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Mutations were introduced into the Py and P, positions of the junctions, () linking reverse muucnpt.tse (RT) and integrase (1N} (nLcu'Phc )
and (b) between the p5t und RNase H domain (- Phe"'l‘yr-) within. p66 of RT in the HIV«1 pol pulyprmem Processing by HIV prateinase (PR)
ini ¢ix wis monitored upon expression of these construets in £. coli. Whereas the presence of Leu o Phe in Py peemitted rupid ¢leavage at ¢ither
‘ jum.uon substitution of a /-brunched (Ile) hydrophobic residue esscntmily abolished h)dralysns By centrast, placement of u f-branched (Val) resi-
due in the Py position flanking such Hydmphabtc'Hydrophubw- junctions resulied in effective clenvage of the seissile pepnde band. Gly in Py,
however, abrcg.ued cleavage. The sngnmc.mcc of these findings in terms of PR speeifieity, palyprmem processing und the generation of Imnmduncnc
Lo (p51/p513RT for crystallisation purposes is discussed. ‘
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1. INTRODUCTION

The gag and gag—pol polyproteins of the human im-

munodeficiency virus (HIV) are processed. into in-
dividual components by the virally encoded proteinase
(PR). Proviral clones incorporating a mutationally in-
activated PR are unable to generate infectious viral par-
ticles [1]. Thus, there has been considerable interest in
PR as a target for antiviral chemotherapy [2]. To
facilitate the development of specific inhibitors, many
previous reports  have utilised synthetic peptide
substrates,  sometimes = containing .chromophoric
-residues [e.g. 3~5], to help to elucidate the molecular
topography of the active site of this important enzyme
.[6]. Since the natural substrates for PR are large multi-
domain polyproteins, the susceptibility to hydrolysis of
the peptide bond at each of the cleavage junctions might

be influenced significantly by conformational con-

. straints placed upon it because‘of its position in a
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Abbreviaiions: PR, proteinase; RT, reverse transcriptase; IN, in-
tegrase. The nomenclature system of Schechter and Berger [19] i.e.
P2-P*Py'-P2" is used to depict amino acids adjacent to the residues
in the P, and P’ positions which contribute the scissile peptide bond
(indicated by an asterisk™),
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polypeptide strand located between two domains, The
presence of either an -Aromatic*Pro- or a -Hydro-
phobic*Hydrophobic- scissile peptide  bond -at the
cleavage junctions in the HIV-1 polyprotein reflects the
somewhat unusual ability of PR to attack these two dif-
ferent types of site (for a review, see [7]). .In the former,
the nature of the residue present in Py position has been
shown to be important {8} and in one recent report, the
contribution of residues flanking the -Aromatic*Pro-

‘ ‘bond has been investigated by mutagenesis [9]. Little is
"known about the requirements for effective cleavage at

-Hydrophobic*Hydrophobic- junctions, it - was con-
sidered of importance therefore to examine whether the
préferences established in peptide substrates for the P,
and P, positions were reflected in the cleavage of
polyproteins altered by mutagenesis at such junctions.

2. MATERIALS AND METHODS

A Bglll-Nde 1 fragment from the HTLV-IHB provirus [10] was
used as the source of the HIV-1 pol open reading frame, Construction
of the plasmid (pPolCG) in which this fragment. was placed under the
control of an IPTG-inducible promoter has been described previously
[11]. To facilitate the substitution of residues contributing to the
reverse transcriptase (RT)-integrase (IN) cleavage junction in the pol

‘ poiyprotem, silenit mutations .were introduced by means of an

ohgonucleoude-dnected mutagenesis - kit - (Amersham, UK), Ap-
propriate oligoniicleotides were used to introduce. unique Hindlll
(AAATTA—-AAGCTT) and. Clal (ATAGAT- ATCGAT) restric-
tion endonuclease sites on the RT and IN sides of the junction respec-
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vively, By thiy means, synthetle oligonucicotides encoding the desired
substitutionyin the amino seld sequence (Sew legend to Flgs, Tand 3)
were then ligated Info this plasmid. follawing digestion with these
resiriction endonucleases. To facilitae (he removal of the sequence
encading IN; asilent Bg/IL{AAATAT = AGATCOTY site was Introdue-
&l At the RT-IN junction in one of these consiructs (pPolHC PF),

Eliminador of the IN domuin gencrated pPRRTL. A simitar
strategy was employed: with this plasmid 1o introduee. amim; acid
substitutions (See legend (o Figs. X and 5) at the pSi-RNase H june-
tion within RT. Briefly, silent mutations were intraduced on the psl
sidé of the junetion site to Intraditee a Narl (GGAGCA-GGCGCC)

site. Appropriate oligonucleotldes encoding the desired amino aeld

substitutions were then readily ligated Into thix plasmid fellowing

digestion with Narl and Nhel (since an Nhel recognition sequence was -

-already prexent on the RNase H side of the junction). Fellowing all
mutagenesis experiments - and the insertion . .of reconstruction
oligonuclcotides, ' ¢ach nucleotide sequence was confirmed by
dideoxysequencing [12].

In some plasmids, the PR encoding region was also deleted to pers
mit the expression.of RT alone. This wasaccomplishied by utilising the
plasmid pRTIN {1 from which a fragiment enending the authentic N«
teeminus of RT wag taken.

E. eoli sirain M1S [pDM1.1) was used throughout for e\pressmn
studies (13). Following induction with IPTG (400 pg/ml), culture ali-
“gquots (¢ ml) were remaved at the time intervals indicated in the figure
legends and collecred by ccnmrugmxon Pelleted cells were resuspend-
‘ed in 200 ul of SDS-PAGE sample buffer [14) and lysed by heating to
95°C. Following clecirophioresis [14), the fractionated proteing were
transferred (o nitrocellulose membranes [15). Immunadetéction was
carried out using a monoclonal antiboady against PR (generously pro-
vided by Dr, Mary Graves, Roche Inst., Nutley, NJ, USA) or antisera
to RT or IN which were raised |n rabbits against purified p66 RT and

P32 IN respectively {11), Oligonucleotides were synthesized on a Gene

Assembler (Pharmaceia Biotechnology, Milton Keynes, UK)..

3. RESULTS AND DISCUSSION

Maturation of the HIV-1 pol polyprotein requires .

cleavage at 4 sites, all by the viral proteinase (Fig. 1).
Two sites are at the N- and C-termini of PR itself (both

involving -Phe*Pro- bonds); the pS1-RNase H junction

(~Phe*Tyr-) exists within the p66 subunit of RT and the
‘C-terminal residue of RT is linked directly to.the N-

terminal residue of IN, thus forming a -Leu*Phe- junc-

tion. Upon expression of E. coliharbouring the plasmid
pPolCG, cleavage by PR incis of all of these bonds in
the wild-type PR-RT~IN polyprotem was examined.

Using a monoclonal antibody (anti-PR), the release of

‘mature. PR with the anticipated M, of 11 000 was

established (Fig. 1, panel al). Similarity, using two -

polyclonal antisera (anti-IN and anti-RT, respectively)
authentic IN (Fig. 1, panel a2) with the expected M, of
32 000 and the two subunits of RT (M; 66 000 and
' 51:000) (Fig. 2, lane 1) were also shown to have been
released by rapid cleavage of the 110 kDa polyprotem
precursor.
- When the -Leu*Phe- bond consmtutmg the RT IN
junction was mutated to -lle*Phe-, the release of
.mature PR (Fig. 1, pancl bl), perhaps not unexpected-
ly, was unaffected. By contrast, immunostaining for. IN
(Fig. 1, panel b2) revealed that very little authentic IN
‘had been released Tnstead, a protein with a higher M,
of approx. 47.000 was evident so. that cleavage at or
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Fig. 1. Processing of full-length pol polyprotein with thejunctldn Bc-

tween the RT and IN components (indicated by *)as -Leu*Phe- (pancl
a) or -lle*Phe- (panel b) bonds respectively, (Mature RT is a
heterodimer of 66 kDa and 51 kDa subunits; the latter is generated by
proteolytic removal of the RNase H domain from the C-terminus of
P66 subunit forms). £, coli harbouring the plasmids pPolCG (panel
a) and pPolHC P, I (panel b) were induced with IPTG, after which ali-
qu'ots weie removed and processed (see section 2) at the indicated
times (between 0 and 120 min). Immunodetection was carried out
usmg a monoclonal antibody to PR (panels al and bl) and polyclonal
antiserum to IN (panels a2 and b2). Markers of M, 68 000, 45 000,
30000 and 14 000 migrated as indicated.

near the RT-IN junction would not appear to have

taken place. Parallel immunostaining of the E. coli ex-
tracts for the appearance of RT revealed a band at 51
kDa (Fig. 2, lane 2). By contrast, in the wild-type con-
struct, two bands of apparent M; 51 000 and 66 000
were generated (Fig. 2, lane 1), confirming - that
cleavage within one subunit had generated the well-
documented heterodimeric form of RT [16]. In the Ile
mutant, since authentic p66 was not produced yet pS1
was evident (Fig. 2, lane 2) and since no mature IN was
generated (Fig. 1, panel b2), the C-terminal 15 kDa
RNase H domain of RT appears to be still attached to
the N-terminus of IN, Thus, replacement of the wild-

~ type Leu with Ile would appear to abolish cleavage at

the RT-IN junction. Under these circumstances, the in-
ternal site within RT was cleaved in both subunits, thus.
generating homodimeric (p51/p51) RT. Synthetic pep-
tides containing a B-branched (lle or Val) residue in the
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Fig: 2. Pfoccssingof full-length pol polyprotein with the RT-IN jung.

tion (*) as -Leu*Phe- (lane 1), -lle*Phe- Qane 2) or -Phe*Phe- (lane 3)
bonds respectively, £, coli harbouring the plasmids pPolCG, pPolHC
Piland pPolHC P\F (lanes I, 2and 3, respectively) were induced with
IPTG for 60 min. Immunodetection was with a polyclonal antserum
to RT. The lane identified ay RT contained purified authentic RT.
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P, position have also been shown to be resistant 1o
hydrolysis by PR [3]. In this earlier work, a Phe¢ residue
was however accommodated readily in the P, position.
In keeping with these abservations, the introduction of
a Phe residue into the Py position at the RT-IN junction
(thus generating a -Phe*Phe- site) allowed normal pro-
cessing of RT by PR (Fig. 2, lane 3) and IN was also
released in authentic (32 kDa) form (not shown).
Thus, whilst HIV PR ¢an readily ¢leave -Leu*Aro-
matic- and -Phe*Aromatic- bonds, a subtle rearrange-
ment of 4 carbon atoms in one side chain (Leu—+lle) is
sufficient to alter the processing of a polypeptide of
over 100 kDa in size. In order to investigate this
remarkable effect further, the processing of a PR-RT
diprotein was examined (i.¢. with IN deleted). On ex-

- pression of E. coli harbouring this plasmid (pPRRTI),

mature PR was generated readily (not shown), reflec-

© ting rapid cleavage of the two -Phe*Pro- bonds at the

extremities of PR. Immunostaining for RT indicated
that authentic p66/p51 RT was generated also (Fig. 3,
panel ¢). As mentioned eatlier, the cleavaged junction

within p66 (a -Phe*Tyr- bond) links p51 to the RNase H

domain [8]. Substitution of the Phe residue in the P,
position with Leu (Fig, 3, panel a) had no effect on the
processing of RT by PR. By contrast, when an Ile
residue was present in the P, position of this junction,

=) P66 —E -
PR - p5] |
. § 4
a) ~leu*Tyr™
b) ~le*Tyr~
c) ~Phe * Tyr™
a b c
: T e s =68
-45
-30
0 10 30 60 120 RT 0 10 30 60 120 RT 0 10 30 60 120

. Anti-RT

Fig. 3. Processing of PR-RT dxprotems with the p51-RNase H Jjunction (*) as -Leu*Tyr- (panel a), -He*Tyr- (panel b) or -Phe*Tys- (panel ¢) bonds

respectively, E. coli harbouring the plasmids pPRRT3, pPRRT2 and pPRRT1 (panels a, b and ¢, réspectively) were induced with IPTG, aliquots

were removed ‘and processed (See Materials and Methods) at the indicated times (betwéen 0.and 120 min). The samples in panel b were elec-

trophoresed for longer than those in panels a and ¢ for improved resolution. Immunodetection was with polyclonal antiserum to RT. Markers of
M 68 000, 45 000 and 30 000 miigrated as indicated. The lanes identified as RT contain purifiéd authentic RT.
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an altered processing. pattern was observed, (Fsg. 3“

panei b). Whilst it is evident that there Is a band com-
igrating with the p66 marker, & further band which in-

creased in intensity between the 30 and 60 min samples
‘migrated just ahead of the p66 band., No authentic p5)

appeared to be generated in this mutant (the gel in panel
b is run further than those in panels n'and ¢ of Fig. 3 to
substantiate this). Insread, 2 bands were observed
which migrated slightly in front of and behind the psl
marker . respectively. Thus, if PR is dueterred from
hydrolysing the pS1-RNase H junction by the presence
of for example an lle resicdue in the Py position, it is
possible that the attention of PR is deflected to alter-
native sites ‘so that their (normally trivial) rates of
cleavage become significant. Indeed, one such alter-
native site has been identified adjacent to the normal
psi- -RNase H junction {17}, Additional cleavages to
generate a number of other degradation fragments are
also evident in Fig. 3, panel b.

To establish whether PR was indeed responsible for
the anomalous cleavage patterns in Fig. 3, panel b, RT
‘was expressed alone (i.e. in the absence of PR). Upon
induction of E. coli harbouring the plasmid pRTI (en-
coding wild-type RT), a single band comigrating with
the pS6 marker was observed with antiserum to RT
(Fig. 4, panel b). Similarly, expression of a mutant RT
(in which the internal p51-RNase H junction was -Ile-
Tyr-) also produced only on¢ band of 66 kDa (Fig. 4,
panel a). The absence of any other significant bands

- — p6s —
- pS1 — |

a) ~lleTyr™
b) ~Phe-Tyr™~

O 1030 60 120 RT

0 10 30 60 120 RT

Anti-RT

Fig. 4. Expression of E, coli harbouring the plasmids pRT2 and pRT1
which contain -Ile*Tyr- (panel a) or -Phe*Tyr- (panel b) bonds at their
p51-RNase H junetion. The cultures were jnduced with IPTG, ali-
quots were removed and processed (see section 2) at the indicated
times (between 0 and 120 min}. Immunodetection was carried out us-
ing polyclonal antibodies to RT. Markers of M, 68000, 45000 and
30000 mlgrated as- indicated, The lanes identified as RT contain
purified authentic RT,
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would suggest that E. col prowinaws were unable to
cleave p66 RT specifically into p66/pS1 heterodimers or
indeed into any other fragments. Thus, PR must be
responsible for generating normal p66/p3! RT as well
ay the abnormally processed products seen in Fig. 3,
pancl b. By isolation of these recombinant protein
substrates and incubation of the purified variants with
homogenceous PR in vitro, it will be passible not only to

- establish the sites of cleavage but alsa to perform quan-

titative analyses to determine kinetic parameters for the
rate of cleavage in vitro.

From these mutations at the internal R'I and the
RT-IN junctions, it is evident that as was found
previously for synthetic pcpudes [3~5], the presence of

a fB-branched (lle) residue in the Py position is un-

favourable for hydrolysis of polyproteins by HIV PR
whereas the isomeric (Leu) residue together with other:
hydrophobic residues (such as an aromatic Phe) permit
rapid and specific cleavage. Indeed, the presence of a -

‘branched residue appears to be so unacceptable that the

attentions of the enzyme are deflected to other pcpude
bonds which othérwise would not be attacked.

In an attemnpt to establish the activity requirements of
PR further the effect of substitution in the P; position
(Thr—Val or Gly) at the p51-RNase H junction was ex-

-amined. Processing of a PR-RT diprotein containing a-

-Val- Phe"Tyr- sequence (Fig. 5, panel a) resulted in

- 66
PR e p51 _._—-pJ: ‘

a) ~Val-Pha * Tyr~
b) - ~Gly-Phe * Tyr~

0 10 30 60 120 RT

0 10 30 60 120 RT

Anti~-RT

Fig. 5. Expression of E. coli harbouring the plasmids pPRRT4 and
pPRRTS which contain -Val-Phe*Tyr- (panel a) or -Gly-Phe*Tyr-
(panel b) bonds at their p51-RNase H junction. The cultures were in-
duced with IPTG, aliquots were removed and processed (see section
2) at the indicated times (between 0 and 120 min), Immunodetection
was carried out using polyclonal antiserum to RT. Markers of M,
68 000, 45000 and 30000 migrated as indicated. The lanes identified
‘ as RT contain purified authentic RT.
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prawssi“ns of RT equivalent to that observed earlier for -
the wild-type -The-Phe*Tyr- bond (Fig. 3, panel ¢).

With (Hy in Py at this junction, a precursor of com-
parable size (M, approx. 86 000) to the Val and The
containing diproteins was observed in the 10 min time
point (Fig. 5, pancls a and b), However, a considerably
different pattern of hydrolysis of this by PR was ap-
parent at subsequent time points (Fig.. 5, panel b). Only
a single band of 66 kDa (with rio band at 51 kDa) was
observed at 30 min. This would suggest that hydrolysis
of the -Gly-Phe*Tyr- site was impaired since a band
corresponding to the p51 marker was observed at this
time in both the wild type (Fig. 3, panel ¢) and Val con-
taining mutant (Fig. 5, panel a). Sixty minutes after in-
duction of the Gly containing mutant, in addition to the

66 kDa band, a band was observed co-migrating with

the'pS1 marker. In the 120 min post-IPTG induced sam-
ple, however, the 66 kDa band was no longer present
whereas the 51 kDa band persisted. This would appear
to suggest that PR had quantitatively processed the
RNase H domain from p66 RT in this mutant, Thus,
the presence of a Gly residue in the P; position adjacent
to the scissile peptide bond not only retards the initial
rate of cleavage at the -Phe*Tyr- bond but ultimately
‘influences the susceptibility to attack such that cleavage
is ‘achieved within both p66 subunits. Whether this
takes place at the alternative site that is located 4
residues upstream [17] requires further investigation.
These substitutions were introduced into the P2 posi-

‘tion because previous work had shown that a 8-
branched residue in P, was optimal for cleavage of pep-

tide substrates containing a - Hydrophoblc*Hydropho-
bic- scissile bond [5] whereas Gly in this position effec-
tively stopped ‘hydrolysis [4,5,18]. The more com-
plicated effects observed in the Gly containing mutant
polyprotein may well be a reflection of the presence in
such substrates of additional cleavage sites. The quan-
titative conversion of p66 to the 51 kDa form in this
mutant (Fig. 5, panel b) permits the isolation of
homodimeric (p51/p51) RT. However, p51 RT thus ob-
tained would not be authentic since it contains one
alteration - (Thr—*Gly) adjacent to the C-terminal

residue, By contrast, from the construct described in

Fig. 2, lane 2, i.e. by mutation of the junction between

RT and IN, it was possible to alter processing such that

an authentic homodimeric (pS1/p51) RT was apparent-
ly generated. Isolation of these two variants of
homodimeric - RT would: not only - permit their
characterisation free of the RNase H domain but also
* facilitate crystallisation (which has been difficult to at-
tain for the heterodimeric enzyme) and the development
of RT inhibitors as altérnatives to AZT, DDC, etc.
‘l‘hus, elucidation of the subtle requirements that must

be met for effective cleavage of viral polyp:otexns by‘

184

'FEBS LETTERS'

(6

“June 3‘991“

PR have conndemble 1mphemmm\ for the developmem‘
of ami vlral therapeutic agents.

A«knuwlwigemems* R.AJ and L. H P. were supportad by & grant

. (1o J.K.¥ from the MRC-AIDS Direcred Programme. The valuable

contributdon of our - colleague, Mary Ciraves s gracefully
weknowledged. :

REFERENCES

1] Kohl; N.E., Emini, E.A. Schielf, W. A, Davis, L.J.. Heim-
bach, 1.C., Dixon, R.A.F., Scolnick, B.M. and Sigal, 1.S. (IQGS)
* Prow. Natl, Acad. $¢l, USA 85, 4686-44690,
[2) Roberts, N.A,, Martin, J A, Kinchingten, D., Broadhurst,
A.V., Craig, J.€., Dunean, 1.B,, Galpin, S.A.. H:mdn B.K,
“Kay, J., Krohn, A,.Lamber( R.W.; Metrew, J.H., Mills, 1.S.,
Parkes, ‘K.E.B., Redshaw, S., Ritehie, AJ, Tnylm. D, L..
Thomas, G.J. and Machin, P.J. (1990) Science 248, 358-361.
(3} Righards, A.D., Phylip, L.1., Farmerie, W.G., Searborough,
© O PR.E., Alvarez, A., Dunn, BiM.; Hirel, Ph-H., Konvalinka, J.,
Stmp.] Pzwhcknva L. Kostka, V. and Kay, J. (1990} J. Eml.
Cheny, 265, 7733=7736.
Konvalinka, J., Strop, P., Velek, J.. Cerna, V., Kostka, V.,
Phylip, L.H,, Richz\rds. A.D., Dunn, B.M. and Kay, 1, (1990).
FEBS Leu. 268, 35-38, ‘ :
Phylip, L.M., Richards, A.D.. Kay, J., Konvalinka, 1., Strop,
P., Kostka, V., Ritchie, A.J., Broadhurst, A.V., Farmerie,
W.G., Scarborough, P.E. and Dunn, B.M. (1990) Biochem.
'Biophys. Res, Commun, 171, 439-444,
Wilodawer, A., ‘Miller, M., Jaskolski, M., Sathyanarayana,
B.K., Baldwin, E., Weber, L.T., Selk, L.M., Clawson, L.,
Schneider, J. and Kent, S;B.H. (1989) Science 245, 616-621,

{4

{s

- {7) Kay, J. and Bunn, B.M. (1990) Biochim. Biophys. Acta 1048,

1-18,
[8] Le Grice, S. FJ‘. Ette, R., Mxlls J. and Mous, J. (1989} J. Blol.
© o Cheém. 264, 14902-14908.
19) ‘Partin, K., Krausslich, H-G., Ehrlich, L., Wimmer, E. and
‘ Carter, C., (1990) J. Virol. 64 3938-3947,
{10 Ramer. L., Haseline, W.A ,, Patarca, R, Livak, K.J. , Starcich,
: . Josephs, $.F., Doran, E.R, Rafnlskl. J.A., Whuchorn.
EA Baumeister, K., lvanoﬁ L., Petteway Jr., SR Pearson,
' M.L., Lautenberger, LA, Papas. T.S., (Jhrayeb J., Chang,
N.T., Gallo, R.C. and Wong -Staal, F, C (1985) Nauuc 313,
277-284,
{11] Leuthardt, A, and Le Grice, S.F.J, (1988) Gene 68, 35 42
[12]} Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Proc. Natl.
-~ Acad, Sci, USA 74, 5463-5467.
{13} Certa, U., Bannwarth, W., Stueber, D., Gentz, R, Lanzer, M.,
Le Grice, 8.F J., Guillot, F., Wendler, 1., Hunsmann, G., Bu-
jard;, H. and Mous, J..(1986) EMBO J. 5, 3051-3056,

" [14] Laemmli, U.K. (1970) Nature 227, 680-685.

[15) Towbin, H., Staehelin, T. and Gordon, J. (1979) Proc. Natl,

. Acad, Sci. USA 76, 4350-4354,

[16] Le Grice, S.F.J. and Gruenmger Leltch, F. (1990) Eur. J,
Biochem. 187, 307-314, "

' [17} Graves, M.C., Meidel, M.C., Pan, Y. C E., Manneberg, M.,

Lahm, 'H. W and Gruenmgel Leitch;  F. (1990) Blochem.
Blophys Res, Commun. -168, 30-36.

" [18] Tomasselli, A.G., Hui, J.0., Sawyer, T K., Staples, D.J., Ban-

now, C., Reardon, 1.M,, Howe, W.J., DeCamp, D.L., Craik,
C.S. and Heinrikson, R.L. (1990) J. . Biol, Chem. 2685,
14675-14683. '

{19] Schechter, 1. and Berger, A, (1967) Blochem Biophys. Res.

Commun; 27, 157-162.



