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ABSTRACT: The specificity of the p l 5  proteinase of myeloblastosis-associated virus (MAV) was tested with 
nonviral high molecular weight substrates and with synthetic peptides. Peptides with sequences spanning 
known cleavage sites in viral polyproteins of Rous sarcoma virus (RSV) and avian leukemia viruses, as well 
as in BSA and HSA, were synthesized, and the rate of their cleavage by the MAV proteinase was compared. 
Synthetic peptides require for successful cleavage at  least 4 residues at  the N-terminal side and 3 residues 
a t  the C-terminal side. The  proteinase shows a preference for hydrophobic residues with bulky side chains 
(Met, Tyr, Phe) in P3, although Arg and Gln can also be accepted. Small hydrophobic residues are required 
in P2 and P2’, and large hydrophobic residues (Tyr, Met, Phelp-nitro-Phe) are  preferred in both P1 and 
Pl’. The difference between the specificity of the p15 proteinase and that of the HIV-1 proteinase mostly 
pertains to position P2’ of the substrate, where bulkier side chains a re  accepted by the HIV-1 proteinase 
(Richards et al., 1990). A good chromogenic substrate for the MAV and RSV proteinases was developed 
and used to further characterize the MAV proteinase activity with respect to ionic strength and pH.  The  
activity of the proteinase is strongly dependent on ionic strength and pH. Both the k,, and K, values 
contribute to a higher cleavage efficiency at  higher salt concentrations and show a bell-shaped pH dependence 
curve with a sharp maximum at  p H  5.5  (kcat) and 6.5 (K,) .  

T e  replication of all retroviruses involves proteolytic pro- 
cessing of the de novo synthesized viral polyproteins into 
matured proteins, which subsequently form new viral particles 
(Krausslich & Wimmer, 1988). The maturation step is of vital 
importance: all proteinase-deficient mutants are noninfectious 
(Weiss et al., 1982). Much effort has been devoted to studies 
on these enzymes, the prospective goal being the possibility 
of affecting the processing of viral proteins and hence virus 
maturation in  infected cells. 

Several authors reported recently on the cloning and ex- 
pression of retroviral proteinases (Mous et al., 1988; Giam & 
Boros, 1988; Graves et al., 1988; Sedlacek et al., 1988; 
Seelmeier et al., 1988; Krausslich & von der Helm, 1988; 
Darke et al., 1989) and on the results of the first inhibition 
studies (Seelmeier et al., 1988; Billich et al., 1988; Moore et 
al., 1988; Richards et al., 1989a,b) with these enzymes. 
Detailed substrate specificity studies are relatively rare so far 
(Billich et al., 1988; Darke et al., 1988; Copeland & Oroszlan, 
1988). Proteinases of retroviruses were regarded as enzymes 
endowed with an unusual specificity difficult to understand: 
these enzymes cleave viral polyproteins at very specific yet 
differing sequences. Data on the crystal structures of the 
HIV-I , ’  RSV, and MAV proteinases (Miller et al., 1989a,b; 
Foundling et al., 1989) provide evidence that proteinases en- 
coded by retroviruses are structurally homologous to aspartate 
proteinases. The active form of retroviral proteinases, however, 
is the dimer, an oblong ellipsoid, formed almost symmetrically 
by two monomers. Each monomer contributes one catalytic 
aspartate to the catalytic site, a wide yet short cleft to which 
the access is hindered, unlike in other aspartate proteinases, 
by two long and flexible loops known as “flaps”. The flaps 
are hydrogen bonding with the substrate (Miller et al., 1989b) 
and also form a part of subsite S2’. The structure of the flap 
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of both the HIV-1 proteinase and also of its complex with the 
inhibitor is known. The flap of the RSV and MAV proteinases 
is larger and considerably more disordered in crystals. 

In this report we present studies on the substrate specificity 
of proteinase p l 5  encoded by the gag gene of MAV, using 
protein substrates and custom-synthesized peptides mimicking 
sequences around processing sites in MAV and RSV virus 
polyprotein precursors. 

EXPERIMENTAL PROCEDURES 
The MAV p15 proteinase was expressed in Escherichia coli 

and purified to homogeneity as described elsewhere (Sedlacek 
et al., 1988, 1989; Strop et al., 1989a). 

Cleavage and Sequencing of Protein Substrates. HSA or 
BSA (Fluka, BRD) was dissolved to 1% solution in citrate 
buffer, pH 5 ,  containing 0.5% SDS and 0.3% 2-mercapto- 
ethanol, and the solution was boiled for 2 min. Subsequently, 
each protein solution was diluted with the buffer to a final 15 
pM concentration and to a final 1.3 pM concentration of 
proteinase. The cleavage was allowed to proceed at 40 OC for 
3 h. The products were separated by SDS-PAGE (10% gel) 
and electroeluted. SDS was removed by methanol precipita- 
tion. Samples of products were purified by repeated dilu- 
tion-concentration with an Amicon B15 membrane concen- 

Abbreviations: MAV, myeloblastosis-associated virus; RSV, Rous 
sarcoma virus; HSA, human serum albumin; BSA, bovine serum albu- 
min; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electro- 
phoresis; t-Boc, tert-butyloxycarbonyl; Z, benzyloxycarbonyl; RP-HPLC, 
reversed-phase high-performance liquid chromatography; FAB, fast atom 
bombardment: TFA, trifluoroacetic acid; HTV, human immunodeficiency 
virus; PheSta, PhenylStatine [3(R)-hydroxy-4(S)-amino-5-benzyl- 
pentanoic acid], *, expected cleavage site. Formal nomenclature of 
Berger and Schechter (1970) was used to describe proteinase specificity 
and enzyme-substrate interactions. Enzyme binding subsites (S) for side 
chains of substrates (P) are numbered consecutively from the cleavable 
bond. C-Terminal side chains (P’) and subsites (S’) are distinguished 
by primes. 
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Table 1: Comparison of Rates of Cleavage of Synthetic Peptides Mapping Processing Sites of Viral Polyproteins and Cleavage Sites in BSA and 
HSA" 

rei rate 
of cleavage Pep- 

tide 
no. P subsite P' subsite Ab B' origin of cleavage site 

9 8 7 6 5 4 3 2 1  

1 G1 yFr ova l  Val Fhe (NO?) * 
2 L y s T h r V a l G l y T h r S e r C y s T y r  * 
3 ThrAl a1 1 eG1 yCysAsnCysA1 a * 
4 A1 aSer A1 aFr oProFr oFr oTyr Val G1 y * 
5 ThrGl yFroProVa1 Val A1 aMet * 
6 AspGlnGlyIleAlaAlaAlaMet * 
7 ThrMetArgG luLysVa lLeuThr  * 
8 SerAlaIleGlnFroLeuI1eMet 

9 GlyFroGluFroFroAlaValSer * 
10 SerGl nAl aThrFheG1 nAl aTyr * 
11 AspGluAl aSerFroLeuPheAla * 
12 CysGluValThrGlyVal  ArgAla * 
13 LeuGluLysSerHisCysIleAla * 
14 ArgThrGlyI leArgArgLysArg * 
15 ArgLeuVal ArgProGl uVal  Asp * 

1 2 3 4 5 6 7 8  

SerValSerThrLysGl uLeuFro 

H i  sCysGl yThrAl a 1  1 eG1 yCys 

ThrAl aSerAl aFroProProFro 

SerGlyLeuTyrFroSer 

F r o V a l V a l  I leLysThrGluGly  

SerSerAlaIleGlnFroLeuIle 

SerSerA1 aArgGl nArgLeuArg 

A l a V a l V a l  AsnArgGluArgAsp 

LeuAl aMetThrMetG1 uHi sLys 

FroLeuArgGl uAi aVal I 1  eLeu 

G1 y I  1 eSerAspThr I 1  eFro 

AspVal H i  sLeuLeuGl uG1 nFro 

G1 uVal G1 uLysAspA1 a 1  1 ePro 

SerValSerHisLeuAspAspThr 

Val  MetCysThrAl aPheHi sAsp 

100 

0 

0 

50  

10 

0 

0 

0 

8 0 

90 

0 

3 5  

5 0  

0 

0 

6 6  

5 2  

MAV i d e a l  s u b s t r a t e  

F19/F2a 155-156 w 
F"La/PZb 166-167 

F2b/PZc 175-176 saa 

F10/P27 279-240 

P27/F3 479-480 

BSA 189-190 (+)  

F3/F12 488-489 

P12/P15 577-578 

F63/P32 572-573 pol 

F72/F4 858-859 

P7/F40 64-65 e 2  

BSA 289-290 (+) 

P40/P23 405-406 e 2  

HSA 121-122 (+ )  
~~~~ ~ 

'The HPLC assay conditions of the cleavage are given under Experimental Procedures. PepGdes2, 3 ,  6-8, 1 14, and 15 are not cleaved under 
the conditions given; peptide 15 is cleaved in 2 M NaCl only. (4-Nitropheny1)alanine was introduced into position P1 of some peptides in order that 
their cleavage might be directly monitored. 120-min digestion. 30-min digestion. 

trator. The sequencing of the fragments and peptides was 
carried out in an Applied Biosystems AB 410 gas-phase protein 
sequencer using Polybrene and on-line HPLC detection. 

Peptide Synthesis. All peptide substrates were synthesized 
by the solid-phase method with a cross-linked (chloro- 
methy1)polystyrene resin. The amino groups were protected 
by t-Boc groups, and the side chains of Arg, Asp, Glu, Cys, 
His, Lys, Tyr, and Trp were protected by tosyl, benzyl, p-  
methylbenzyl, t-Boc, Z ,  benzyl, and formyl groups, respec- 
tively. The peptides were cleaved from the support in HF by 
the low-high method (Tam et al., 1983); they were purified 
by RP-HPLC and characterized by amino acid analysis and 
FAB mass spectrometry. 

HPLC Assays. Solutions (0.370 mM) of synthetic peptides 
in phosphate-citrate buffer, pH 6.0, were digested by a 3.3 
X M solution of the proteinase for different periods of 
time a t  40 "C. The reaction was stopped by the addition of 
an equal volume of 20% acetic acid. The cleavage was fol- 
lowed by RP-HPLC in the system methanol-H,O. The 
cleavage products were collected and were identified by amino 
acid analysis and sequencing. The degree of cleavage was 
determined by integration of the areas under the corresponding 
peaks. 

Spectrophotometric Assays. The cleavage of substrates with 
a p-nitro-Phe residue in PI' was carried out in sodium phos- 
phate buffer, pH 6.0, containing 1.9 M NaC1, at 40 O C .  The 
enzyme concentration determined by active site titration as 
described below was 0.08 pM and the substrate concentration 
varied between 6 and 120 pM.  The reaction rate was deter- 
mined from the change in absorbance at 305 nm in a Hi Tech 
SF-5 1 stopped-flow or Aminco DW2000 spectrophotometer. 
The K ,  and k,,, values were determined from the double-re- 
ciprocal Lineveawer-Burk plot and by a nonlinear regression 

program. The values showed standard deviations that were 
5-18% of the value measured. Concentration of the active 
form of the enzyme was measured by active-site titration with 
the  tight-binding inhibitor (Ki = 5 X M )  
ProProCysValPheStaAlaMetThrMet [PheSta = 3(R)- 
hydroxy-4(S)-amino-5-benzylpentanoic acid] in 1.9 M NaCI, 
p H  6. The inhibitor, in the concentration range 0-0.3 pM, 
was preincubated for 15 min with the proteinase solution, and 
the absorbance change at 305 nm was measured after the 
addition of the substrate AlaThrHisGlnValTyr*Phe(N02)- 
ValArgLysAla. Since the enzyme can be active as a dimer 
only (Miller et al., 1989a), k,,, values are calculated by using 
the concentration of the dimer. 

Protein Concentration. The method of Bradford (1978) was 
used. Alternatively, protein concentration was calculated from 
amino acid analysis performed in a Durrum D 500 amino acid 
analyzer. 

RESULTS AND DISCUSSION 
Cleavage of Nonviral Proteins. Information on the sequence 

specificity of the proteinase was obtained from cleavage ex- 
periments with serum albumins (HSA and BSA) and subse- 
quent N-terminal sequencing of the major fragments. The 
major cleavage of BSA occurs at the Ala(289)-Glu(290) bond 
in the sequence ... SerHisCysIleAla*GluValGluLysAspAla .... 
The sequence around this cleavage site is homologous to the 
P7/P40 (64-65 env) processing site of the RSV polyprotein 
with regard to positions P1, PI', and P2' (see Table I). The 
proteinase also cleaves the bond Thr( 189)-Ser( 190) in the 
BSA sequence ... GluLysValLeuThr*SerSerAlaArgGlu ... ho- 
mologous to the 479-480 gag polyprotein processing site in 
positions Pl', P2', P3', and P5'. In HSA the proteinase cleaves 
preferentially the bond Asp( 121 )-Val( 122) in the sequence 
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Tnblc 11: Effect of Peptide Chain Length on Its Cleavage by MAV Proteinase‘ 
peptide no. P subsite P’ subsite re1 rate of cleavage 

8 7 6 5 4 3 2 1  1 2 3 4 5 6 7 8 9  

16 S e r G l n A l a T h r P h e G l n A l a T y r  P r o L e u A r g G l u A l a V a l I l e L e u L y s  6 

17 ThrPheGLnAlaPhe(NO2) ProLeuArgGluAlaVaL 33 

18 l h r P h e G l n A l a P h e ( N O ~ )  ProLeuArgGLuAlaVaL 4 2  

19 PheGLnAlaPhe(N02) ProLeuArgGluAlaVaL 2 0  

20 GlnAlaPhe(NO2) ProLeuArgGlnAlaVa l  0 

21 ALaPhe(NO2) * ProLeuArgGlnAlaVa l  0 

22 ALathrPheGLnAlaPhe(N0~)  ProLeuArgGlu  1 4  

24 A l a T h r P h e G L n A l a P h e ( N 0 ~ )  ProLeu  0 

23 A l a t h r P h r 6 l n A l a P h e ( N O ~ )  ProLeuArg  6 

C h r o ~ o g o n l c  

s u b s t r a t e  

25 A l a t h r H l s G l n V a l f y r  P h e ( N O ~ ) V a l A r g L y s A l a  100 

‘Solutions (0.25 mM)  of peptides in 4-morpholineethanesulfonate buffer, pH 6.0, with 0.5 M NaCl were digested for 30 min a t  38 “C by 2.5 pM 
p15. 

ArgProGluValAsp*ValMetCysTyrAla. 
Cleavage of Synthetic Peptides Derived from Processing 

Sites in Viral Polyproteins. The rate of cleavage of synthetic 
peptides, designed according to known processing sites in viral 
polyproteins, and of peptides mimicking sequences cleaved in 
BSA and HSA is compared in Table I. 

The sequence of peptide 1 in the table contains the residues 
most frequently occurring in the individual positions (Strop 
et al., i989b). Peptide 1 is cleaved faster than any other 
peptide mimicking a native viral sequence. The Tyr-Pro bonds 
in peptide 10 spanning the P63/P32 boundary (572-573 pol) 
and peptide 9 spanning the Ser-Leu bond at the N-terminus 
of the proteinase (P12/P15 boundary, 577-578 gag) are hy- 
drolyzed at almost the same rate as the “optimized” sequence. 
Approximately at a rate 2 times slower proceeds cleavage of 
the Gly-Ser bond in peptide 4 spanning the processing site 
between P i 9  and P10 in RSV (P2b/P2c, 175-176 gag) and 
also cleavage of the Ala-Glu bond in peptide 13 based on the 
289-290 cleavage site in BSA. The lowest was the rate of 
cleavage of the Met-Pro bond in peptide 5 mimicking the 
PIO/P27 boundary (gag 239-240) in RSV. Nine peptides 
were not cleaved at all in solutions of low ionic strength, on 
which the proteinase activity is highly dependent (see below). 
Peptide 14 spanning the P40/P23 (405-406 env) cleavage site 
was split at a high salt concentration only (1.9 M NaCI). The 
proteinase also cleaves the peptide corresponding to the P7/P40 
boundary (64-65 e m )  and a sequence in BSA that is ho- 
mologous to P7/P40 in positions P7, P1, P2’, and P8’ and with 
Glu instead of Asp in P1’ (Table I ) .  This finding is not 
contradictory to the observation that the env polyprotein was 
also cleaved by a proteinase-defective viral mutant since correct 
processing (i.e., N-terminal sequence) was not confirmed in 
this work (Crawford & Goff, 1985). 

Cleavage of Conformationally Restricted Peptide Sub- 
strates. For experiments intended to cast light on the possi- 
bility that the proteinase may prefer looplike structures we 
synthesized linear and cyclic substrates designed according to 
the two most rapidly cleaved peptides (1 and 10 in Table I). 

The only peptides cleaved by the proteinase were linear 
peptides Cy s A s n A I a G 1 u A 1 a T h r H i sG 1 u A 1 a P h e ( N 0,) - 

*ProValSerCys and CysTrpProAlaGluAlaThrHisGlnAla- 
Phe(NO,)*ProValSerAsnCys. When the flexibility was re- 
stricted by disulfide bridges between C- and N-terminal Cys 
residues these peptides were not cleaved. The other peptides 
not cleaved involving Ser or Thr in the PI’ site were Thr- 
AlaThrAlaThrProValVa1Phe(NO2)*SerValThrAlaThrA1a 
a n d  T h rA l a T  h r  A l a T  h r  A laProGl  y Val P he ( NO,)- 
*ThrAlaThrAla. Since it was assumed that the structure of 
peptides may play a role in the specificity of the proteinase 
(Kay & Dunn, 1990) we have investigated the conformations 
of 10 linear peptide substrates of MAV and HIV proteinases 
in solution by 2D N M R  (Strop et al., unpublished results). 
We have found that good substrates are predominantly in 
random conformation. When peptides are bound to the pro- 
teinase they exist most probably in an extended conformation 
from P3 to P3’. This assumption can be made on the basis 
of known X-ray structure of the HIV-1 proteinase complex 
with various inhibitors (peptide analogues) (Miller et al., 
1989b), preliminary NMR data for MAV proteinase (Strop 
et al., unpublished results), and on molecular modeling of 
MAV proteinase and substrate. 

Minimal Substrate Size. The effect of peptide chain length 
on its cleavability was examined with peptides spanning the 
572-573 pol polyprotein P63/P32 cleavage site (peptide 10 
in Table I). The number of amino acid residues on one side 
of the cutoff site was kept constant while the chain length on 
the other side was stepwise shortened to a minimum of 2 
residues. The proteinase apparently requires seven sites 
(S4-S3’) occupied for sufficient cleavage to proceed, four 
residues on the N-terminal side and at least three at the C- 
terminus (Table 11). The substrate that has four residues on 
both sides is cleaved considerably better. Essentially the same 
results have been reported previously for the HIV- 1 and RSV 
proteinases (Moore et al., 1989; Kotler et al., 1988). 

Specificity Studies with Peptides Derived from pol P63/P32 
Processing Site of RSV. A series of peptides based on the 
chromogenic substrate and on the po163/32 cleavage site was 
synthesized with variations of the individual residues in pos- 
itions P4-P4’ (Table 111) to investigate the subsite specificity 
and substrate symmetry. The fast cleavage was observed with 
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Table IV: Concerted Effect of Side Chain in Positions P2, P I ,  PI’, 
and P2’ on thc Cleavage of Homologous Peptides by M A V  
Protcinasc” 

pcptidc no. P2 PI PI‘ P2‘ cleavage 

Table I l l :  Subsite Specificity of M A V  Proteinase: Relative Rates of 
Cleavage of Peptides Derived from pol 63/32 Sequencea 

peptide re1 rate 
no. P subsite P’ subsite of cleavage 

6 5 4 3 2 1  1 2 3 4 5  
26’ AlaThrPheGlnAlaPhe(NO~)*ProLeu4roGlu4la 

27c Tyr*Phe(NOZ) 

28d Tyr* AlaGlnPheThr 

29e Tyr*Phe(NOZ)AlaGlnPheThr 

30f LysA1 aGluArgLeuTyr 

258 AlaThrHisGlnValTvr*Phe(NO~)ValAraLysAla 

31h 

32 P1,Pl’ 

33 P1,Pl’ 

34 P1‘ 

35 P i  

36 Pi 

37 P i  

38 P1 

39 P1 

40 P2 

41 P2 

42 P2 

43 PZ 

44 PZ 

45 P3 

46 P3 

47 P3 

48 P3 

49 P3 

50 P3 

51 P3 

52 P3 

53 P4 Pro 

Met* 

Phe (NO2) 

* 
Met * 
Phe 

Ser * 
Arg * 
Glu 

I l e  

A 1  a 

Leu 

Phe 

01 Y 

G1 u 

Net 

Arg 

ASP 

Asn 

Val 

Pro 

Tyr 

GlnHisThr 

Pro 

Pro 

Leu 

6.3 

0 

88.5 

12.9 

0 

51.8 

54.2 

52.0 

0 

0 

75.3 

48.1 

9.4 

0 

0 

36.3 

12.2 

2.5 

0 

0 

50.0 

71.5 

53.7 

32.2 

30.3 

3.0 

0 

45.0 

100.0 

“The  relative rates of cleavage of palindromic peptides derived from 
the pol 63/32 processing site and of peptides derived from the chro- 
mogenic substrate based on the pol 63/32 sequence with variation of 
rc\iducs in PI ,  P2. P3, and P4 positions are listed. Amino acids dif- 
lerent from the original peptide are shown only. Original peptide se- 
quence is underlined. Peptide solutions (0.13 mM) in  phosphate buff- 
er, pH 6.0, were digested for 30 min by 0.12 p M  p15 proteinase at  38 
‘C and analyzed by HPLC. bpol P63/32 sequence. <PI ’  Pro - 
Phc(N0J .  P2-P5 palindromic sequence. ePI-PS palindromic se- 
qucncc. f P2’-P5’ palindromic sequence. gchromogenic substrate. 
* PI-P5 palindromic sequence. 

peptide 28 with Tyr-Pro in PI-PI’ and palindromically ar- 
ranged residues in positions 2-6. An almost identical peptide 
with Phe(N0,) instead of Pro (peptide 29) in PI’, i.e., sym- 
metrical with regard to positions 2-5, is cleaved a t  a sub- 
stantially lower rate. In peptide 30 with the C-terminal se- 
quence in P2’-P5‘ preserved and with the same residues yet 
in reversed order in positions P5-P2, the assumed scissile bond 
Tyr-Pro is not cleaved a t  all. 

The data in Table 111 show that the combination of the 
residues in positions P2-PI and PI’-P2’ has a decisive effect 
on cleavage. The substrate specificity of the proteinase cannot 
be explained solely in terms of structural requirements of the 
individual binding pockets but rather by assuming a concerted 

10 A l a  Tyr P r o  L e u  + 
is 

2 1  A l a  Tyr P h e ( N 0 2 )  L e u  - 
v cs 

2 5  V a l  Tyr P h e ( N 0 2 )  V a l  + 
cs is 

3 3  V a l  P h e ( N 0 2 )  P r o  Va  I - 
“Arrows indicate variations in positions P2 through P2‘. + marks 

more than 2% of cleavage of a peptide. For conditions see Table I l l  
;I nd Ex peri men ta I Procedures. 

effect of several side chains of the substrate. We may thus 
postulate that there is a large binding cleft in the structure 
of the proteinase, which can adopt various orientations. 

The results of cleavage experiments with peptides 10 (Table 
I ) ,  with the P2-P2’ sequence -AlaTyr*ProLeu-, and 27, with 
the sequence -AlaTyr*Phe(NO,)Leu- (Table HI), may serve 
as an example. Peptide 10 is cleaved efficiently; peptide 27, 
not at all. On the other hand, peptide 25, with the sequence 
-ValTyr*Phe(NO,)Val-, is rapidly cleaved, whereas peptide 
33, -ValPhe(NO,)*ProVal-, is resistant (see Table IV for 
schematic presentation). If, however, the valines in the P2 
positions a re  replaced by alanines (peptide 28, 
-AlaTyr*ProAla-, or peptide 32, where Met is introduced into 
P1 instead of Tyr), a fast cleavage can be observed (Table 111). 

From the results obtained, the following conclusions can be 
drawn: 

(i) The structural requirements of the S2-S2’ binding 
subsites of the proteinase (Berger & Schechter, 1970) cannot 
be considered independently; when S 2  and S2‘ are occupied 
by valines, the residues best fitting into S1 are methionine, 
tyrosine, and @-nitropheny1)alanine. The specificity of the 
MAV proteinase with regard to the S1 and S1’ pockets is 
similar to that of the HIV-1 proteinase, which cleaves best 
substrates with Met-Met, Phe-Phe(NO,), or Tyr-Pro in pos- 
itions P1 and Pl’. The difference in the specificity of the 
HIV-1 and MAV proteinases pertains mostly to subsites S2 
and S2’ (Strop et al., 1989b). 

(ii) The S2 and S2’ binding pockets play the key role in the 
specificity of the MAV proteinase. The side chains of amino 
acids in P2 probably interact with the flap region [residues 
60-70 of MAV covering the catalytical cleft (Miller et al., 
1989b)l of the molecule. A correct explanation is difficult 
since this region is in the disordered part of the crystals and 
is not seen in the X-ray crystal structures (Miller, 1989a; 
Foundling et al., 1989). Moreover, it may be also partly 
involved in the crystal packing. The S2 pocket of the MAV 
proteinase can accommodate confortably small hydrophobic 
residues like valine. Peptides with Ile and Leu in P2 are still 
cleaved but a t  a slower rate. The Phe residue (peptide 43) 
is probably too bulky, while Gly (peptide 44) is on the contrary 
too small for the necessary interactions to occur. The S2’ 
binding subsite can accommodate aliphatic side chains of Ala, 
Val, or Leu when Pro is in Pl’. Leu is not accepted in S2’ 
when the bulkier Phe(N0,) is in Sl’. 

(iii) The S3  pocket of the MAV proteinase is also consid- 
erably large. The best results were achieved when Met 
(peptide 46) was in P3. Still accepted yet less favorably in 
this position are ARB, Gln, or Tyr, while valine or substrates 
with proline are almost completely resistant to cleavage. 

The inhibitor that matches the specificity requirements for 
S4, S3, S2, and S1 subsites, ProProCysValPheStaAIaMet- 
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I I 1 I I 1 

3 ‘lJ” 1 
1 

-0.5 
3 

[MI 
0 1 2 

FIGURE 1 : Effect of ionic strength on hydrolysis of synthetic peptides 
by M A V  proteinase. Dependence of pK, (A) and log k,, (B) for 
peptide 25. AlaThrHisGlnValTyr*Phe(N02)ValArgLysAla, on 
concentration of NaCI. Spectrophotometric assay conditions are given 
under Expcrimental Procedures. 

ThrMet, was found to be a tight-binding inhibitor (Ki = 5 X 

Effect of Salt Concentration. We observed a significant 
dependence of the rate of cleavage of two synthetic peptides, 
AlaThrHisGlnValTyr*Phe(NO,)ValArgLysAla (25) and 
GlyProValValPhe(N02)*SerValSerThrLysGluLeuPro (1 ), on 
the concentration of NaCI. Salt concentration enhances the 
rate of cleavage of peptides through a decrease in K ,  and 
through an increase in k,,, (Figure I ) .  The lower K ,  values 
observed at higher salt concentrations can be accounted for 
by an increase of the hydrophobic binding of the substrate in 
the catalytic cleft. We have found a preference for hydro- 
phobic side chains in SI, Sl’, S 2 ,  S2’, and S3  of the MAV 
protease binding subsites. The binding pocket is largely hy- 
drophobic in both the MAV or the RSV proteinase and in the 
HIV-1 proteinase as documented by X-ray data (Miller et al., 
1989; Foundling et al., 1989). 

The increase of the k,,, values at higher salt concentrations 
is not caused by a higher concentration of the active dimer. 
Its active-site titration carried out with the tight-binding in- 
hibitor ProProCysValPheStaAlaMetThrMet in 1.5, 2 ,  and 3 
M NaCl revealed approximately the same concentration of 
the active dimer in all three NaCl solutions. 

pH Optimum. The pH profile of the activity of the MAV 
proteinase was tested with pig tubulin and with three peptides 
( I ,  36, and 53). For all four substrates the pH optimum of 
the MAV proteinase was found to be around pH 6. The pH 
dependence of k,,, and K ,  for the last two peptides is shown 
in Figure 2. Both peptides display a very similar pH de- 
pendence of K,: a decrease of the K ,  from pH 4 toward 
neutral pH, a sharp minimum at pH 6.5, and a dramatic drop 
in binding of peptide substrates above pH 6.5. The k,, values 
show bell-shaped curves with maxima approximately 1 pH unit 
lower than the corresponding minima of K,. A plausible 
explanation of this pH dependence of k,, frequently observed 
with classical aspartic proteinases is that the decrease of k,,, 
at higher pH is a result of the ionization of the catalytically 
active carboxylates. It has been proved that an active aspartic 
proteinase is formed of two domains or two monomers, each 
providing one carboxylate for the active site. These two 
carboxylates share one hydrogen in active form. At high pH, 
as ionization proceeds, the hydrogen is gradually lost and 
activity drops. The other possibility, i.e., the dissociation of 
the MAV proteinase dimer to monomers at higher pH, can 
be eliminated since we have observed in centrifugation ex- 
periments approximately the same concentration of the dimer 

M) useful for an active-site titration. 

0.6 

0.4 

L 5 6 7  
PH 

FIGURE 2:  pH dependence of kinetic parameters (K,, kat) of hydrolysis 
of two chromogenic peptides by M A V  proteinase: peptide 36, 
AlaThrHisGlnVaIPhe*Phe(NO,)ValArgLysAla (open circles), and 
peptide 53, AlaThrProGlnVaITyr*Phe(NO2)ValArgLysAla (full 
circles). Spectrophotometric assay conditions are given under Ex- 
perimental Procedures. 

at pH 5 and 7. There is an important difference in the values 
of k,,, for the HIV-I and the MAV proteinases (Richards, 
1989b, 1990). In the case of HIV-I k,, is constant over the 
range pH 4-9, while the MAV proteinase shows a distinct 
maximum at pH 5.5. Likewise, the K ,  values for the HIV-1 
proteinase increase steadily over the pH range 5.5-9 (Richards 
et a]., 1990). When the structures of the HIV-1 proteinase 
and the MAV or RSV proteinase are compared (Miller et al., 
1990), considering only the residues within a 4.1-A sphere 
around the bound substrate analogue, two important differ- 
ences only are found. In the flap region Gly 48 in HIV-1 is 
substituted for His (His 65 in MAV) and Pro 81 in the loop 
between the c’ and the d’ /3 chain is substituted for Arg (Arg 
105 in MAV). The most probable candidates responsible for 
the differences in the pH profiles of k,,, between the HIV-I 
proteinase and the MAV proteinase are His in the flap and 
Arg 105. 

CONCLUSIONS 
The p15gag proteinase of MAV is a nonspecific and also 

inefficient enzyme. The apparent effectiveness and specificity 
of cleavage of viral polyproteins is most probably a result of 
the aggregation and high local concentration of the enzyme 
and protein substrate in the budding immature viral particles. 
The minimal substrate length required by the proteinase is 4 
residues at the N-terminus and 3 residues at the C-terminus. 
The proteinase prefers hydrophobic residues with bulkier side 
chains (Tyr, Met) in P3. Arg and Gln are also accepted in 
P3. Small hydrophobic residues are required in P2 and P2’ 
(Val). P1 and PI’ prefer bulkier hydrophobic residues such 
as Tyr, Met, Phe, or 4-nitro-Phe, but a Pro residue can also 
fit into P1’ when a larger residue (Leu) occupies P2’. The 
difference in the specificity between the MAV and the HIV-1 
proteinases is probably due to the participation of the flap 
region of the proteinase molecules in the interactions of the 
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S2’ pocket. The sequence of the flap region of the MAV 
proteinase is less homologous than the conserved parts of its 
structure with the corresponding regions of the HIV-1 pro- 
teinase; it i s  moreover extended by additional residues (Weber, 
1989). Glu or Gln or He, accepted in P2’ of the substrates 
of the HIV-1 proteinase (Miller et al., 1989b), is too bulky 
for the MAV proteinase if a large hydrophobic group occupies 
PI ’. Preference of the MAV proteinase for Pro in P4 or P5 
in protein substrates might reflect the probability of location 
of the scissile bond near to surface turns or loops. 

The activity of the MAV proteinase is strongly increased 
at  high salt concentrations. This is reflected in both the k,,, 
and K,  values. The increase in k,,, is not caused by a higher 
concentration of the active dimer as determined by active-site 
titration. The proteinase shows a sharp pH optimum at pH 
5.5-6.0 for both the synthetic peptides and for protein sub- 
strates. k,,, for peptide substrates reaches a sharp maximum 
at pH 5.5, while K ,  is minimal at pH 6.5. 

To understand better the specificity and function of the 
MAV proteinase a few lines of approach are being followed 
at  present: investigation of new series of substrates with si- 
multaneous (concerted) mutations in  P1-PI’, P2-P1’, and 
P 1 -P2’, site-directed mutagenesis of MAV proteinase and 
specificity studies, comparison of the specificity with another 
retroviral proteinase of known structure (Le., HIV- l ) ,  and 
finally, attempts to cocrystallize wild-type and mutant MAV 
proteinase with substrate analogues. 
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P-NGF-endopeptidase: Structure and Activity of a Kallikrein Encoded by the 
Gene mGK-22? 
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ABSTRACT: Mouse nerve growth factor ( N G F )  is cleaved a t  a histidine-methionine bond to release an 
N H,-terminal octapeptide (NGF'-*). The  enzyme responsible, 0-NGF-endopeptidase, is structurally and 
functionally similar to y - N G F  and epidermal growth factor-binding protein (EGF-BP) and cleaves mouse 
low molecular weight kininogen to produce bradykinin-like activity. These data have suggested that, like 
y - N G F  and EGF-BP, P-NGF-endopeptidase is a mouse glandular kallikrein. Evidence for a physiological 
role for NGF'-* encouraged studies to further characterize the structure and function of this enzyme. Purified 
0-NG F-endopeptidase migrated as a single band on isoelectric focusing and reducing SDS-polyacrylamide 
gels. As was expected, it removed NGF'-* from NGF.  Interestingly, enzymatic activity on an artificial 
substrate, and on NGF,  was inhibited by NGF'-s and by bradykinin. These studies further supported the 
view that P-NGF-endopeptidase acts on both N G F  and kininogen. The first 30 NH2-terminal amino acids 
of P-NGF-endopeptidase were sequenced. This analysis demonstrated that the enzyme is encoded by the 
gene designated mCK-22 (Evans et al., 1987). The sequence of this gene corresponds to that of EGF-BP 
type A (Anundi et al., 1982; Drinkwater et al., 1987), and so studies were performed to determine whether 
or not P-NGF-endopeptidase participates in E G F  complex formation. Chromatographic and kinetic data  
gave no evidence that P-NGF-endopeptidase is an EGF-binding protein. Our studies suggest that con- 
tamination of high molecular weight ( H M W )  E G F  preparations with P-NGF-endopeptidase erroneously 
led to earlier designation of the product of mGK-22 as  an  EGF-BP. W e  conclude that mCK-22 codes for 
P-NGF-endopeptidase and that this enzyme is a kallikrein active on both N G F  and kininogen. These data 
suggest that the enzyme may have a biological role through production of NGF'-8 and kinins. 

M o u s e  glandular kallikreins comprise a multigene family 
located on chromosome 7. The glandular kallikreins are serine 
proteases, structurally similar to trypsin; however, unlike 
trypsin, they have been reported to exhibit highly defined 
substrate specificities (Mason et al., 1983). Kallikreins may 
play an important role in  enzymatically processing the pre- 
cursors of polypeptide hormones. Twenty-four separate mouse 
kallikrein genes have been sequenced, and as many as 14 
different active gene products may be produced (Evans et al., 
1987). Members of the kallikrein family produced in the 
mouse submandibular gland include the CY and y subunits of 
7s NGF' (Thomas et ai., 1981; Tsackson & Bradshaw, 1984), 
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glandular kallikrein (Drinkwater & Richards, 1987), renal 
kallikrein (van Leeuwen et al., 1986), y-renin (Poe et al., 1983; 
Drinkwater et al., 1988), and a number of other kallikreins 
whose functions have not been defined (Fahnestock et al., 1986; 
Drinkwater & Richards, 1988). In addition, three separate 
members of the kallikrein family have been identified as mouse 
EGF-binding proteins (EGF-BP). These proteins are EGF-BP 
type A, a single-chain protein (Anundi et al., 1982; Rome et 
al., 1983), EGF-BP type B, a two-chain protein (Ronne et al., 
1983), and EGF-BP type C, a three-chain protein and the only 

~ ~~ ~ ~~~~ ~~~ 

Abbrevations: NGF, nerve growth factor; NGF'-*, NH2-terminal 
octapeptide of NGF; des'-*NGF, N G F  chain lacking the first eight 
NH2-terminal amino acids; EGF, epidermal growth factor; HMW-EGF, 
high molecular weight complex containing EGF; EGF-BP, epidermal 
growth factor binding protein; SDS-PAGE, SDS-polyacrylamide gel 
electrophoresis; BAPNA, N"-benzoyl-DL-arginine-p-nitroanilide; BK, 
bradykinin; Lys-BK, lysylbradykinin; CM-Cys, (carboxymethy1)cysteine. 
As used herein, NGF refers to NGF molecules irrespective of the protocol 
used for purification. 
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