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A series of synthetic, chromogenic substrates for HIV-l proteinase with the general structure Ala-Thr-His-Xaa-Yaa-Zaa*Nph-Val-Arg-Lys-Ala 
was synthesised with a variety of residues introduced into the Xaa, Yaa and Zaa positions. Kinetics parameters for hydrolysis of each peptide 
by HIV-l proteinase at pH 4.7, 37°C and a= 1.0 M were measured spcctrophotometrically and/or by reverse phase FPLC. A variety of residues 
was found to be acceptable in the Ps position whilst hydrophobic/aromatic residues were preferable in P,. The nature of the residue occupying 
the P2 position had a strong influence on kat (with little effect on K,); B-branched residues Val or Ile in this position resulted in considerably faster 

peptide hydrolysis than when e.g. the Leu-containing analogue was present in Pz. 
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1. INTRODUCTION 

The aspartic proteinase encoded within the human 
immunodeficiency virus (HIV-l) genome is of vital im- 
portance in the maturation of infectious virions. It has 
thus become a strategic target for the development of 
specific inhibitors with considerable potential as 
therapeutic agents for the treatment of AIDS [I]. In 
order to facilitate the generation of such compounds, 
much attention has been focussed on structure/activity 
relationships in this important enzyme. Many reports 
(summarised in [2]) have indicated how synthetic pep- 
tides can be used as substrates to mimic the cleavage 
junctions that are required to be processed naturally in 
the viral polyprotein. Indeed, recently it has been 
shown that, by substitution of a p-nitrophenylalanine 
residue for the naturally-occurring amino acid in the Pi 
position, sensitive, soluble chromogenic substrates can 
be produced for the viral proteinase [3,4]. Assays using 
such substrates not only facilitate the convenient 
monitoring of enzymic activities but also permit detail- 
ed investigations in vitro into the active site preferences 

that are required to be met for effective interaction. In 
the present report, we describe further investigations in- 
to the preferences of the SS, SS, SZ and Sl sub-sites of 
the HIV-l proteinase using a new series of such 
substrates. 

2. MATERIALS AND METHODS 

The peptides examined as substrates were based initially upon con- 
sensus sequences of the cleavage junction pol P63/P32 of Rous sar- 
coma virus 151. These contained the sequence Ala-Thr-His-Xaa-Yaa- 
Zaa*Nph-Val-Arg-Lys-Ala where a number of substitutions were in- 
troduced in the Xaa, Yaa and Zaa positions (Table I). The peptides 
were synthesised and purified by reverse phase HPLC as described 
previously [3]. They were all readily soluble in water; aqueous stock 
solutions of approximately 3 mM were thus prepared. 

Homogenous preparations of HIV-l proteinase were obtained as 
described previously [3]. The active site concentration of each sample 
used in the assays was determined by titration with a compound 
(Quinoline-2-carbonyl-Asn-Phe +[CHOH-CHrN]-decahydro-iso- 
quinoline-carbonyl-NH-t-butyl) which has been shown to have a sub- 
nanomolar Ki for its interaction with the HIV-l proteinase [l]. Values 
for k,., were derived from V,,,, = kcat. [El. 
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Where possible, hydrolysis of the peptide substrates was monitored 
spectrophotometrically at 300 nm and 37°C as described previously 
[3]. The buffer used was 0.1 M sodium acetate, pH 4.7, containing 4 
mM EDTA and sufficient NaCl to give a final ionic strength of 1 M. 
Mercaptoethanol (5 mM) was added to some assays but had no in- 
fluence on the kinetic parameters determined. A final volume of SO0 
,ul was used and the operational proteinase concentration was in the 
region of 5-10 nM. 

Afrbreviations: Nle, norleucine; Nph, 4-NOZ-phenylalanine (The 
nomenclature system of Schechter and Berger [12], i.e. P5-P*-P, 

When slow rates of hydrolysis were observed, kinetic parameters 

-Pz-Pi*P;-Pi-P;, is used to depict amino acids adjacent to the 
were obtained by following the time course of the proteolytic reac- 

residues in the PI and Pi positions which contribute the scissiie pep- 
tions by product appearance on reverse phase FPLC (as described 

tide bond (indicated by an asterisk 2)) 
previously [6]). Reaction conditions were the same as for the spec- 
trophotometric measurements. 
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Table I Table II 

Substrates used for active site investigations with HIV-l proteinase Kinetic parameters for hydrolysis of chromogenic peptide substrates 
of general structure Ala-Thr-His-Gin-Val-ZaarNph-Val-Arg-Lys-Ala 

Number Sequence 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Ala-Thr-His-Gin-Val-Arg * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Gin-Val-Glu * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Gln-Val-Met * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Gin-Val-Phe * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Gin-Val-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-Pro-Gln-Val-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-Pro-Cys-Val-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Pro-Pro-Pro-Val-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Tyr-Val-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Arg-Val-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Val-Val-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Asn-Val-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Asp-Val-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Glu-Val-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Pro-Val-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Gln-Ile-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Gin-Phe-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Gin-Ala-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Gin-Ala-Tyr * Nph-Val-Arg-Lys-Ala 
Ala-Thr-His-Gin-Gly-Tyr * Nph-Val-Arg-Lys-Ala 

Initial velocities were measured for at least 7 substrate concentra- 
tions and the kinetic constants (Km, V,,,.,) were derived from a com- 
puter fit of the data using the Enzfitter program. In all cases, the 
values given for Km and I’,,,,, are the means of at least two separate 
determinations. The precision of each individual estimation was in the 
range f 5-20%. The identity of the (unique) peptide bond undergo- 
ing hydrolysis in each substrate was established by collecting the pro- 
duct peaks from reverse phase FPLC followed by amino acid analysis 

131. 

3. RESULTS AND DISCUSSION 

The nature of the amino acid residue in the P1 posi- 
tion (i.e. contributing to the -Pr*Pi-scissile peptide 
bond) was first investigated in the series Ala-Thr-His- 
Gln-Val-Zaa*Nph-Val-Arg-Lys-Ala. 

When Zaa was Arg or Glu (peptides 1 and 2; Table I), 
no hydrolysis was observed (Table II). However, inser- 
tion of Met, Phe or Tyr in this position resulted in 
substrates with excellent Km values. The k,,, values ob- 
tained (Table II) were also comparable to those re- 
ported previously for the hydrolysis of a series of 
chromogenic substrates that were based directly on the 
sequence found at one of the CA/NC cleavage junc- 
tions in the HIV-I polyprotein [3], i.e. Lys-Ala-Arg- 
Val-Nle*Nph-Glu-Ala-Nle-NHZ. Thus, the general 
nature of the proteinase is indicated by this ability to at- 
tack effectively substrates with considerably different 
sequences. 

Since tyrosine provides a readily detectable signal 
(for monitoring by UV absorption in FPLC traces when 
poorer substrates are being examined), further modi- 
fications were carried out on peptides containing 
-Tyr*Nph- as the -Pr*Pi- residues contributing the 
scissile peptide bond. Systematic replacement of the 
residue in the P3 position was thus carried out in the 

by HIV-l proteinase 

Peptide number Zaa = Km W) kc,, (s-l) 

1 Arg 0 
2 Ghl 0 
3 Met 15 I5 
4 Phe 15 13 
5 Tyr 15 14 

All reactions were carried out at 37°C in 0.1 M sodium acetate buffer, 
pH 4.7, containing 4 mM EDTA and sufficient NaCl to give a final 
ionic strength of 1 M. The peptide numbers relate to Table I. 

series Ala-Thr-His-Xaa-Val-Tyr*Nph-Val-Arg-Lys- 
Ala. 

The data obtained (Table III) indicate that there is a 
considerable tolerance in this position by the enzyme. 
With the sole exception of a proline residue (peptide 
15), all of the other variants investigated (whether 
acidic, basic, aromatic or hydrophobic) showed k,,, 
values in the range of 2-15 s-’ and K,,, values of less 
than 30 PM (Table III). Thus, irrespective of the slight 
individual variations in kinetic parameters, most of 
these peptides (peptides 5, 9, 10, 13, 14) are essentially 
as good substrates as those described by Richards et al. 
[3] and are better than other peptide substrates describ- 
ed hitherto by other investigators (e.g. [4]). 

However, the importance of the ability of the sub- 
strate peptide to adopt a productive conformation in 
the active site cylinder of the enzyme [7] is indicated by 
the data obtained with the proline-containing peptide 
(peptide 15; Table III). In a parallel manner, when pro- 
line was introduced in place of the His residue in the 
more peripheral P4 position (peptide 6), once again the 
k,,, measured for the hydrolysis of this peptide was 
substantially lowered (albeit to a still measurable value; 
Table III). However, a further replacement of the P3 
Gln residue with cysteine (peptide 7) restored the k,,, 
value back closer to the original values (Table III). 
Thus, the flexibility of the overall sequence that can be 
tolerated by the enzyme is rather remarkable. Even a se- 
quence containing 3 proline residues in the P5-P4-P3 
positions (peptide 8) was able to find effectively to the 
HIV-l proteinase but the unproductive orientation of 
the scissile peptide bond engendered by this interaction 
is reflected in the poor /c,,~ value (Table III). A similar 
influence of a proline residue, positioned appropriately 
in a peptide substrate, in lowering kCBt has been describ- 
ed previously for hydrolysis by a mammalian aspartic 
proteinase [8]. 

Finally, the nature of the residue occupying the Pz 
position was investigated and found to be particularly 
critical (Table IV). To document this, the series Ala- 
Thr-His-Gln-Yaa-Tyr*Nph-Val-Arg-Lys-Ala was ex- 
amined. The presence of a&branched residue (Val, Ile, 
- peptides 5, 16) was found to be beneficial (Table IV). 
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Table III Table IV 

Kinetic parameters for hydrolysis by HIV-l proteinase of synthetic 
chromogenic peptides varying in the residues occupying the P4 and P3 

positions and with the general structure Ala-Thr-P4-P3-Val-Tyr*Nph- 
Val-Arg-Lys-Ala 

Kinetic parameters for hydrolysis of synthetic chromogenic peptides 
of general structure Ala-Thr-His-Gln-Yaa-Tyr*Nph-Val-Arg-Lys- 

Ala by HIV-l proteinase 

Peptide number Ps-Ps-P~-P~- 
sequence 

Km fcM) kc.* (s-l) 

9 Ala-Thr-His-Tyr- 
10 Ala-Thr-His-Arg- 
11 Ala-Thr-His-Val- 
12 Ala-Thr-His-Asn- 
13 Ala-Thr-His-Asp- 
14 Ala-Thr-His-Glu- 
5 Ala-Thr-His-Gln- 

15 ~a-Thr-His-Pro- 
6 Ala-Thr-Pro-Gln- 
7 Ala-Thr-Pro-Cys- 
8 Ala-Pro-Pro-Pro- 

6 7 
15 lob 

< 30” < 3= 
11 2a 
16 lob 
30 15b 
15 14 

0 
<40” 0.3= 

10 7 
<50” 0.2= 

Peptide number Yaa = Km CuM) keai (s-l) 

5 Val IS 14 
16 Ile 15 11 
17 Leu 30 26 
18 Phe < 1OOa 0.7= 
19 Ala 60 2a 
20 Gly - O8 

a Slow reactions were analysed by FPLC for determination of V,,,, 
values (see legend to Table III for details). The identity of the sole 
cleavage site was confirmed by FPLC analysis in each case 

Mercapt~th~ol (5 mM) was added to some assays but had no in- 
fluence on the kinetic parameters determined (particularly with pep- 

tide 7) 
a Slow reactions were analysed by FPLC for determination of V,,,,, 

values. The K,,, values in these cases are upper estimates since it is 
difficult to obtain accurate values from the low peak sizes of the 
products generated at pM concentrations of substrate 

b Values determined both by spectrophotometric and FPLC analysis. 
Other details as in the legend to Table II 

By contrast, replacement of the Ile residue with an 
isomeric Leu (peptide 17) had a relatively minor effect 
on K,,, but resulted in a S-fold lowering of k,,. Insertion 
of a Phe residue into the P2 position (peptide 18) 
diminished /&at (Table IV) to a value sufficiently low 
that it had to be determined by FPLC (and, consequent- 
ly an overestimate was obtained for K,; see legend to 
Table III). A slightly poorer Km value was measured for 
peptide 19, with Ala in the PZ position, but the kcar 
value derived was comparable to that observed for 
leucine (Table IV). Thus, it would appear that the in- 
creased size resulting from the addition of a benzene 
ring in the Phe side chain in PZ of peptide 18 leads to 
distortion upon binding that is unfavourable to 
catalysis. Removal of the side-chain altogether to leave 
a Gly residue (peptide 20) resulted in a peptide that was 
essentially resistant to hydrolysis (Table IV). 

surrounding cleavage junctions in the HIV polyprotein. 
It is acceptable to place two large aromatic/hydro- 
phobic groups in -Pl*Pi - provided that they are flanked 
by residues of an appropriate nature. Since it has been 
shown previously that HIV-proteinase needs 617 
residues at most for adequate substrate interactions, it 
would seem that the P2/PI positions are likely to be of 
paramount importance. While this manuscript was in 
preparation, a report appeared describing variations in 
the Pi position in an HPLC-type substrate [I I]. Just as 
was found for the PZ position in the present study, it 
was reported that the presence of a &branched Ile 
residue in Pi resulted in higher keat values than were 
measured for either Ala or Leu, with 1ym relatively unaf- 
fected. The nature/combination of residues occupying 
these 2 positions is thus of sufficient importance to war- 
rant further investigations into this important enzyme. 
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