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1. Introduction

A hypothesis was recenily proposed to explain the
molecular nature of the interaction between subiilisin-
BPN’ and its substrates [1] . This proposal was based
on X-1ay crystallographic studies of the enzyme
- [2. 3], inactive peplidylalkyl complexes formed by re-

acting the enzyme with chloromethylketone deriva-
tives of peptide substrates [4, 5] and complexes
formed between “virtual subsirates’ and the enzyme
{1]. Alkylation of the enzyme by the chloromethyl-
ketone derivatives was postulated to involve a methyl-
ene link to the Ne2 atom of histidine-64. Mode] build-
ing studies showed that 1his link can be replaced by a
carbonyl (ester) link to the O atom of serine-221
- withont disturbing the conformation of the molecule
and independent evidence has been presented for the
existence of this link in the normal agyl-enzyme inter-
mediate [6] . The binding of the peptide portion of
the inhibitor involved i) inclusion of a relatively large
hydrophobic side chain at Py {for nomenclature ses
[7]) into a crevice on the enzyme surface (the 8; sub-
- site); i) a H-bond between the NH of Py and the CO
of serine-125; iii) a H-bond between the CO of P4
and the NH of glycine-127; iv) a H-bond between the
NH of P3 and the CO of glycine-127 and v) incorpora-
tion of a hydrophobic group at F, into a large depres-
sion-on the enzyme surface; the size and orientation
~of the side chain at Py was also important. In the case
of virtual substrates binding to the enzyme was similar
1o that described above except that H-bond (i) was
not detected. It was also argned that the binding of
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true substrates probably invclves the same types of
interactions and that H-bond {(i1) is of especial impor-
tance in the formation of the Michaelis complex. The
above posiulated ruodes of binding are supported by
kinetic evidence obtained using a homologons series
of small synthetic peptides [8]. The present paper de-
scribes a study of the inieraction of the enzyme with
more complex subsirzies, namely bradykinin and pep-
tides derived from the Citerminzl sequence of sperm-
whale myoglobin. The results revealed that subtilisin
BPN’ ¢can function as an exopeptidase and that the
cleavage position depends on the natwe of the amino
acid side-chains remote from the point of cleavape.
These observations are discusseq relative to the struc-
ture of the binding site.

2. Experimental and results

Subtilisin BPN' was obtained from Nagarse Co.,
Japan and from Sigma {London) Chemical Co. Ltd.
Di- and iri-glycine were purchased from BDH
Chemicals Lid., and tetra- and penta-glycine from
Ralph N. Emmanuel Ltd. Synthetic analogues of

- bradykinin and of the C-terminal amino acid sequence

of myoglobin were prepared as previously describzd
[9. 10]. Glycyl-{0-methyl-L-tyrosyl)-glycylglycine 7

~ was synthesised nsing the so}id phase technigue

111,12} and was purified by elution from Sephatlex
{-25 in 20 mM acetic acid and by paper chiromatog-
raphy in buian-1-0i, acetic acid, water (12:3:5 &y vol).
Angzlysis of the product gave Glys gg. O-meihyl T
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sine;_gg» and B2, D.10; R, 0.04;:R/5, 0.38 and R4,
0,52 where a, b and ¢ refer to TLC (Kieselgel-G) and
@ to paper chromatography in the following solvent
systems: a) butan-2-ol, 3% agueons ammonia {30:11,
vjv); b) butan-1-0l, pyridine, acetic acid, water
{15:10:3:12, by vol); {c and d) butan-1-ol, acetic acid,
water (12:3:5, by vol).

Concentrations of tyrosine-containing peptides
were estimated spectrophotometrically at 274.5 nm
relative 1o tyrosine (e, 1340), whereas peptides con-
taining phenylalanine were measnred at 257.5 nm rel-
ative to phenylalanine {g, 195).

For cleavage point determinations, the peptides
(3—29 mM in 50 mM Tris-HCI buffer, pH 7.5) were
incubated with 6— 18 uM-subiilisin BPN’ for 2—4 hr
at 37°C. The components were separated by paper
chromatography and eluted with 10% (v/v) acetic acid
prior to amino acid analysis.

Samples for amino acid analysis were hydrclysed
as previously described [10] . The analyses were car-
ried out using an automatic analtyser {Lobell—Logarie)
which was also adopted for the kinetic analysis of the
myoglobin-like peptides, Reaction Xinetics were deter-
mined wsing 0.3—-8.5 mM peptide and 14—50 uM en-
zyme in a total vol of 500 pi of 50 mM TrisHCi buff-
er, pH 7.5, at 37°C. Samples {50 1) were removed at
intervals, added to 50 ul of 0.2 M HCl.and 30 i of
the mixture was injected into the buffer line of the
analyser; the exient of hydrolysis was calculated
from the area of the peak on the chart. Alternativsly,
the hydrolysis of bradykinin vas followed by usiag a
slight modification of the method described by
Yemm and Cocking [13].

- The cleavage points and reaction kinetics for the
bradykinin peptides are summarised in table 1 and for

the myoglobin peptides in table 2

3. Discussion

The resalts shown in tables 1 2ad 2 contain two
notable observations. Firstly- it is evident from the
cleavage of peptides no. 1, 2, 3 and 11 that subtilisin -
‘BPN' can function as an exopeptidase and secondly, <
that the cleavage point can vary markedly between
closely-related peptides {(no. 4 and 5). Although the
‘former observation is entirely explmable in terms of .
the proposed enzyme—substrate Interactions, the lat_~
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Table 1
Cleavage poinis for the hydrolysis of bmx’ykmm and of re-
lated peptides by subtilisin BPN'.

Pep- . i
tide : K
, N PR

- mo. Seguence and cleavage points - {mM)

] Arg —Pro—Pro ~Gly—Phe—8er—Pro-—Phe iAIg 1.28

2 Arg —Pro—Pro— G]y—‘Phe—-Sex—P&o»—Phgi Agm mn.d.

3 Guv—Pro—Pro—Gly —Phe—Ser—Pro—Phe—~ Azm nd.

Abbrevintipns:

Agm, agmzime {descarboxyarginine); Guv, »y-vuanyi—valex—
ic acid {des-aminoarginine); n.4d., not detsrmined.

* The cleavage point is indicated by the arrow.

ter implies that other interactions are involved or, as
recently suggested {14], that an altenative mode of
productive binding is possible.

Subtilisin BPN’ might have been expected 10 act as
an endopeptidase with the bradykinin series of pep-
tides {table 1) especially since the central phenylala-
nine residue seems ideally suited 1o occupy the Py
position, No cleavage was, however, detected in this
position. Although the reason for this lack of cleavage
is mot known, it seems possible it is related 1o the
presence of preline in the P3, P4 or Py! positions
which wouvld be expected to introduce stereochemical
restraints and to restrict H-bonding, On the other
hand, compelling reasons can be adduced, in retro-
spect, to account for the exopeptidase action. In this
case, the phenylalanine residues at the Py and P, posi-
tipns car be accommodated in the hydrophobic crev-
ices at the S; and 8, sub-sites on the enzyme surface,
the side chain of the serine residue at P is free toin-
teract with the agueous environment and the proline
residue at P, should favour the formation of a §-con-
formation which would promote interaction of the
peptide with the enzyme. The importance of the
above interactions in orienting the bradykinin pep-
tides on the enzyme surface is emphasised by the in-

- sensitivity of the cleavage point to the presence or ab-

sence of a free cr-carboxyl group, particularly since in-

~ hibition of hydrolysis by such a group has been te-

ported [8 157 . Subilisin BPN’ also acts as an exopep-
tidase on pepnde no. 11 {table 2) which resembles
bradykmm in possessing two nonpolar IBSIﬁDES with

bulky 51de~c}1mns ‘separat ted f:mm each other by iwo



Volume 34, number 2 - FEBS LETTERS Augus: 1973
: Table 2
Cleavage points and :cacimn fkme@: s for the hydrolysis of peptides relnted to the C-terminus of sperm-whals myogiobin by sub-
1ilisin BPN. ’ )
R | v, 8
Peptide no Sequence and cledvage points” Koy {mM) TI?JT Rate”
at Lys-Glu— Lew Gly —Tyr * Gin—GYy 070 1.74 102
5 Gin— Len—Gly —Tyz — Gin—Gly 1.35 1.33 0.52
) Glu—Len—Gly—OMT i&'_‘ﬂn— Gly n.gd. n.g. n.4d.
7 Len—Gly—Phe iG?m—'Gﬂy n.d. n.d. ‘ n.d.
8 Leu—Gly—Tyr éfGln—Gly 2.97 1.62 D.41
9 Len—Gly - OMT-Gln—Gly 2.46 3.29 0.95
10 Leu—Gly—Tyr iGly—Gly 3.09 7.41 1.79
11 Len Glv—Gly ~Gin—Gly 0.73 0.57 6.33
1 21 Gly -Gly—-Gly —Gly—Gly - - -
i3 Gly-—-Tyr iGJn—fGﬂy 1.63 0.87 0.33
14 Gly --OMT 4—133)’—61}' 3.50 1.49 0.33
21:5:3; Gly—-Gly —Gly—Gly - - -
161 Gly —Gly—Gly - - -
il?i Gly —Gly - — -
Abbreviotion:

DOMT, O-methyl-L-tyrosine; n.d., not determined.

¥ The tleavape point is indicated by the arrow.

T The major cleavage point occurred at the lencyl—glyeyl bond, but about 15% of the hepiapeptide was cleaved at the &ymsyl—
glutamyl bond. In addition, the C-terminal tetrapeptide formed by cleavage of the heptapepiide was subsequently hydrolysed at

ihe tyrosyl—glntamyl position {cf. peptide no. 13).

N@ digestion was detected.
Expressed as pesk ares units min~ mM (enzyms)

{calcnlated from: a modified Lineweaver—Burk plot of {Elfv versus 1/I5]).

# Rate of hydrolysis of 2 mM substzate by 1 mM enzyme, calenlated from modified Lineweaver—Burk plot and expressed as peak

area LNits min

residues. As noted previously, exopeptidase activity
would be favonred by the location of these nonpolar
residues in the 3; and S, crevices. Furthermore, al-
though the Jeucine and glutamine residues may appear
capable of fulfilling the requirements of the P; posi-
tion, the A-termingl leucine is presumably excluded
from the S; sub-site due 1o the solvation of the o- _
amino group which is hence, unable to H-bond to the
carbonyl group of serine-125; a similar explanation has
‘been proposed for the resistance m‘ leucm:axmde to .‘ny»
drolys*s II 8]

The difference between the cleavage points of the
heptapeptide and the hexa- and penta-peptides in the
mmyoglobin series {table 2) is not so easily rationalised.
Thus, for the major cleavage point of the hepiapep-
tide the absence of a residue in the P, position is par-
ticularly surprising {1]. Furthermore, since the size of
an glanine side-chain is optimal for the P, posiiion
and larger side-chains ir:hibit binding [5, 8] a glulam-
ic acid residue in this position is also unexpected. Ex-

" amination of molecular models suggests, however,
.- that the S, sub-site may be able to accommodate a
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glutamic acid residue with, possibiy, the formation of
an electrostatic bond to histidine-64. It is also con-
ceivable that a lysine side-chain at Py ¢ould form a H-
bond to the phenolic group of tyrosine~-104 which
blocks the entrance of the 8, crevice in the native en-
zyme. The above hypothetical interactions together
with the location of the leucine residue in the §;
cleft may be responsible for the unusual cleavage of
the heptapeptide. However, an alternative explana-
tion is possible. N-Benzoyl-L-arginine which competi-
tively inhibits the hydrolysis of acetyltyrosine ethyl
ester by subtilisin BPN’ [16], ocenpies a different
position on the enzyme surface from the peptidylal-
kyl chains and virtual substrates [17]. This may rep-
resent an alternative mode of productive binding. The
apparent anomalies in the interaction of the hepta-
peptide with the enzyme would be readily explicable
if a different binding mode was involved, although
the results of studies with other substrates [14] sug-
gest that this explanation is nnlikely to be correct.

‘The kinetic results {table 2) revealed that an in-
crease in molecular size from the penta- to the hepta-
pepiides is associated with a progressive rise in the
strength of binding of the peptide by the enzyme; a
similar relationship has been established previously
for the hydrolysis of a series of peptides of increasing
size by elastase [18]. If it is assumed that the differ-
ent peptides occupy the same binding mode of sub-
tilisin BPN’, then the above relationship indicates
that there are greater binding-opportunities for the
larger pepiides.
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