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The subsite requirements of the aspartie proteinase from the mycloblastosis-nssociated virus (MAV) for the cleavage of peptide substrates were
studied with a sericx of synthetic peptides. of general strueture Aln-Thr-P4-P3-P2.PleNph-Val-Arg-Lys-Ala. The residues in pesitions P4, P3, P2
and Pl were varied and the kinetic parameters for the cleavage of substrates in 2.0 M NaCl were spectrophotametrically determined at pH 6.0
and A7°C. The aceeptance of amino acid residues in particulur subsites is similuv to thai observed with the human immunodeficiency virus type
1 (HLV-1) proteinase in our earlier studiex on the same substrate series: hydrophobie or aromatic residues are preferable in Pl pasition, a broad
variety of residues are acceptable in P3 whereas the residucs occupying P2 plays the deeisive role in the substrate cleavage as evidenced by its dramalt.
ic influence on both kg and K, values. The most remarkable diffevence between the two enzymes was found in P3 and P4 subsites. In P3, the
intraduction of negatively charged glutamate increases the substrate binding by the MAYV proteinase 12-fold and deereases binding by the HIV-1
proteinase. In P4, Pro in this serics is a favourable residue for the MAV proteinase and is strongly inacceptable for HIV-1 the proteinase. The
pH profile of the cleavage was studied with a chromogenic substrate and differences between HIV-1 and MAV proteinases are discussed,

Retroviral proteinase; HIV-| proteinuse; MAV; Chromogenic substrate; Subsite specificity

1. INTRODUCTION

The vital importance of retroviral proteinases for
correct processing and maturation of viral particles has
been shown by several authors (cf. e.f. [1]). These en-
zymaes thus became obvious targets of specific inhibitors
with possible therapeutic effect to be used forthe treat-
ment - of diseases caused by retroviruses, A deep
understanding of the substrate specificity of these en-
zymes should pave the way to a rational design of these
inhibitors. A great deal of effort has therefore been
devoted to the detailed investigation of the specificity of
the proteinase from human immunodeficiency virus-1
(HIV-1){3,4-6]. Onthe other hand, much less is known
about the other members of the retroviral proteinase
family. The aspartic proteinase of the myeloblastosis
associated virus (MAYV) is an example of a viral enzyme
encoded in the first open reading frame of the retroviral
genome [1]: the enzyme is therefore expressed in high
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Abbreviations: E,, total enzyme concentration; ke, Tate constant ac-
cording to equation ¥max = kear* E;) PheSta, phenylstatine; MAYV,
myeloblastosis-associated virus; Nle, norleuciné; Nph, 4-nitro-
phenylalanine. The amino acid residues surrounding the cleaved bond
are  depicted according to Schechter and Berger [11], e
P4-P3-P2-P1 % P1'-P2'-P3'-P4’ the scissile bond being indicated by
an asterisk,

Published by Elsevier Science Publishers B.V.

levels and even a lower activity is sufficient for a correct
processing of viral polyproteins. Both X-ray analysis [7]

and kinetical studies [8-10)] revealed certain features of
MAY proteinase different from those of the HIV-1 en-
zyme: a lower activity and a more. promiscuous
specificity are among the most remarkable ones. It has
been reported recently that the introduction of a p-
nitrophenylalanine residue into the P1’ position of the
proper peptide sequence could produce’ a sensitive
chromogenic substrate for the HIV-1 [2-4] or MAV
[9,13] proteinases. As a rule, good substrates of the
HIV-1 proteinase are poor substrates of the MAV pro-
teinase and vice versa [9,10]. An exception, however,

represents the chromogenic peptide Ala-Thr-His-Gln-
Val-Tyr %« Nph-Val-Arg-Lys-Ala, which was shown to
be a reasonably good substrate for both MAV and
HIV-1 proteinases [9,12]. It was designed initially upon
the  sequence spanning the cleavage junction pol
P63/P32 of the Rous sarcoma virus (RSV). Nph was in--
troduced into P1’ and the residues in position P2, P2’

and P4’ were replaced to comply with the consensus se-
quence of scissile bonds in polyproteins of avian sar-
coma and leukemia viruses. In our previous study, we
have synthesized a series of analogues of this sequence
by varying amino acid residues in P4-P1 and studied
the kinetic parameters of such substrates with the
HIV-1 proteinase [1,12]. The use of a similar set of
substrates for the investigation of the subsite
preferences and pH dependence of cleavage of the
MA.V proteinase is reported in this paper.
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2. MATERIALS AND METHODS

Peptide substrates summarized (o Table I were synthesized by the
solid-phase methad and purified by HPLC [3). Aqueeus stock salu-
tions of approximately § mM were prepared and kept frozen,

The recombinant MAV proteinase was obtained ax deseribed
elsewhere [14]. The active site concentration of fts selution was deter-
mined by titration with the MAV proteinase inhibitor Pro-Pro-Cys-
Val-PheSia-Ala-Met-The-Met (13]. The & values were ealewlated
from Vimae & Kisi* B ,

The hydrolysis of peptide substrates at pH 6.0 was monitared spee-
trophotometrically in Aminco DW 2000 Specirophotometer at 303
nm and 37%C. The buffer used was 0.1 M phosphate containing 4 mM
EDTA and 2.0 M NaCl. A final volume of 1000 ul was used and the
resulting proteinase concentration varied between 30 and 530 nM. The
average extinction coefficlent under these conditions way 1200
I/mol « em.

_For those kinetic measurements in distant pH: areas where slow
hydrolysis rates made the spectraphotometrie determination impossi-
ble, the time course of proteolysis was followed by reverse-phise
HPLC according to Richards et al, (18} using a Gilson chromatograph
with a Vydac CI8 column. The reaction eonditions were the same as
those of the spectrophotomerric measurement. Total reaction volume
of 100 ul was quenched afier $=~30 min by addition of 20 pl of 3%
triffuoroacetic acid, The conditions are given in detall in the legend 1o
Fig. 1.

The initial rates ol hydrolysis were measured for at least 7 substratg
concentrations and the kinetic constants were derived from the com-
puter fit of the data using the Enzfitter program, In all cases, the Ky
and M values are the means of at least two separate determinations.

3. RESULTS AND DISCUSSION

When investigating the side chain interactions of the
residue occupying the Pl subsite. of the peptide
substrate Ala-Thr-His-GIn-Val-Pl # Nph-Val-Arg-Lys-
Ala (Table II) we observed no cleavage with Ser, Arg or

Table |
Substrates used for subsite preference investigation of MAV pro-
teinase
Number Sequence
1 Ala-Thr-His-GIn-Val-Tyr % Nph-Val-Arg-Lys-Ala
2 Ala-Thr-His-Gln-Val-Phe # Nph-Val-Arg-Lys-Ala
3 Ala-Thr-His-Gln-Val-Leu # Nph-Val-Arg-Lys-Ala
4 Ala-Thr-His-Gln-Val-Ser * Nph-Val-Arg-Lys-Ala
5 Ala-Thr-His-GlIn-Val-Arg # Nph-Val-Arg-Lys-Ala
6 Ala-Thr-His-GIn-Val-Glu. # Nph-Val-Arg-Lys-Ala

7 Ala-Thr-His-Gin-lle-Tyr # Nph-Val-Arg-Lys-Ala
8 Ala-Thr-His-Gln-Ala-Tyr # Nph-Val-Arg-Lys-Ala
9 Ala-Thr-His-GIn-Leu-Tyr # Nph-Val-Arg-Lys-Ala
0 Ala-Thr-His-GlIn-Gly-Tyr « Nph-Val-Arg-Lys-Ala
1 Ala~Thr-His-Gln-Phe-Tyr # Nph-Val-Arg-Lys-Ala

12 Ala~Thr-His-Glu-Val-Tyr « Nph-Val-Arg-Lys-Ala
13 Ala-Thr-His-Asp-Val-Tyr « Nph-Val-Arg-Lys-Ala
14 Ala-Thr-His-Asn-Val-Tyr # Nph-Val-Arg-Lys-Ala
15 Ala-Thr-His-Arg-Val-Tyr % Nph-Val-Arg-Lys-Ala
16 Ala~-Thr-His-Tyr-Val-Tyr #« Nph-Val-Arg-Lys-Ala
17 Ala-Thr-His-Val-Val-Tyr # Nph-Val-Arg-Lys-Ala
18 Ala-Thr-His-Pro-Val-Tyr #« Nph-Val-Arg-Lys-Ala
19 Ala-Thr-Pro-Gin-Val-Tyr & Nph-Val-Arg-Lys-Ala
20 Ala-Thr-Pro-Cys-Val-Tyr « Nph-Val-Arg-Lys-Ala
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Table 1}

Kinctie parameters (o7 cleavage of P subsieate analogues of general
structute AlaTheHixGln-Val-PLw Nph-Val-Arg-Lys-Alu by MAV

profeinase
Substrate P K Kiat K/ K
number (M) Y reb. 1o No, |
1 Tyr 75 3 1.0
2 Phe kg 3 1.5
3 Leu 52 o 12
4 Ser not eleaved
L] Arg not cleaved
[ Glu not ¢letved

The peptide numbers relate to Table 1, Aun/Nu values are relative,
given for ecomparison with protatype substrate 1. All details are
specified in section 2,

Glu in this position. On the other hand, substrates with
Tyr, Phe, or'Leu were cleaved readily. This finding is in
good agreement with our' previous findings on the
HIV-1 proteinase [12]. This confirms the preference of
both proteinases for large, hydrophobic residues in P1.
Substrate binding is largely improved when Tyr is
replaced by Phe in the scissile bond; hence, the hydroxyl
group of tyrosine .may be sterically unfavourable.
Since, however, the substrate containing Tyr in PI is
readily soluble and shows a high extinction coefficient,
further studies were carried out on substrates contain-
ing -Tyr%Nph- as the -P1xPl‘'-residues. Peptide 1
(Table - 1) Ala-Thr-His-GIn-Val-Tyr «-Nph-Val-Arg-
Lys-Ala thus served as a standard in all our kinetic
measurements.

A systematic variation of the residue in P2 was car-
ried out in the series Ala-Thr-His-GIn-P2-Tyr« Nph-
Val-Arg-Lys-Ala. As shown in Table III valine is the
most appropriate residue for P2, The introduction of
any other residue leads to a less favourable orientation
of the scissile bond as reflected in lower k.., values.
Peptides containing Gly anid Phe in P2 were not cleaved
under the conditions used at all. The introduction of lle
improved substrate binding with a slight decrease in &ca
while Leu made both binding and k.. drop significant-
ly. An exception is peptide 8 containing Ala in P2
(Table I). Poor cleavage reflected by a low k¢a, value is

Table 11

Kinetic parameters for cleavage of P2 substrate analogues of general
structure Ala-Thr-His-Gln-P3-Tyr # Nph-Val-Arg-Lys-Ala

Substrate P2 Kn Kear keat/ K
number M) s™h rel. to No, 1
1 Val 75 5 1.0
7 Ile 42 2 0.7
8 Ala 9 0.5 0.8
9 Leu 124 0.2 0.02
10 Gly not cleaved

9] Phe

All experimental details are given in section 2 and in the legend to
Table 11,

not cleaved
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compensated by excellent binding, yielding a relatively
high kecat/Kq ratio compared to the Val-containing
analogue 1 (Table I). The same replacement in the P2
position significantly increased Kw and decreased Kea
when assayed with the HIV-] proteinase. This may
reflect a difference in the processing sites cleaved by the
two proteinases; Ala, which is frequently found in P2
position of the sequences cleaved in avian retrovirus
polyproteins [9], does not oceur in the P2 position of
HIV-1 polyprotein cleavage sites,

Our findings thus point to the desisive role of the
amino acid residue in P2. Substrate binding and
cleavage are strongly enhanced by a #-branched residue
(i.e. Val, Ile) in this position,

It has been proved that the minimal peptide chain
length required by the MAV proteinase for proper bin-
ding is 4 amino acids in its N-terminal and 3 in its C-
terminal part of the substrate [8,9,16]. Therefore, we
also investigated the structure requirements for P3 and
P4 positions (Table IV), The data obtained indicate a
remarkably high tolerance of the enzyme in P3, One
replacement only, Gin/Pro in P3 (peptide 18) led to a
peptide totally resistant to cleavage, probably due to the
distortion of the peptide backbone resulting in a non-
productive orientation of the scissile bond. All other
variations in P3, involving acidic, basic, aromatic or
hydrophobic residues, gave peptides which were mostly
bound better and cleaved faster than ‘parent peptide’
No. 1. This is particularly striking in the case of peptide
12, where introduction of negatively charged Glu in P3
resulted in a 12-fold increase in binding, This may be
explained by electrostatic interaction between the
glutamatein P3 and the positive charge of the residue in
S3 binding pocket of the enzyme. Supporting evidence
for this assumption was provided by molecular model-
ing of peptide 12in the binding cleft of RSV suggesting
possible ionic interaction between Glu in P3 and Arg-10
and Arg-105 in the binding cleft (Konvalinka, J. and
Cooper, 1., unpublished results). In contrast, a similar
Ky improvement was not observed with the HIV-1 pro-

Table IV

Kinetic parameters for cleavage by MAV proteinase of peptides of
general :structure  Ala-Thr-P4-P3-Val-Tyr 4 Nph-Val-Arg-Lys-Ala
with variations in the P3 and P4 positions

Substrate P4-P3 K Keat keat/Kny
number M) 7Y rel. to No. 1
1 -His-Gln- 75 5 1.0
12 ~His-Glu- . 6 5 12,8
13 -His-Asp- 25 1 0.6
14 -His-Asn- 17 2 1.8
15 -His-Arg- 24 3 1.9
16 His-Tyr- 26 11 6.3
17 -His-Val- 14 6 6.4
18 ~His-Pro-~ not cleaved
19 -Pro-Gin- 9 5 8.3
20 -Pro-Cys- 8 3 5.6

All details are given in section2 and in the legend to Table II.

FEBS LETTERS

April 1991

teinase. In this case the Gln/Glu substitution in P3 led
to a 2-fold increase in Ky, [12]. A deeper discussion of
this discrepancy is rather difficult in view of the dif-
ference in assay conditions (lower pH and salt concen-
tration). ‘

Hydrophobic residues such as Tyr or Val {peptides 16
and 17, Table I'V) in P2 significantly enhance substrate
binding, and Tyr moreover remarkably improves
cleavage (2-fold increase in kea). On the ather hand, the
same replacement in P (Gin with Tyr or Val) leads with
the HIV-I proteinase to a 2-fold decrease in the A
value [12]. ‘

Insertion of various other residues, such as Asp, Asn
and Arg (peptides 13, 14 and 15, Table V) into P3 also
yields well binding substrates, yet with a significant
drop in. keao Hence, the considerable tolerance the
MAYV proteinase shows towards residue occupying P3
resembles the kinetic behaviour of the HIV-1 proteinase
with partial exception of Glu and bulky hydrophobic
residues,

Peptides 19 and 20 (Table IV) are examples of varia-
tion in P4, Introduction of Pro into the P4 position was

0.8 ™
[
0.4 [~ ®
o -
10¢ ¥ear
»0.4 ™
0.8 ™
4.6
4.2 1
PRy
3.8 I~
3.4
i | - 1 1 1 i i
4 5 6 7 8 9 1o
PH

Fig. 1. pH dependence of log kca (above) and pKy (below) of the

" cleavage of" peptide Ala-Thr-His-Gln-Val-Tyr % Nph-Val-Arg-Lys-

Ala by MAYV proteinase. The buffers used contained 4 mM EDTA

and 2.0 M NacCl and were sodium acetate (pH 4.0-5.0), phosphate

(pH 5.5-7.5) and Tris (pH 8.0-9.0). The determinations of kca-and

K in‘the pH range 4.0-7.4 were made spectrophotometrically, the

values at pH 8.0 and 9.0 were determined by HPLC using the condi-
tions given in section 2,

75



Volume 2832, number |

not paralleled by distortion of the peptide backbone
and unproductive orientation of the scissile bond in the
case of MAV proteinase. The same peptide, however,
was almost resistant to HIV-1 proteinase, although the
binding was sustained [12].

All kinetic experiments with the MAV proteinase
were carried out at pH 6.0, which is the apparent pH
optimum for the enzyme [9]. The investigation of the
pH dependence of kinetic parameters carried out with
peptide substrate 1 is given in Fig. . Both Ky and ken
values show a bell-shaped pH dependence with optima
at pH 6.5 and 5.0-6.5 for Kw and keai, respectively, The
kear decrease in the basic pH range is substantial (a
30-fold drop between pH 8.0 and 9.0). The HIV-1 pro-
teinase exhibits in contrast minor changes only. in fea
between pH 4.0 and 9.0 and a dramatic increase in Kin
is observed above pH 6.0 [2]. Although the substrates
used for both pH dependence determinations were non-
identical, this striking difference in pH profile of two so
closely related enzymes must reflect important structure
differences in their binding clefts. The residue responsi-
ble for the different behaviour of the MAV proteinase
may be His-75 or Arg-105 whose counterparts are
Gly-48 and Pro-81 in the flap and d' #- chain of the
HIV-1 proteinase, respectively [16).
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