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SUMMARY: The 297bp HIV-lprotease genewas constructedf~fivediscrete 
synthetic fmgments and expmzsed in Exoli. Asolubleproteinproductof 
11.5 Ed was detected by imrrmnablotting usirq protease specific antisera. A 
quantitative assay system, utilizing a synthetic nonapeptide spaming the 
cleavage site between p17-p24 in them polyprotein, was used to measure the 
specific protease activity in crude extracts. The protease hydrolyzed 
tyrosyl-proline bonds with an approximate specific activity of 43 ~les/min/ 
,ug of total protein. The chemical synthesis of the protease gene and it's 
expression provides a feasible method for rapid m&ant analysis, important 
for structure-function studies and rational design of potential inhibitors. 
0 1989 Acaaemll: Press, Inc. 

The germ-e size mRNA of human immunodeficiency virus (HIV), the 
causative agent of the ?Kquired Inmunodeficiency syndrame (AIE), is 

translated into two polyproteins: Pr55, the product of the gag gene, and 

m-160, the product of the gag-pol gene (l-5). Toprcduceinfectiousprcgeny 

virions frcxn immature virus particles, cleavage of the polyproteins into the 

smaller mature structural proteins and into the replication enzymes (reverse 

transcriptxeakiintegrase)isnecessary. This cleavage is accomplished by 

the viral pmtease. Ithasbeendenmstratedinotherretroviralsystems 

that deletion mutants lacking protease sequences are non-infectious (6,7). 

In the HIV-lit was found that an active aspartyl-typeproteaseisnecessary 

for the process ing of the gag-pol polyprotein and for the viral replication, 

as studied by mutational analysis (8-10). 

The 'precise coding region of several retroviral proteases (11-13) and 

that of the HIV-l protease gene have been determimd (14). Previous work of 

others was based on cloning the protease gene with flanking sequences of 

various lengths of HIV-1 DNA, and by expressing such constructs in E. coli 

autoproces. sing of the virus prom was observed (8-10,15-19). In this 
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mmnunication we report the chemical synthesis of the protease gene and the 

conditions for eqxession in E. ooli. We present evidence thatthepmduct 

of the synthetic gene is a functional protease having the cleavage site 
specificity of the natural enzyme, using a quantitative assay system 
especially suitable for measuring specific proteolytic activity in crude 

cellular extracts. 

-,- fc7lmmsANDmm: Plasxnid PEK233-2, a procaryotic 
expression vector (Fhamacia), was used to transform a lac-g host, E.coli 
JMl05 or RB791 (20,21). All chemicals utilized in the synthesis of 
oligomcleotides were from Applied Bicsystem Inc. T4 polynucleotide kinase, 
BNAligase, andKLenm~ fragmantofE.coli DIApolym?rase Iwerecbtainedfrcnn 
New mgland Biolabs. Restriction -leases, mlmethylsulfonylfluoride 
(PMSF) andisop~lbeta-lXthiogala&opymms ide (IPl?Z)werefromBoehringer 
Mannheim, Bethesda Research I&oratories and Prcmga respectively. 

- !mE 297bp JzwmsE GmE: INA fragments shown in Fig 1, were 
synthesized using an ABI DML synthesizer (model 380B). The full-length 
synthetic fragments were purified by standard techniques (22). The synthetic 
proteasegeneconstructedasdescribed in figlwasligatedtotheplasmid 
PKK233-2 and us& for transformation of E. coli, JMIO5 (21). Reculnbinant 
clones (PR-C, see below) were screen& by colony hybridization using a 62 bp 
fragment (fragment3 in figmel) labelledby kinasing (23) andseguencedby 
the dideoxy method (24). 

At?rIBmIFSmTHEHIV-I~ polyclonal antibodies were raised in 
rabbits against 1) a totally synthetic prokase protein (14) of HIV-1 and 2) 
a tridecapeptide correspokiing to the C teminus of the protease, as 
described (25). 

ANALxsIs OF THE -PRUfElS: Recombinant clones were grmn to log 
phase, induced, and lysed by sonication in various buffers (see legend to 
Figure 2). Totalcellextsactswerea~lyzedbyNaDodsoq/PAGEandsubjected 
to inmunoblot analysis (26,27). 

AssAYmm XXIVITYOF!IHEE)o~ The nonapeptide, Val- 
Ser-Gln-Am--Pro-Ile-Val-Gln-amide, used as the sub6trate,was synthesized 
according to methods previously published (14,28). After incubation (37°C) of 
the substratewithappropriatedli~~ofcell extracts, (seelegendto Fig. 
3), the reactions were terminated by adding 100 1.11 of 8M Guanidine HCl and 5 
~1 of 20% trifluoroacetic acid (TFA). The substrate ad the cleavage 
pmluctswereseparatedbyrev~-phasehighpressure liguidcbmnatcgraphy 
@@-WE) on a p~rxiapk cl8 mlm (watezs Associates). After injection of 
the sample, the column was eluted with 0.05% trifluomacetic acid (TFA) in 
double distilled water. After the buffer mnponents and unbound material 
were eluted, the column was subjected to a linear gradient of 0 to 30% 
acetonitrile inwater containing 0.05% TFAto separate the sub&mte andthe 
cleaved products in a time period of 35 minutes monitored at 206 m. The 
majority of the bacterial (2cmpmb we3l-e eluted 
60% acetonitrile gradient. 

sxbequmtly with a 30% to 

analyzed for 
peak fractions were collected, lyophilized and 

amino-acid cmposition using a Pico+l"ag amino acid analyzer 
(Waters Associates). 
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The 297bp nucleotide sequence of the protease geneofHIV-1, inthepol 
open reading frame (clone mv-IIIBHlo; 4,14,29-32), and its complement were 

synthesizedas five individual fragmants of approximately 60 bases, as shown 
in Figure 1. 

!ll%reeclones @'R-C, R-H, andPFW) bearinc~thecomxct coding sequence 

of 297bp in the vector FXK233-2 were analyzed for the optimal induction of 

thegene. Figure2 ~~atypicdlWesternblotanalysisofthegeneproduct. 

Clone PF+Cwhen induced forvarious periodsoftimewith .4nMIPIGexprxzssed 
a single, unfused protein of 11.5kd (figure 2A). Expressionwas mximl 
after 30 min of induction and decreased to abut 25% at 60 min. After 120 
min there was no detectable protease protein in the soluble extract, 

suggestingeitheritshighlylabilenatureorcomm-sion into insoluble form 
of the express& produd. Grcwth characteristics of clone R-C was similar 
to the control kells bearing the plasmid FKK233-2. 

The results of the induction for 30 min with varying concentrations of 

i.nducer are shown in Figure 2B. Induction with Imr; in the range of ImM to 
4mM resultxxl in maximum amount of expression. Similar data were obtain&i 

using other identical clones. 

fragment 1 

5' CCTCAGATCACTCTTTGGCACGACCCCTCGTCAC~T~GATAGGGGGGC~ctaa 

fragment 2 

AGGAAGCTCTATTAGATACAGGAGCAGATGATACAGTATTA~~TGAGTTTGCCAGGAagat 

fragment 3 

GGAAACCAAAAATGATAGGGGGAATTGGAGGTTTTATCAATGATCAgata 

fragment 4 

CTCATAGAAATCTGTGGACATAAAGCTATAGGTACAGTATCACCTGTcaac 

fragment 5 

ATAATTGGAAGAAATCTGTTGACTCAGATTGGTTGCACTTTAAATTTT " 

FIGURE 1: StrategyforthesynthesisoftheIUV-lpmteasegene. The3' 
overhangs (sham inlmer case) were provided for the fragments to 
selectively ligate the appmpriate fragments to fom the correct coding 
sequeme. Translational initiaticn mdon ATG and termination ccdon !TAA were 
providedattheappropriateen%oftheproteasegene. Oligcnucleotides were 
prcvid& at the 5' ard 3' erd of the gene, having cdxesive ends cxmpatible 
to the restricticn enzym sitesNwlandHiA3 respectively for clcning intc 
the vector PKK233-2. Appropriate cxmplemmtary fragmenb (fragments 2,3 and 
4)weremixedinequilrlar amcentmticmsandamxealedinabufferof50~ 
Tris HCl @I 7.5, 10&l M9C12 and 1OOnM NaCl and kinas& (10x kinase buffer 
contained 0.7M Tris HCl p 7.6, O.lM M3Cl2, 0.05 M LJIT and 4nM Al-P). 
Fragment5andcmplemntaryfragnmttcfragmntl~kinasedpriorto 
annealing. All annealed fragmenksmremixed in equimolaramcentmticn for 
ligation (10x ligase kmffer cc&abed 0.5M Tris HCl pH 7.8, O.lM R3Cl2, 0.2M 
DIT, 500 mg/ml B!3 and 4nM ATP) ovemight at 15' C (24). ThiSl?.2SUltl?din 

the construction of the prciEmz gene with un@c@mrylated 5' tennini. 
Underlinedisthem for the putative active site in fragment 2 and 
an&her nuclectide sequence in fragmnt 5 that is also highly conserv edin 
retmviral prcrteases (14). 
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FIGURE 2: Eqression of the synthetic pmtease gene in E coli L- clone FR-C 
was grown in 5-50 ml mria broth to an cptical density of 0.4 A6OOnm and 
inducedby IFTG. The cells ware sonicat& in B1 buffer and analyzed by 
inmuncblotting (26,27) using a mixtmz of the tku protease specific rabbit 
polyclonal antikXl.ies descrik? in Materials and Methods. Figure 2Ashows 
the induction of the gene with 0.4nM IPlX at varicus periods of time in 
tiutes. Figu?z 2B shms the induction for 30 min with increasing 
cmcentxatiomofi.MucerIPlG. lto5represen tM4amcentrationofIPTGat 
0.28, 0.56, 1.12, 2.24, and 4.48 respectively. Figure 2C shows the analysis 
after 30 min induction with lnSl IPIG and lysing the cells in various 
buffers. B1 denotes lysis of cells in 5OMl Tris-Hc1 at @ 7.0, 15011~ NaCl, 
InI4 EDTA, InM EFIISF, lnM MT am.2 0.5% NP-40. %: sameas%, butwithoutNaC1 
and EUTA. %: 5OnMpotasSimphosphate atpH 6.0, lnMFSFard InPILYIT. B4: 
sane as % with a pH of 6.5. Fesitions of protein molecular weight mirkem 
are indicatedontheleft inkilodaltons. 

Cells when sclubilized by scnication in 5CInM Tris-HCl at pH 7.0, lnN 

dithiothreitol (MT), lnM &NSF and 0.5% nonidet P-40 (NP-40) released the 

naximumamountofthepmtixxze in soluble foxm (Figure 2C). wccanparing 
aliquots of soluble extract and ins&We pellet by Western blot analysis, 

similar to those in Figure 2, we estimated that 50% to 70% of the total 

protease product was solubilized by this buffer. In all expertits there 
was a single specific band of 11.5 M (see Figure 2) ccrrespokGng to the 

proteinpreviouslycharacterizedastheintactpro+Base~~isolated from 

purified virus (14,25). 

To assess the activity of the cloned HIV-1 protease, a synthetic 
nonapeptide Val-Ser<ln-AsWT'yr-Pro-Ile-Val-Gln-tide, crow to the 

HIV-l p17-p24 cleavage site of the gag p -r (cleavage between the Tyr 

and Pro residues) (25) was used as a substrate. The substrate in reaction 

buffer was mixed with aliquots of various cell extracts (see legend to Figure 
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FIGuT<E 3: Activity of the exprSEdproteaseusingtha~deas 
,sut&rate and lysates of induced (ABC) and minduc& (D) cultures (5-50 ml) 
of clcma m-C. l?mteaw assays in a total volmaof 75 ~lwere carried out 
with 7.5 ~1 of cell lysate umbbing 22.5 )KJ prutein and 25 w  of auk&rate 
(in 30 pl of double distilled water) added to 37.5 ~1 (2X) reaction lmffer 
pruvidingafinal cmcmtration of 0.25 M potassium #cc@ati, pZi 7.0, 0.5% 
(v/v) NF-40, 5% (v/v) glycerol, 5 nM MT arrd 2 M NaCl. lba reaction mixture 
was~~at37"CanddLiquatsof25~leach~~atOhr (A), lhr 
(B), 3 hr (C) and at+yzed by FtEWPLC. D sham the profile after incubation 
ofsuhstra~withmmducedextractafter 6hr. sdenctesthesuktra~anrl 
Pl and p2 cleavage pmducts 1 and 2 respectively. No ather major peaks 
otherthantheproducts and the Fzahetmte were dsened eluting betkeen 5-30% 
ac&mitrile. -me alxmbwe peak of product 1, the tetmpaptide Pro-Ile- 
Val-Gln-NH2 having a teminal amide, is .slk6Untiallysmallerthanthatof 
thepentapeptidewhi&hasafree~-termindltyrosine. 

3) and incubated at 37" C. EQual aliquots of incubation mixture were taken 
atvaricustimepointsandanalyzedby~HpLC. ThesuketrateintheOhour 

sample eluted as a sirgle peak as shown in Figure 3A. After incubation for 1 

hour, two newly appearing peaks, products labelled 1 and 2, can be seen, 

correlating with a significant decrease of the substrate peak. Subseguent 

amino acid analysis of the reccv~peaksdemnstxatedthatproduct1and 

product 2 weretheexpecbdcleaMgeproducts, the tetrapeptide Prc-Ile-Val- 

Gln-amideandthepentapeptideV~-~~-~~,prov~a~-~bond 
cleavage whiti is identical tc the detemined mtural cleavage site. The 
products were reccvered in a~roximably equimlaramunts. In addition 

the products wexe identified by ixkpendent synthesis and chrmatography. 
Extekkd incubation for 3 )xxrs shmed that mcme than 95% of the substrate 

had been cleaved (fig 3C) indicating progress ion of the hydrolysis of the 
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Tyr-Pro bond. Productlandprcduct2wereagain reccvered in equimolar 

amunts, as determined by amino acid analysis. 

Bacterial protease activities are often difficult to distinguish in 

crude extracts frm the viral protease, in assays using the viral 
polyproteins. As seen in figure 3D, no cleavage prcducts were detected in 

incubation mix&~-es using the extzacts frm unindud cells of clone PR-C 

and ofcontrolcells bearingplasmid FTK233-2 (notshmn), evenafter 6 hours 

of incubation. The sensitive and specific quantitative assay U&XJ a 

synthetic nona~ptide described above is suitable for measuring the 

proteolytic activity of the viral protease in crude e.xtmcts. Synthetic 

peptide sub&rates have been used before to assay avian (28,33) and HIV 

proteaSe activities (14,34-36) and were &mm to rep resentthepromssingof 

the polypmteins. We found that the enzyme in very low quantities (7.5 1.19 
total protein of the bacteriallysate) was capable of cleaving 80% of the 

nonapeptide substrate within 60 minutes and to the extent of 95% in 3 hours 

(Fig. 3). 

Figure 4 shcws the amunt of substrate cleaved as a function of time 

usingcrudebacteriallysate. FYom the slope of the curve an initial rate of 

reaction of 43 pies substrate cleaved per min//.q total protein was 

estirrated. Fram~~~atvarying~~~concentrationsanapparent 

Kmof0.6MIwascalculated. 

When scaled-up to one litre, clone FR-C shmed the same levels of 
protease irduced as the 5-10 ml cultures, as determinedby Westernblotti~~~. 

Crude lysates (7.2 /.UJ protein&l) were also tested for viral protease 
activity using the nonapeptide substrate. After a 3 hr titian, all the 

Substrate in the reaction mixture was cleaved, giving rise to the correct 

time (minutes) 

FIGURE 4: Thscouraeofsubstratecleavage. Fmteaseassayswemcarried 
outunderthecarditi~describedinlegendtaFig.3inatotdlvolumeof 
200 /A. 25 p aliquots ware taken aA of the reactim mixture at 0, 30, 60, 
90, 120, 150 and 180 Inin of i.mxtetion and analyzed as described in Materials 
an3 Msthcds. Fran ths initial slcpe a specific activity of 43 
picxmoles/miq//.qtotalpmteinwasesthatscL 
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cleavage products. Ihe activity was themfore cclmparable to the activity 

obtainedusing1ysatesmadefmn5to50nllalltm?s. 

In conclusion, we demmstmte that the polypeptide product of the 
synthetic gene ccrrespo~& to the 11.5 kd pmtease protein in the virions 

(25) and that this 99 amino acid residue protein is an active protease as 

.&mm by the specific cleavage of the synthetic nonapeptide used as 

substrate. Since the synthesis of this genewas in fivediscrete fragments, 
any mutations such as substitution, deletion, insertion, etc. in any region 

ofthegenecanbeeasilyintrcdutiandtheireffects canberapidlytested. 
The detailed bio&emical and stmctural &aracteriza&n of HIV protease will 

facilitate the design and develcp-anent of specific inhibitors. 
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