X 1W2 sec. 
Densifies were determined in a 25-ml jacketed pycnome- 
ter at 20". Chemicals used in these experiments were of 
reagent grade and were used without further purifica- 
tion, except for those used in the assay of enzymatic 
activity, which were purified as described (Coleman and 
Vallee, 1960). 

Results 

Carboxypeptidase A is virtually insoluble in water; 
hence most studies concerning its physicochemical 
state have to be performed at high salt concentrations. 
When Carboxypeptidase A is sedimented in 1 or 2 M 

NaCl only one symmetrical boundary is observed 
(Figure l), but the concentration dependence of the 
sedimentation coefficient obtained under these condi- 
tions is that characteristic of polymerizing systems 
(Figure 2). The sedimentation coefficient deter- 
mined in 1 M NaCI-0.02 M Veronal, 22", increases from 
3.29 S at 2.7 mg/ml to 3.49 S at 19 mg/ml, due to in- 
creasing concentrations of polymer. However, a normal 
hydrodynamic dependence occurs above a concentration 

Effe NaCl cc ition upon sedimei FI er a- 
tion of carboxypeptidase. Left, 27.8 mg of enzyme/ml 
in 2 M NaCI, 0.02 M Veronal, pH 7.5, 22". Right, 27.4 
ma of enzvmelml in 2.5 M NaCI. 0.02 M Veronal. OH _ .  
7.5, 22"; after 94 min at 59,780 rpm. 

.... 
6.2 6.4 6.6 6.8 

r,cm 

FIGURE 5: Sedimentation pattern for carboxypeptidase 
A corrected for salt redistribution. Z. is the normalized 
corrected refractive index gradient at a distance i- from 
the center of rotation. Concentration 13.7 mg/ml in 
2.5 M NaCI, 0.02 M Veronal, pH 7.5; after 104 min a t  
59,780 rpm. The vertical axis was constructed as in 
Figure 3. 

of 19 mglml up to 28 mg/ml of enzyme, the solubility 
limit of the enzyme in 2 M NaCI, here employed. At this 
concentration the sedimentation coefficient falls to 
3.31 S. As is shown in Figure 2, the curve obtained in 
2 M NaCl overlaps smoothly with that in 1 M NaCI. 
The boundary is symmetrical over the whole concen- 
tration range examined. One pattern, taken after 108 
min of sedimentation at a protein concentration of 28 
mg/ml, after correction for salt redistribution (see 
Methods), is shown in Figure 3. The axis of symmetry 
(the vertical line) was calculated by bisection of the 
horizontal distance between conjugate levels on the two 
sides of the curve. This symmetry suggests that a dimer 
is formed since the presence of any higher polymers 
would distort the leading edge of the pattern. More- 2693 
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IXXJRE 6: Temperature dependence of the polymerization of carboxypeptidase A. Left, a t  4", after 7Y niin; cc~iter, 
a t  22", after 118 min; right, a t  30", after 51 min. All in 2.5 M NaCI, 0.02 M Veronal, pH 7.5, ill  59,780 rpm. 
Enzyme concentration 44-46 mg/ml. 

FIGURE 7: Sedimentation of acetylated carboxy- 
peptidase. Concentration 18 mg of enzymelml in l M 

NaCI, 0.02 M Veronal, pH 7.5; after 52 min at 59,780 
rpm, 23". 

over, it must be in rapid equilibrium with the mononier, 
i.e.. the exchange must be more rapid than the time 
required for separation in the centrifuge, since other- 
wise a second boundary due to polymer should he 
detected. 

In order to evaluate the effects both of temperature 
and of different butFer ions, the sedimentation coeffi- 
cient was also determined at 4" at a protein concen- 
tration 10 mglml in 1 M NiCI and either 0.1 M Tris or 
0.02 M sodium barbital butfer. In both of these buffers, 2694 

at 4". was 3.31 S, a s  compared to 3.44 S at 22". The 
lowering of tlie temperature results in ii significant 
dilference, but the substitution of Tris for sodium 
Barbital has no elfect. 

Studies of the solubility of native carboxypeptidase 
A, have previously employed 2 M NaCI i is tlie upper 
liniit of salt concentration, and 28 nig/ml was the 
iliaximum amount of protein which could he dissolved 
under these conditions. It lhas been reported briefly t l h i i t  
approximately 45 mg/ml of enzyme may he dissolved 
i n  2.5 M NaCl (Bethune, 1963). Two boundaries arc 
seen on sedimentation of the system at  such higher 
enzyme concentrations. This phenomenon, too, is 
;ittributahle to a rapidly equilibrating polymerization. 
Upon dilution to lower enzyme concentrations the 
iireii under the slow boundary remilins constant hut 
that under the rapid boundary decreases, &IS does its 
sedimentation coefficient (Table 11). However-, this 
polymerization differs from that observed at  low sill1 
and enzyme concentrations, since now two bound;irie\ 
are detected. Thus, this polymer nus t  consist of ill 
least three monomer units of carboxypeptidase (Gil- 
bert, 1955). 

I A I I L L  11: Sedimentation of Carboxypeptidase A (2.5 XI 

NaCI, 0.02 M Veronal, pH 7.5). 

Protein Slow Boundary Fast Boundary 
Concen- 
tration Concn $(ru.. Concn .rzi,.,, 

(mg/nil) (mglml) (S) (mglrnl) (SI 

44 3 28 3 4  16 7 1  
37 9 28 3 3  I O  6 4  
27.4 27 3 3  
20 4 21 3 3  
1 3 . 3  13 3 3  
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These polymerizations and depolymerizations are 
not accompanied by any denaturing effects upon the 
enzyme, as can be determined by measurements of 
enzymatic activity. Dilution of these concentrated 
solutions (1.0 x 10-3 M) to 1.0 X M, the concen- 
tration for enzymatic measurements and immediate 
assay, does not show any lowering of the specific enzy- 
matic activity. The esterase and peptidase activities are 
the same as those found when the enzyme, which has 
been maintained at 1.0 X or 1.0 X lo-,? M in 
1 or 2 M NaCl, is diluted and assayed. 

The sedimentation patterns for corresponding protein 
concentrations in 2 M and 2.5 M NaCl, 22", are shown in 
Figure 4. The marked asymmetry of the boundary in 
2.5 M NaC1, as compared to that in 2 M NaCI, is that 
expected for a system undergoing a polymerization 
(Gilbert, 1955). In addition, in Figure 5 is shown the 
corrected pattern for the enzyme after 104 min at 
59,780 rpm, at a protein concentration of 13 mg/ml in 
2.5 M NaCl. The axis of symmetry again, as in Figure 3, 
is drawn as the locus of the bisectors of the horizontal 
distances between the two sides of the curve. In compari- 
son to Figure 3, this pattern, at a much lower protein 
concentration, is clearly asymmetric, indicating the 
presence of a higher polymer than the dimer. The 
species present in solution under these two conditions 
are clearly different. 

When solutions containing 45 mg/ml of enzyme are 
sedimented in 2.5 M NaC1, the relative area under the 
rapid boundary depends directly upon temperature, as 
shown by studies at 4, 20, and 30". At 4", the second 
rapid boundary, observed at 20", is not seen, while at 
30" the area under it is increased relative to that seen at 
20" (Figure 6). The same pattern is obtained if the tem- 
perature at which the solution was maintained is either 
above or below the temperature at which the run is 
performed. In all cases, the protein present accounts for 
the total area under the boundaries. Thus, on lowering 
the temperature, the polymer dissociates; on raising, 
more of it forms. Such negative temperature dependence 
of reactions is typical of hydrophobically stabilized 
systems. 

To investigate possible components of the sites of 
interaction, chemical modification of the enzyme has 
been employed. It has been shown (Rupley and Neu- 
rath, 1960) that removal of the catalytically essential 
zinc atom from carboxypeptidase A does not affect 
the dependence of the sedimentation coefficient on 
concentration, as determined in 1 M NaCl; therefore, 
this polymerization is not dependent upon the presence 
of the metal atom. 

Simpson et a/. (1963) have reported that six out of the 
total 19 tyrosyl residues of the enzyme can be acetylated 
with acetylimidazole. In response to this chemical 
modification peptidase activity is lost. Concomitantly, 
the extent of polymerization of this modified enzyme in 
1 to 2 M NaCl is greatly diminished. Acetylcarboxy- 
peptidase, like the native enzyme, sediments as one 
symmetrical boundary (Figure 71, but throughout the 
concentration range studied here the concentration 
dependence of the sedimentation coefficient of the 

acetylated enzyme is negative (Figure 2). This is typical 
of systems in which protein interactions are either 
negligible or do not occur at all. 

Discussion 

Carboxypeptidase A dissolved in sodium chloride 
solutions can exhibit two different modes of polymeri- 
zation, depending upon the molarity of the salt. Up to a 
maximum protein concentration of 28 mg/ml, all 
present evidence indicates that a monomer-dimer 
reaction occurs in 1 or 2 M NaCl, while at protein con- 
centrations up to 45 mg/ml in 2.5 M NaCl a higher 
polymer is present in the solution. 

On the basis of present data, the first mode of 
polymerization, that found in 1-2 M NaCl solutions, is 
best interpreted as a rapidly equilibrating dimerization : 
as the protein concentration is increased up to 19 mg/ml, 
the sedimentation coefficient increases, to decrease 
normally thereafter (Figure 2). In the presence of these 
concentrations of NaCl, however, only a single sym- 
metrical boundary is seen over the concentration range 
3 to 28 mg/ml (Figure 3), implying first that no sig- 
nificant amounts of the higher polymer seen in 2.5 M 
NaCl are formed since in the former case the boundary 
should exhibit skewness on the leading edge, in the 
latter case on the trailing edge (Fujita, 1962) (compare 
Figures 3 and 5), and second, that the dimer content is 
quite low (Figure 3) (Gilbert, 1959; Nichol et al., 
1964), accounting for the symmetry observed in 1-2 
M NaCl. These considerations make the presence of a 
dimer more probable than that of a higher polymer. In 
any case, this polymer may well be an intermediate in the 
formation of the higher polymer, seen in 2.5 M NaCl, 
the presence of which is immediately apparent in this 
solvent, since in this case the reaction causes a distortion 
of the leading edge of the boundary, even at 1 3  mg/ml 
(Figure 5). 

Only one investigation of the concentration de- 
pendence of the sedimentation coefficient of carboxy- 
peptidase A is on record (Rupley and Neurath, 1960). 
In that instance, carboxypeptidase As was studied. 
Determinations were carried out over an enzyme con- 
centration range from 2 to 19 mg/ml in 1 M NaCl, 0.1 
M Tris, pH 7.0, at 4". The s$,.,, was 3.06 + 0.04 S. 
Smith er al. (1949) performed the earliest investigation 
of what is now known as carboxypeptidase A,. The 
studies were performed in a variety of supporting buf- 
fers, pH 7.2, between 22 and 25". The s ! ~ . ~  was found to 
be 3.07 f 0.14 S. At the time of the latter study it was 
not known, however, that the method of temperature 
measurement employed did not detect the temperature 
drop (-0.8") due to adiabatic expansion of the rotor 
at high speeds (Waugh and Yphantis, 1952; Biancheria 
and Kegeles, 1954). As a consequence the experimental 
values, when corrected to give S ~ O . ~ ,  would give values 
that would be low. In this case as in many other similar 
instances a specific retrospective calculation is not 
possible, but general experience suggests that the cor- 
rection should be of the order of 2-3%, bringing the 2695 
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s ~ o . w  to -3.2 =t 0.14 S ,  which is in satisfactory agree- 
ment with the present data obtained at 22". 

However, the difference between the results obtained 
at 22" and those obtained at 4" may not be solely the 
consequence of a possible inadequacy in the equation 
used to correct from st.), to (Schachman, 1959). 
If AH for the reaction is finite, this may be the result of 
the temperature dependence of the chemical reaction 
upon the weight-average sedimentation coefficients 
(Nichol et al., 1964). 

The temperature effect is independent of the buffer. 
The results in Tris and in sodium Barbital at 4", at an 
enzyme concentration of 10 mgiml, were identical; 
the s20.w value in both instances is 3.31 S and is in good 
agreement, moreover, with that of 3.30 S of Rupley 
and Neurath (1960) (Figure 3). At 22", the value is 
3.44 S for this concentration. 

When the NaCl concentration is raised to 2.5 M, a 
different situation becomes apparent. The existence of 
two boundaries demonstrates the formation of a higher 
polymer which, like that in 1-2 M NaCI, is also in a 
state of rapid re-equilibration with monomer. This is 
apparent from the fact that the area under the slow 
boundary is constant and the sedimentation coefficient 
of the rapid boundary increases with increasing protein 
concentration. Both theory and the study of model 
compounds with a strong hydrophobic bond stdbiliza- 
tion (Kauzmann, 1959; Klotz, 1960; NCmethy and 
Scheraga, 1962) predict the observed temperature de- 
pendence of the equilibrium constant for the second 
mode of polymerization of carboxypeptidase. Tobacco 
mosaic virus protein apparently forms a similar hydro- 
phobically bonded polymer (Stevens and Lauffer, 
1965). 

Such polymer formation cannot be attributed to the 
establishment of salt linkages, since these should be 
weakened as the ionic strength is raised (Kauzmann, 
1959), nor can it be due to diminution of an electro- 
static repulsion. In insulin, where the increase in sedi- 
mentation coefficient with increasing ionic strength has 
been attributed to this effect (Oncley et al., 1952), the 
temperature dependence of the polymerization is the 
reverse of that found here: polymerization is enhanced 
at lower temperatures (Doty and Myers, 1953). 

The hypothesis that the results observed are a conse- 
quence of solvent rearrangements is reinforced by a 
consideration of hydration studies of DNA (Hearst and 
Vinograd, 1961). It has been shown that the number of 
moles of water associated with each base of DNA is 
dramatically dependent upon the activity of the water 
over the range 0.9 to 1.0. The water activity of a 2.5 M 
sodium chloride solution, in which the higher polymer 
is detectable, is 0.92, while that of a 1 M NaCl solution is 
0.97, and in this solvent the higher polymer is not de- 
tectable from the sedimentation patterns. l If the 
polymerization observed at high salt concentrations is 
indeed the result of a hydrophobic interaction, then 

1 The solvent activities are calculated from tabulated values of 
2696 the osmotic coefficients (Robinson and Stokes, 1963). 

lowering the activity of the solvent by addition of a 
neutral salt could strengthen this association (Kauz- 
mann, 1959). 

While all the evidence suggests that the polymer that 
occurs in 2.5 M NaCl is hydrophobically stabilized, no 
such direct evidence exists in the case of the polymeriza- 
tion detected in 1-2 M NaC1. The small differences ob- 
served between the corrected values for experiments 
performed at 4" (3.31 S) and 22" (3.44 S) cannot un- 
ambiguously be attributed to the temperature de- 
pendence of a chemical reaction, since application of the 
usual correction has no strong theoretical basis (Schach- 
man, 1959). 

If, however, this polymer is stabilized by hydrophobic 
bonds involving the participation of tyrosine residues, 
acetylation of these should modify the sedimentation 
properties in 1-2 M NaC1. 

Acetylation of six tyrosine residues by acetylimidazole 
abolishes both the peptidase activity of the enzyme 
(Simpson et al., 1963) and, indeed, gives a product with 
a more normal dependence of sz0,," upon concentration 
(Figure 2) while no detectable changes in conformation 
occur (Bethune et at., 1964). It may be concluded that 
tyrosine residues are indeed involved in this polymeriza- 
tion. It would appear, moreover, that the polymer 
represents an enzyme-substrate complex in which both 
components are contributed by the enzyme. A similar 
suggestion has been made in the case of trypsin (Nord 
and Bier, 1953; Desnuelle, 1960). Since the acetylated 
enzyme polymerizes to a lesser extent, the acetylation 
of these residues has abolished protein and peptide 
substrate binding, a conclusion supported by studies of 
metal restoration (Coleman et al., 1964; Vallee, 1964). 

Thus, the fundamental basis of this polymerization is 
identical with that which results in substrate binding as 
one aspect of the catalytic event. The active centers of 
enzymes are conceived of as those locations on an 
enzyme at which substrate binding and catalysis occur. 
From the relative sizes of enzymes and the substrates 
the active center is thought to comprise only a small 
portion of the whole enzyme molecule (Koshland, 
1960). The occurrence of a relatively small catalytic 
site is well substantiated through these studies of, for 
example, proteolytic enzymes. In these cases, however, 
the investigations have been carried out using small 
synthetic di- and tripeptides, and the only binding site 
investigated is, naturally, that at the catalytic site. Pro- 
teolytic enzymes, however, can also attack large pep- 
tides or proteins which may well require attachment 
to the enzyme at more than one locus on the enzyme 
surface. These accessory binding sites, not located near 
the catalytic site and used only when large substrates are 
hydrolyzed, would not be utilized in investigations 
using only small substrates. Moreover, the nature of the 

* These sedimentation studies alone do not permit an absolute 
statement, of course, that polymerization is completely abolished 
(Gilbert, 1956), nor that only a dimer is formed (Rao and Kegeles, 
1958; Bethune and Kegeles, 1961). For unambiguous proof a 
determination of the weight-average molecular weight as a func- 
tion of concentration will be necessary. 
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forces governing the interaction of a small or a large 
substrate with an enzyme have not been investigated to 
any great extent. The natural conditions of temperature 
and concentration under which these enzymes play 
their role in hydrolysis of proteins usually differ greatly 
from those usually employed in experimental investiga- 
tions. As a result binding forces, which may be unim- 
portant under these experimental conditions, may well 
be extremely important in the natural catalytic event. 

To explore these hypotheses, we have chosen to in- 
vestigate the interactions of carboxypeptidase As and 
A, of bovine pancreas with large substrates, by means 
of physicochemical procedures, beginning with the 
modes of self-interaction of the enzyme, i.e., of the 
types of polymerization occurring under varying condi- 
tions. The results presented here show that, when 
carboxypeptidase is dissolved in 1 to 2 M NaC1, the 
concentrations of salt used conventionally to solubilize 
the enzyme, a polymerization ensues through a process 
which is strictly analogous to that found in the binding 
of small peptide substrates to the enzyme. Removal of 
the zinc atom does not abolish the polymerization 
(Rupley and Neurath, 1960) or substrate binding (Cole- 
man and Vallee, 1960), while acetylation of tyrosine 
residues abolishes both the polymerization and peptide 
substrate binding (Coleman et a!., 1964). 

Since acetylation of carboxypeptidase is not feasible 
at high protein concentrations, the polymerization 
occurring in 2.5 M NaCl could not be investigated in 
similar manner. However, the formation of a polymer 
the degree of polymerization of which is greater than 
two geometrically necessitates the existence of more than 
one site of interaction. Moreover, since the polymer is 
finite, these sites must be arranged spatially in a manner 
which does not permit infinite extension of the polymer 
chain, as occurs, e.g., in precipitation reactions of 
antibody and antigens. 

Thus, one mode of polymerization indicates that 
more than one binding site exists on the protein mole- 
cule, while the other mode of polymerization shows 
that tyrosine residues are necessary for that polymeriza- 
tion to take place. 
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Induction of Polymer Formation in Solutions of Bovine 
Pancreas Carboxypeptidase A by Aromatic Compounds" 

J. L. Bethune 

ABSTRACT: In solutions containing P-phenylpropionic 
acid, carboxypeptidase A, and Aa form polymers sta- 
bilized by hydrophobic bonds. The extent of polymer 
formation varies directly with the temperature and the 
concentrations of protein, 0-phenylpropionic acid, and 
NaCl in the solvent. The active center is one of the sites 
of polymerization, since removal of the zinc atom 
greatly depresses polymer formation. Acetylation with 
acetylimidazole also depresses formation ; hence tyrosyl 

residues appear to be components of the other site(s). 
This investigation reveals binding site(s) accessory to 
those utilized by synthetic di- and tripeptides [Coleman, 
J. E., and Vallee, B. L. (1964), Biochemistry 3, 18741 
which are called upon when large molecules are attached 
to the enzyme, thus explaining the stabilities of poly- 
peptide-enzyme-substrate complexes, large compared 
to those of dipeptide-enzyrne complexes [Coombs, T. L., 
and Wacker, W. E. C. (1965), Federation Proc. 24, 4101. 

T he physical chemistry of polymerization reactions Materials and Methods 
of proteolytic enzymes and their potential pertinence 
to the chemical basis of catalytic specificity has been 
discussed recently (Bethune, 1965). Carboxypeptidase A, 
in particular, has been shown to undergo polymeriza- 
tion to either one of two products, depending upon the 
NaCl concentration in the solvent. In 1-2 M NaCl, the 
integrity of certain tyrosyl residues of the protein is 
required for polymer formation. The polymer formed 
in 2.5 M NaCl is stabilized by hydrophobic bonds. 

The present investigation reports a third mode of 
polymerization of both carboxypeptidase A, and As 
induced by certain aromatic compounds. The cata- 
lytically active zinc atom and the "free" tyrosyl residues 
of carboxypeptidase participate in the formation of the 
polymer which is stabilized by hydrophobic bonds as 
shown by its temperature dependence. A preliminary 
account has been rendered (Bethune, 1964). 

Bovine pancreatic carboxypeptidase As was pre- 
pared by the method of Allan et ai. (1964). Bovine 
pancreatic carboxjpeptiduse A,,  prepared by the method 
of Anson (1937), was obtained commercially (Worthing- 
ton Biochemical Corp., Freehold, N. J.). Protein con- 
centrations were measured by absorbance at 278 mp. 
A molar absorptivity of 6.42 X lo4 M-' cm-1 was used 
(Simpson et ai., 1963). Apocarboxypeptiduse was pre- 
pared as described (Coleman and Vallee, 1961). All 
chemicals were of reagent grade and used without fur- 
ther purification. 

Electrophoresis was carried out in a Spinco Model H 
diffusion and electrophoresis apparatus at 18 '. Sedi- 
mentation was carried out at 59,780 rpm in a Spinco 
Model E ultracentrifuge, equipped with a phase plate 
and an RTIC unit. Sedimentation coefficients were 
determined by projection and tracing of the patterns, 
while areas were determined from these by planimetry. 
Suitable base lines were run in all cases. All sedimenta- 
tion coefficients were corrected to those which would 
obtain in a solvent with the viscosity and density of 
water at 20" (Svedberg and Pedersen, 1940). pH meas- 
urements were made with a Radiometer pH meter, All 
measurements are referred to National Bureau of 
Standards pH 7 buffer. 
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