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A kinetic study was conducted to investigate the properties of subsites S, and S,’ of -
chymotrypsin and subtilisin BPN’, which were deduced from model complexes with a
pancreatic trypsin inhibitor and a hexapeptide substrate, respectively. For this purpose,
Cbz-Gly-Pro-Phe-AA and Cbz-Gly-Pro-Phe AA-AA (AA, various amino acid resi-
dues) were synthesized. Since they were susceptible to cleavage at the positions shown
by the arrows, we could examine the effect of P,’ or P,’ amino acid residue on hydrolysis
[amino acid residues in peptide substrates and the corresponding subsites in enzymes
are numbered according to the system of Schechter and Berger (1967) Biochem. Biophys.
Res. Commun. 27, 157-162]. The results agreed well with interactions of the leaving
group with the corresponding subsites in both enzymes, which were deduced from the

model complexes.

Both a-chymotrypsin (2) and subtilisin
BPN' (2, 3) have a large active site corre-
sponding to at least five or six amino acid
residues, three or four (P,-P; or P,-P,)! to
the N-terminal and two (P,’ and P,’) to the
C-terminal from the splitting point in pep-
tide substrates. The subsites S,-S; or S,-S,
and S,'-S,’, respectively, are numbered by
the nomenclature of Schechter and Berger
(1). X-ray study of both y-chymotrypsin (4)
and subtilisin BPN’ (5) inactivated with
peptide chloromethyl ketone derivatives
indicated that their polypeptide portions
(P,-P;) are bound in antiparallel B-sheet
fashion to Ser(214)-Trp(215)-Gly(216) and
Ser(125)-Leu(126)-Gly (127), respectively.
This can be applied to the binding of true
polypeptide substrates and their acyl en-
zyme intermediates for several reasons (4-
6). The positions of both enzymes corre-
sponding to the polypeptide portions (P~
P,) of the inhibitors mentioned above can
thus be regarded as subsites S;-S;. On the
other hand, it was difficult to deduce the

! Abbreviations used: Amino acid residues in pep-
tide substrates and the corresponding subsites in
enzymes are numbered according to the system of
Schechter and Berger (1). AA, various amino acid
residues; OEt, ethyl ester; ONph, nitrophenyl ester;
OBu!, t-butyl ester; OMe, methyl ester.

positions of subsites S,’ and S,’ directly
from X-ray study. The corresponding posi-
tions of a-chymotrypsin were therefore as-
sumed from a model complex with a pan-
creatic trypsin inhibitor (7, 8) and those of
subtilisin BPN’' were assumed from a
model enzyme-substrate complex with a
hexapeptide substrate (9).

In chymotrypsin, the P,’ amino acid res-
idue (Ala 16) of the pancreatic trypsin in-
hibitor is closely in contact with His 57,
Cys 42, Met 192, Gly 193, and Ser 195,
which constitute the active site; a hydro-
gen bond contact can be made between the
main chain NH of the P, amino acid resi-
due and N¢ of His 57 in the enzyme (acyl
enzyme). As for the P,’ amino acid residue
(Arg 17), the main chain NH forms a hy-
drogen bond with CO of Phe 41 of the
enzyme, and the residue forms numerous
van der Waals contacts with His 40, Phe
41, Trp 141, Gly 142, Leu 143, Met 192, Gly
193, Asp 194, and Ser 195 of the enzyme.
With subtilisin BPN’, the polypeptide por-
tion (P,’ and P,') of the hexapeptide sub-
strate interacts with Asn(218)-Thr(220);
the main chain CO and NH groups of the
P,’ amino acid residue form hydrogen
bonds with the corresponding backbone
NH and CO of Asn 218.
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SPECIFICITY OF CHYMOTRYPSIN AND SUBTILISIN

The present kinetic study was under-
taken to investigate the properties of sub-
sites S," and S,’ of a-chymotrypsin and
subtilisin BPN' in relation to their ter-
tiary structures deduced from a model
complex, as given above. For this purpose,
peptide substrates such as Cbz-Gly-Pro-
Phe AA and Cbz-Gly-Pro-PhezAA-AA
(AA" = various amino acid residues) were
synthesized, in which susceptible peptide
bonds were expected at the positions
shown by the arrows. We considered that
with hydrolysis (or acylation), the acyl
portion of the peptides (Cbz-Gly-Pro-Phe)
binds tightly and correctly to the active
site of the respective enzyme for the follow-
ing reasons. (1) The Phe (P,) side chain is
held in the hydrophobic pocket, (2) the Pro
(P,) residue cannot occupy subsite S, or S;,
but can occupy S, because its amino group
cannot form a hydrogen bond (the main
chain NH groups of P, and P; amino acid
residues are joined by hydrogen bonds to
the corresponding CO groups of the en-
zymes), and (3) the main chain NH and CO
groups of Gly (P,) are connected by hydro-
gen bonds to the corresponding NH and
CO groups of subsite S;. These have been
observed by X-ray study (4, 5).

MATERIALS AND METHODS
(a) Enzymes

a-Chymotrypsin (3x recrystallized) and subtili-
sin BPN' (crystals, “Nagarse”) were supplied by
Worthington Biochemicals Corporation, New Jersey
and by Nagase Co., Ltd., Osaka, Japan, respec-
tively.

(b) Substrates

Ac-Tyr-OEt was obtained from the Protein Re-
search Foundation, Osaka. The other peptides were
synthesized as follows.

Cbz-Gly-Pro-Phe-AA. Cbz-Gly-Pro-ONph was
synthesized from Cbz-Gly-Pro (supplied from the
Protein Research Foundation, Osaka) by coupling
with p-nitrophenol (carbodiimide method). Phe-
AA_OBu' (AA: glycine, L-alanine, L-valine, L-leu-
cine, p-leucine, and L-proline) was prepared by hy-
drogenolysis (Pd-black) of the corresponding Cbz de-
rivatives, which had been synthesized by coupling
Cbz-Phe-ONph with the tertiary butyl esters of var-
ious amino acids. Phe-NH, and Phe-OEt were ob-
tained commercially. Cbz-Gly-Pro-Phe-AA was
thus prepared by coupling Cbz-Gly-Pro-ONph with
Phe-AA-OBu', Phe-NH,, and Phe-OEt and by deg-
radation of the tertiary butyl esters (if necessary)
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with an excess of dry HCI in acetic acid (N/2, 5-7
mole equivalent).

Cbz-Gly-Pro-Phe-AA-NH,. Cbz-Phe-AA-NH,
was synthesized by coupling AA-NH, (AA, glycine
and L-leucine; commercially available) with Cbz-
Phe-ONph. Coupling of Cbz-Gly-Pro-ONph with
Phe-AA-NH,, prepared by hydrogenolysis of the
corresponding Cbz derivatives, gave the final prod-
ucts.

Cbz-Gly-Pro-Phe-AA-Ala. Cbz-Phe-AA-Ala-
OBu' was synthesized by stepwise elongation using
Ala-OBu', Cbz-AA-ONph (AA, p- and L-leucine),
and Cbz-Phe-ONph as the starting materials. The
final products were obtained by coupling Cbz-Gly-
Pro-ONph with Phe-AA-Ala-OBu', and then de-
grading the tertiary butyl ester.

Cbz-Gly-Pro-Phe-Pro-Leu. Cbz-Phe-Pro-Leu-
OBu' was synthesized by stepwise elongation using
Leu-OBu!, Cbz-Pro-ONph, and Cbz-Phe-ONph as
the starting materials. Coupling Cbz-Gly-Pro-
ONph with Phe-Pro-Leu-OBu' and degradation of
the tertiary butyl ester gave the final product.

Cbz-Gly-Pro-Phe-Gly-AA. Cbz-Phe-Gly-AA-
OBu' was synthesized by stepwise elongation using
AA-OBu' (AA: glycine, p- and L-leucine, and L-pro-
line), Cbz-Gly-ONph, and Cbz-Phe-ONph as the
starting materials. Coupling of Cbz-Gly-Pro-ONph
with Phe-Gly-AA-OBu', prepared by hydrogenoly-
sis of the corresponding Chz derivatives, gave Cbz-
Gly-Pro-Phe-Gly-AA-OBut, from which the final
products were obtained by degradation of the ter-
tiary butyl ester.

The analytical data and melting points of these
compounds are listed in Table 1.

(c) Enzymatic Assay

Esterase activity was determined using a Radi-
ometer Type TTT1 pH stat equipped with a syringe
buret, a Type SBR2¢ recorder, and a thermostati-
cally controlled reaction vessel (30°C). Reactions
were carried out in 0.1 M KCl at pH 7.5 with 0.05 N
NaOH as titrant. The hydrolyses of various syn-
thetic peptides were measured as follows. A reaction
mixture (1 or 5 ml) containing 0.05 M Tris buffer (pH
7.5), an appropriate concentration of peptide, and a
suitable amount of enzyme was incubated at 40°C.
At various intervals, 0.1 m! (or 1 ml) of the reaction
mixture was withdrawn and put into a test tube
containing 1 or 2 ml of 0.05 M citrate buffer (pH 5.0),
which then was cooled in an ice bath to prevent
further hydrolysis. The extent of hydrolysis was
measured by the ninhydrin method of Yemm and
Cocking (10).

The ninhydrin color yield of NH,, Gly-NH,, Leu-
NH,, Gly-Gly, Gly-Leu, Gly-Pro, or Leu-Ala,
based on r-leucine as 100%, was described in the
preceding papers (3, 11, 12). The color yield of Gly-p-
Leu or p-Leu-Ala was regarded as being identical to
that of the corresponding L peptide. With the other
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MELTING POINTS AND ELEMENTARY ANALYSES OF VARIOUS SYNTHETIC PEPTIDES

MORIHARA AND OKA

TABLE I

Compounds Melting point (°C) Elementary analysis (%)

C H N
Cbz-Gly-Pro-Phe-OEt 0il Cd 64.85 6.49 8.73
Fd 64.81 6.39 8.84
Cbz-Gly-Pro-Phe-NH, 170.5-171.5 Cd 63.70 6.24 12.38
Fd 63.79 6.23 12.21
Cbz-Gly-Pro-Phe-Gly-OH 206-208 Cd 61.17 5.92 10.97
‘ Fd 60.99 6.04 10.96
Cbz-Gly-Pro-Phe-Ala-OH 162-164 Cd 61.82 6.15 10.58
, Fd 61.81 6.19 10.80
Cbz-Gly-Pro-Phe-Val-OH 93-95 Cd 63.03 6.57 10.14
Fd 63.09 6.68 9.97
Cbz-Gly-Pro-Phe-Leu-OH 90-92 Cd 63.59 6.76 9.89
‘ Fd 63.58 6.77 9.69
Cbz-Gly-Pro-Phe-p-Leu-OH 86-88 Cd 63.59 6.76 9.89
Fd 63.52 6.78 9.73
Cbz-Gly-Pro-Phe-Pro-OH 91-93 Cd 63.26 6.22 10.18
’ Fd 63.40 6.32 9.68
Cbz-Gly-Pro-Phe-Gly-NH, 175-178 Cd 61.29 6.13 13.74
i Fd 61.14 6.31 13.57
Cbz-Gly-Pro-Phe-Leu-NH, 167-169 Cd 6370  6.95  12.38
Fd 63.91 6.77 12.45
Cbz-Gly-Pro-Phe-Leu-Ala-OH 188-190 Cd 62.15 6.80 10.98
Fa 62.33 6.83 10.79
Cbz-Gly-Pro-Phe-p-Leu-Ala-OH 100-102 Cd 62.15 6.80 10.98
Fd 62.26 6.85 10.94
Cbz-Gly-Pro-Phe-Pro-Leu-OH 95-97 Cd ~ 63.33 6.84 10.55
Fd 63.47 6.80 10.40
Cbz-Gly-Pro-Phe-Gly-Gly-OH 92-94 Cd 59.25 5.86 12.34
Fd 59.30 6.12 12.09
Cbz-Gly-Pro-Phe-Gly-Leu-OH 98-100 Cd 61.62 6.63 11.23
Fd 61.69 6.63 11.47
Cbz-Gly-Pro-Phe-Gly-p-Leu-OH 96-98 Cd 61.62 6.63 11.23
Fd 61.32 6.72 11.02
Cbz-Gly-Pro-Phe-Gly-Pro-OH 110-112 Cd 61.27 6.14 11.53
Fd 61.30 5.83 11.57

¢ Cd, calculated; Fd, found.
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products, calculations were made using L-leucine as
the standard.

The sites of enzyme action upon the substrates
were determined by paper chromatography of the
hydrolyzates or by the standard dinitrophenyl
method. The release of ammonia from the substrates
was examined using Conway’s apparatus.

(d) Kinetic Study

In all cases, the data were in accordance with
Michaelis-Menten kinetics over the range of sub-
strate concentrations employed (~10 mm). Five to
eight runs were performed for each determination of
K., and k. (V per molar equivalent of enzyme). The
enzyme concentration was chosen to give reliable
data for the initial rate of hydrolysis. In the calcula-
tion of k., the molecular weights of a-chymotrypsin
and subtilisin BPN' were taken as 25,000 (13) and
27,600 (14), respectively.

The inhibition constant (K;) was determined from
plots of 1/v vsI for three substrate concentrations (2,
3, and 5 mm). Ac-Tyr-OEt was used as substrate.
The value on the abscissa that corresponds to the
point where these three lines intersect is equal to
-K;.

RESULTS AND DISCUSSION

Table II shows the esterase activity
against Cbz-Gly-Pro-Phe-OEt by o-chy-
motrypsin and subtilisin BPN’, and a com-
parison is made with the hydrolyses of a
peptide ester series of Ac-(Ala),~Phe-OMe
(n = 0-2). In the latter series, increased
esterase activity of both enzymes is found
on elongating the peptide chain in the es-
ter substrates. The proteolytic coefficient
of both enzymes with Cbz-Gly-Pro-Phe-
OEt is comparable to that with Ac-(Ala),-
Phe-OMe. Thus, each amino acid residue
of the acyl portion (Cbz-Gly-Pro-Phe) of
the peptide series used in this study proba-
bly binds to the corresponding subsite, as
had been expected.

Hydrolyses of Cbz-Gly-Pro-Phe-AA by
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a-chymotrypsin and subtilisin BPN' are
shown in Table IIT (A). This peptide series
1s insensitive to a-chymotrypsin. A similar
effect is observed with subtilisin BPN’,
although the hydrolysis depends partly
upon the nature of the amino acid residue,
such as glycine and L-alanine. The peptide
series, however, shows competitive inhibi-
tion of hydrolysis of Ac-Tyr-OEt by both
enzymes, the K ; values corresponding to
the K ,, of the relative peptide series Cbz-
Gly-Pro-Phe-AA-AA, which is suscepti-
ble to the enzymes (Table III, C and D).
The results indicate that the carboxylate
ion at the P,’ position disturbs catalysis,
but not binding. Possibly, the carboxylate
ion interferes with the van der Waals’ con-
tact with Met 192 in a-chymotrypsin or
Met 222 in subtilisin BPN', resulting in an
incorrect orientation of the susceptible car-
bonyl carbon of substrates toward the oxy-
gen of the active serine residue in the en-
zymes (in acylation process). This may be
a reason for both enzymes being endopep-
tidases.

The previous study (2) using Cbz-Tyr-
AA-NH, as substrate indicated that the
P, specificity of a-chymotrypsin is L-tyro-
sine > L-leucine, L-alanine > glycine > D-
alanine. Baumann et al. (16) have inde-
pendently shown that the proteolytic coef-
ficient (k.at/K ) of a-chymotrypsin for hy-
drolysis of Ac-Tyr-Ala-NH, is much
higher (>10 times) than that for Ac-Tyr-
Gly-NH,, mainly related to catalysis
(%ca)- These results were not inconsistent
with the model complex with pancreatic
trypsin inhibitor as shown by Fersht,
Blow, and Fastrez (8). The P,’ specificity of
subtilisin BPN’, using either Cbz-Tyr-
AA-NH, (2) or Cbz-Gly-Leu-AA 3), was
not clear because of the considerably small

TABLE II
EsTERASE AcTIVITY AGAINST N-ACYLATED TRIPEPTIDE ESTERS

Substrate a-Chymotrypsin Subtilisin BPN’
P4 P3 P2 Pl Pl, K m kcat/K m K m k('at/K m
(mm) (mM ! sec™!) (mmM) (mM~! sec™!)
Ac Phe OMe* 0.57 55 28 3.6
Ac Ala Phe OMe® 0.05 330 1.1 230
Ac Ala Ala Phe OMe* 0.03 2000 0.32 930
Cbz Gly Pro Phe OEt 0.044 1060 0.2 2300

¢ Data from Morihara and Oka (15).
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hydrolysis. The result, however, indicated
that a small amino acid residue, such as
alanine or glycine, is better than a bulky
one. A similar case is observed with the
hydrolyses of Cbz-Gly-Pro-Phe-AA by
subtilisin BPN’, as seen in Table ITI (A).

The P,’ specificity of both enzymes was
further studied using Cbz-Gly-Pro-Phe-
AA-NH, as substrate (Table III, B). The
results supported the above view. The pre-
vious study of subtilisin BPN' 3, 17), us-
ing either Cbz-AA-Leu-NH, or Chz-AA-
Lys-OMe as substrate, showed that ala-
nine is the most effective residue at the P,
position, bulkier residues tend to inhibit
the hydrolysis. This is supported by X-ray
study (5). Nevertheless, it has been shown
(18) that Cbz-Phe-AA-NH, is susceptible
at the amide bond when AA is hydrophobic
or bulky. These results may thus indicate
that residues bulkier than alanine reject
the P’ position more markedly than the
P,. Subsite S,’ of subtilisin BPN’ is a shal-
low surface, pocket-lined with the side
chains of Tyr 217 and His 64, with Met 222
deeper inside the surface. Probably, the
P, group comes particularly close to the
active site imidazole of His 64, and the
bulky residues would be poor choices of
P/ .

Both Cbz-Gly-Pro-Phe-p-Leu-Ala and
Cbz-Gly-Pro-Phe-Pro-Leu were not hy-
drolyzed at all by a-chymotrypsin or by
subtilisin BPN’, which was determined by
lack of an increase of the ninhydrin color
value of the reaction mixture or by paper
chromatography of the hydrolyzate (Table
II1, C). In the former case, the P,’ carbonyl
group cannot form a van der Waals contact
with Met 192 in a-chymotrypsin or with
Met 222 in subtilisin BPN'; thus, the acyl-
ation process is blocked as discussed
above. In the latter case, the P,’ amino
acid (r-proline) cannot accept a proton
from N¢ of the active histidine during ca-
talysis; this is an essential process for acyl-
ation, which was deduced from X-ray (9,
19). Cbz-Gly-Pro-Phe-Leu-Ala is consid-
erably hydrolyzed by subtilisin BPN’ (Ta-
ble III, C), overcoming the inhibitory effect
of L-leucine at the P,’ position, as men-
tioned above, which may suggest the sig-
nificance of the alanine residue at the P,’
position.
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The effects of the kind of amino acid
residues at the P,’ position for hydrolysis
of both enzymes were studied using Cbz-
Gly-Pro-Phe-Gly-AA as substrate. The
results in Table III (D) indicate that the
proteolytic coefficients (ke /K,,) differ
with the kind of amino acid residue at the
position, as follows: L-leucine > glycine,
amide > p-leucine > L-proline in a-chymo-
trypsin and L-leucine > glycine, p-leucine
> amide >> L-proline in subtilisin BPN’.
The marked effect of the L-leucine residue
at the position is mainly related to the
binding (K,,), which may be due to the
hydrophobic contact between the side
chain of the residue and the corresponding
subsite 3,) of the respective enzyme. The
reason for the L-proline residue being the
poorest may not solely be ascribed to an
inability to form hydrogen bonds between
the imino group and the CO group of Phe
41 in a-chymotrypsin or Asn 218 in subtili-
sin BPN’, but also to the steric hindrance
at the enzyme subsite. Cbz-Gly-Pro-Phe-
Gly-p-Leu is hydrolyzed weakly by a-chy-
motrypsin, but is hydrolyzed to some ex-
tent by subtilisin BPN’. This may be re-
lated to the looseness of subsite S,’ in the
latfer enzyme in comparison to that in the
former.

The model complex study (7-9) of both
enzymes indicates that one or two hydro-
gen bonds are formed in the P,'-S,’ inter-
action. Comparison of the kinetic parame-
ters between Cbz-Gly-Pro-Phe-NH, and
Cbz-Gly-Pro-Phe-Gly-NH, (Table III, B)
and between Cbz-Gly-Pro-Phe-Gly-NH,
and Cbz-Gly-Pro-Phe-Gly-Gly (Table III,
D) shows small differences in both. It was
previously shown (16) that the &.,,/K,, of a-
chymotrypsin for hydrolysis of Ac-Tyr-
Gly-NH, is about fivefold higher than that
for Ac-Tyr-NH,, mainly related to k.q;.
Probably no hydrogen bond is formed be-
tween P,’ and S,’ when Cbz-Gly-Pro-Phe-
NH, (or Ac-Tyr-NH,) is used as a sub-
strate, while one or two bonds must be
formed when Cbz-Gly-Pro-Phe-Gly-NH,
(or Ac-Tyr-Gly-NH,) or Chbz-Gly-Pro-
Phe-Gly-Gly is used, respectively. This
may suggest that the contribution of hy-
drogen bonding, assumed to exist between
P,’ and S,', is negligible or is not so large
as seen with subsite S; in both enzymes,
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which has been described in previous pa-
pers (15, 17).

We conclude that the interaction of the
leaving group of peptide substrates with
the active site of a-chymotrypsin or subtil-
isin BPN' assumed from the model com-
plex study is essentially consistent with
the present kinetic study using the Cbz-
Gly-Pro-Phe peptide series. As for subtili-
sin BPN', however, a more detailed study
is required using an enzyme-protein in-
hibitor complex. This probably would help
us to understand the P,’ specificity against
residues smaller than alanine, as well as
the broad specificity of the P,’ position in
comparison with that of a-chymotrypsin.

ACKNOWLEDGMENTS

We are grateful to Dr. Christine S. Wright for her
interest and critical suggestions.

REFERENCES

1. SCHECHTER, 1., AND BERGER, A.(1967) Biochem.
Biophys. Res. Commun. 27, 157-162.

2. MoRIHARA, K., Oxa, T., anp Tsuzuki, H. (1969)
Biochem. Biophys. Res. Commun. 35, 210-214.

3. MORIHARA, K., Oka, T., anD Tsuzukl, H. (1970)
Arch. Biochem. Biophys. 138, 515-525.

4. SEcaL, D. M., Powers, J. C., Couen, G. H.,
Davies, D. R., aND WiLcox, P. E. (1971) Bio-
chemistry 10, 3728-3738.

5. RoBerTUS, J. D., ALDEN, R. A., BirkTOFT, J. d.,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

MORIHARA AND OKA

KRaUT, J., PowERrs, J. C., AND WiLcOX, P. E.
(1972) Biochemistry 11, 2439-2449.

. SeGAL, D. M. (1972) Biochemistry 11, 349-356.
. BLow, D. M., WriGHT, C. S., KukLa, D., RUHL-

MANN, A., STEIGEMANN, W., AND HUBER, R.
(1972)J. Mol. Biol. 69, 137-144.

. FeErsHT, A. R., BLrow, D. M., AND FASTREZ, J.

(1973) Biochemistry 12, 2035-2041.

. RoBertuUs, J. D., Kraur, J., ALDEN, R. A., AND

BirkTOFT, J. J. (1972) Biochemistry 11, 4293-
4303.

YemM, E. W., anD CockINg, E. C. (1955) Ana-
lyst 80, 209-213.

MoriHARA, K., Oka, T., anD Tsvuzuki, H. (1969)
Arch. Biochem. Biophys. 132, 489-501.

MoriHaRrA, K., Oka, T., anp Tsuzuki, H. (1969)
Arch. Biochem. Biophys. 135, 311-323.

Wircox, P. E., Kraur, J., Wapg, R. D., anD
NEeURATH, H. (1957) Biochim. Biophys. Acta
24, 72-18.

MaTsuBArA, H., Kasper, C. B., Brown, D. M.,
AND SMmiITH, E. L. (1965) J. Biol. Chem. 240,
1125-1130.

MoriHARA, K., AND Oxa, T. (1973) FEBS Lett.
33, 54-56.

Baumann, W. K., Bizzozero, S. A.,
DurtLer, H. (1970) FEBS Lett. 8, 257-260.

MogriHARA, K., Oka, T., anDp Tsuzukl, H. (1974)
Arch. Biochem. Biophys. 165, 72-79.

MoriIHARA, K., Oka, T., anp Tsuzuki, H. (1971)
Arch. Biochem. Biophys. 146, 297-305.

Hex~DERSON, R., WRIGHT, C. S., HEss, G. P., aND
Brow, D. N. (1971)Cold Spring Harbor Symp.
Quant. Biol. 36, 63-70.

AND



