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SUMMARY: The 297bp HIV-1 protease gene was constructed from five discrete
synthetic fragments and expressed in E.coli. A soluble protein product of

11.5 Kd was detected by immuncblotting using protease specific antisera. A
quantitative assay system, utilizing a synthetic nonapeptide spamning the
cleavage site between pl7-p24 in the gag 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 pmoles/min/
ug of total protein. The chemical synthesis of the protease gene ard it's
expression provides a feasible method for rapid mutant analysis, important
for structure-function studies and rational design of potential inhibitors.
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The genome size WRNA of human immunodeficiency virus (HIV), the
causative agent of the Acquired Immnodeficiency Syndrome (AIDS), is
translated into two polyproteins: Pr55, the product of the gag gene, and
Pr160, the product of the gag-pol gene (1-5). To produce infectious progeny
virions from immature virus particles, cleavage of the polyproteins into the
smaller mature structural proteins and into the replication enzymes (reverse
transcriptase and integrase) is necessary. This cleavage is accomplished by
the viral protease. It has been demonstrated in other retroviral systems
that deletion mutants lacking protease sequences are non-infectious (6,7).
In the HIV-1 it was found that an active aspartyl-type protease is necessary
for the processing 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-1 protease gene have been determined (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
autoprocessing of the virus protease was observed (8-10,15-19). In this
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commmnication we report the chemical synthesis of the protease gene and the
corditions for expression in E. coli. We present evidence that the product
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.

MATERTALS AND METHODS

PIASMID, BACTERTAL STRAINS AND CHEMICALS: Plasmid PRR233-2, a procaryotic
expression vector (Pharmacia), was used to transform a lac—q host, E.coli
JM105 or RB791 (20,21). All chemicals utilized in the synthesis of
oligonucleotides were from Applied Biosystems Inc. T4 polynucleotide kinase,
DNA ligase, and Klenow fragment of E.coli INA polymerase I were obtained from
New England Biolabs. Restriction endomucleases, phenylmethylsulfonylfluoride
(PMSF) and isopropylbeta-D-thiogalactopyrancside (IPTG) were from Boehringer
Mannheim, Bethesda Research laboratories and Promega respectively.

CIONING THE 297bp PROTEASE GENE: INA fragments shown in Fig 1, were
synthesized using an ABI DNA synthesizer (model 380B). The full-length
synthetic fragments were purified by standard techniques (22). The synthetic
protease gene constructed as described in fig 1 was ligated to the plasmid
PKK233-2 and used for transformation of E. coli, JM105 (21). Recombinant
clones (PR-C, see below) were screened by colony hybridization using a 62 bp
fragment (fragment 3 in figure 1) labelled by kinasing (23) and sequenced by
the dideoxy method (24).

ANTTBODIES TO THE HIV-1 PROTEASE: ©Polyclonal antibodies were raised in
rabbits against 1) a totally synthetic protease protein (14) of HIV-1 and 2)
a tridecapeptide correspording to the C terminus of the protease, as
described (25).

ANALYSTS OF THE EXPRESSED PROTEINS: Recombinant clones were grown to log
phase, induced, and lysed by sonication in various buffers (see legend to
Figure 2). Total cell extracts were analyzed by NaDodSO,/PAGE and subjected
to immuncblot analysis (26,27).

ASSAY FOR THE ACTIVITY OF THE EXPRESSED PROTEASE: The nonapeptide, Val-
Ser-Gln-Asn-Tyr-Pro-Ile-Val-Gln-amide, used as the substrate, was synthesized
according to methods previously published (14,28). After incubation (37°C) of
the substrate with appropriate aliquots of cell extracts, (see legend to Fig.
3), the reactions were terminated by adding 100 ul of 8M Guanidine HCl and 5
pl of 20% trifluorcacetic acid (TFA). The substrate and the cleavage
products were separated by reversed-phase high pressure liquid chromatography
(RP-HPLC) on a uBondapak Cjg column (Waters Associates). After injection of
the sample, the column was eluted with 0.05% trifluorcacetic acid (TFA) in
double distilled water. After the buffer components and unbound material
were eluted, the column was subjected to a linear gradient of 0 to 30%
acetonitrile in water containing 0.05% TFA to separate the substrate and the
Cleaved products in a time period of 35 mimutes monitored at 206 nm. The
majority of the bacterial components were eluted subsequently with a 30% to
60% acetonitrile gradient. Peak fractions were collected, lyophilized and
analyzed for amino-acid composition using a Pico-Tag amino acid analyzer
(Waters Associates).
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RESULTS AND DISCUSSTON

The 297bp nuclectide sequence of the protease gene of HIV-1, in the pol
open reading frame (clone HTIV-IIIgy ¢ 4,14,29-32), and its complement were
synthesized as five individual fragments of approximately 60 bases, as shown
in Figure 1.

Three clones (PR-C, PR-H, and PR-J) bearing the correct coding sequence
of 297bp in the vector PKK233-2 were analyzed for the optimal induction of
the gene. Figure 2 shows a typical Western blot analysis of the gene product.
Clone PR-C when induced for various periods of time with .4mM IPIG expressed
a single, unfused protein of 11.5kd (figure 2A). Expression was maximal
after 30 min of induction and decreased to about 25% at 60 min. After 120
min there was no detectable protease protein in the soluble extract,
suggesting either its highly labile nature or conversion into insoluble forms
of the expressed product. Growth characteristics of clone PR-C was similar
to the control cells bearing the plasmid PKK233-2.

The results of the induction for 30 min with varying concentrations of
inducer are shown in Figure 2B. Induction with IPIG in the range of 1mM to
4mM resulted in maximum amount of expression. Similar data were obtained
using other identical clones.

fragment 1
%" CCTCAGATCACTCTTTGGCAACGACCCCTCGTCACAATAAAGATAGGGGGECAAC aa
fragment 2
AGGAAGCTCTATTAGATACAGGAGCAGATGATACAGTATTAGAAGAAATGAGTTTGCCAGGAagat
fragment 3
GGAAACCAAAAATGATAGGGGGAATTGGAGGTTTTATCAAAGTAAGACAGTATGATCAgata
fragment 4
CTCATAGAAATCTGTGGACATAAAGCTATAGGTACAGTATTAGTAGGACCTACACCTGTcaac
fragment 5
ATAATTGGAAGAAATCTGTTGACTCAGATTGETTGCACTTTASATTTT ¥

FIGURE 1: Strategy for the synthesis of the HIV-1 protease gene. The 3'
overhangs (shown in lower case) were provided for the fragments to
selectively ligate the appropriate fragments to form the correct coding
sequence. Translational initiation codon ATG and termination codon TAA were
provided at the appropriate ends of the protease gene. Oligomucleotides were
provided at the 5' and 3' end of the gene, having cohesive ends compatible
to the restriction enzyme sites Ncol and Hind3 respectively for cloning into
the vector PKK233-2. Appropriate camplementary fragments (fragments 2,3 and
4) were mixed in equir lar concentrations and annealed in a buffer of 50 mM
Tris HC1 pH 7.5, 10mM MgCl, and 100mM NaCl and kinased (10x kinase buffer
contained 0.7M Tris HCL pH 7.6, 0.1M MgCl,, 0.05 M DIT and 4mM ATP).
Fragment 5 and complementary fragment to fragment 1 were kinased prior to
amnealing. All annealed fragments were mixed in equimolar concentration for
ligation (10x ligase buffer contained 0.5M Tris HC1 pH 7.8, 0.1M MgCl,, 0.2M
DIT, 500 mg/ml BSA and 4mM ATP) overnight at 15° C (24). This resulted in
the construction of the protease gene with unphosphorylated 5' termini.
Underlined is the sequence for the putative active site in fragment 2 and
another mucleotide sequence in fragment 5 that is also highly conserved in
retroviral proteases (14).
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FIGURE 2: Expression of the synthetic protease gene in E.coli. Clone PR-C
was grown in 5-50 ml ILuria broth to an optical density of 0.4 A600rm and
induced by IPTG. The cells were sonicated in By buffer and analyzed by
immnoblotting (26,27) using a mixture of the two protease specific rabbit
polyclonal antibodies described in Materials and Methods. Figure 2A shows
the induction of the gene with 0.4mM IPIG at various periods of time in
minutes. Figure 2B shows the induction for 30 min with increasing
concentrations of inducer IPIG. 1 to 5 represent mM concentration of IPTG at
0.28, 0.56, 1.12, 2.24, and 4.48 respectively. Figure 2C shows the analysis
after 30 min induction with 1nM IPIG and lysing the cells in various
buffers. B; denotes lysis of cells in 50mM Tris-HCl at pH 7.0, 150mM NaCl,
1mM EDIA, 1mM PMSF, 1mM DIT and 0.5% NP-40. Bp: same as By, but without NaCl
and EDTA. B3: 50mM potassium phosphate at pH 6.0, 1mM PMSF and 1mM DIT. By:
same as By with a pH of 6.5. Positions of protein molecular weight markers
are indicated on the left in kilodaltons.

Cells when solubilized by sonication in 50mM Tris-HCl1 at pH 7.0, 1M
dithiothreitol (DIT), 1mM PMSF and 0.5% nonidet P-40 (NP-40) released the
maximum amount of the protease in soluble form (Figure 2C). By comparing
aliquots of soluble extract and insoluble 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 experiments there
was a single specific band of 11.5 kd (see Figure 2) corresponding to the
protein previocusly characterized as the intact protease protein isolated from
purified virus (14,25).

To assess the activity of the cloned HIV-1 protease, a synthetic
nonapeptide Val-Ser-Gln-Asn-Tyr-Pro-Ile-Val-Gln-amide, corresponding to the
HIV-1 pl7-p24 cleavage site of the gag precursor (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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FIGURE 3: Activity of the expressed protease using the nonapeptide as
substrate and lysates of induced (ABC) and uninduced (D) cultures (5-50 ml)
of clone PR-C. Protease assays in a total volume of 75 ul were carried out
with 7.5 pl of cell lysate containing 22.5 ug protein and 25 ug of substrate
(in 30 ul of double distilled water) added to 37.5 pl (2X) reaction buffer
providing a final concentration of 0.25 M potassium phosphate, pH 7.0, 0.5%
(v/v) NP-40, 5% (v/V) glycerol, 5 mM DIT and 2 M NaCl. The reaction nuxture
was incubated at 37°C and aliquots of 25 ul each were taken at 0 hr (3), 1 hr
(B), 3 hr (C) and analyzed by RP-HPIC. D shows the profile after incubation
of substrate with uninduced extract after 6 hr. S denctes the substrate and

Pl and P2 cleavage products 1 and 2 respectively. No other major peaks
other than the products and the substrate were dbserved eluting between 5-30%
acetonitrile. The absorbance peak of product 1, the tetrapeptide Pro-Ile-
Val-GIn-NH, having a terminal amide, is substantlally smaller than that of
the pentapeptide which has a free OOOH-terminal tyrosine.

3) and incubated at 37° C. Equal aliquots of incubation mixture were taken
at various time points and analyzed by RP-HPIC. The substrate in the 0 hour
sample eluted as a single 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. Subsequent
amino acid analysis of the recovered peaks demonstrated that product 1 and
product 2 were the expected cleavage products, the tetrapeptide Pro-Ile-Val-
Gln-amide and the pentapeptide Val-Ser-Gln-Asn-Tyr , proving a Tyr-Pro bond
cleavage which is identical to the determined natural cleavage site. The
products were recovered in approximately equimolar amounts. In addition
the products were identified by independent synthesis and chramatography.
Extended incubation for 3 hours showed that more than 95% of the substrate
had been cleaved (fig 3C) indicating progression of the hydrolysis of the
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Tyr-Pro bond. Product 1 and product 2 were again recovered in equimolar
amounts, as determined by amino acid analysis.

Bacterial protease activities are often difficult to distinguish in
crude extracts from the viral protease, in assays using the viral
polyproteins. As seen in figure 3D, no cleavage products were detected in
incubation mixtures using the extracts from uninduced cells of clone FR-C
and of control cells bearing plasmid PKK233-2 (not shown), even after 6 hours
of incubation. The sensitive and specific quantitative assay using a
synthetic nonapeptide described above 1is suitable for measuring the
proteolytic activity of the viral protease in crude extracts. Synthetic
peptide substrates have been used before to assay avian (28,33) and HIV
protease activities (14,34-36) and were shown to represent the processing of
the polyproteins. We found that the enzyme in very low quantities (7.5 ug
total protein of the bacterial lysate) 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 shows the amount of substrate cleaved as a function of time
using crude bacterial lysate. From the slope of the curve an initial rate of
reaction of 43 pmoles substrate cleaved per min/ug total protein was
estimated. From experiments at varying substrate concentrations an apparent
Km of 0.6 mM was calculated.

When scaled-up to one litre, clone PR-C showed the same levels of
protease induced as the 5-10 ml cultures, as determined by Westem blotting.
Crude lysates (7.2 ug protein/ul) were also tested for viral protease
activity using the nonapeptide substrate. After a 3 hr incubation, all the
substrate in the reaction mixture was cleaved, giving rise to the correct
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FIGURE 4: Time course of substrate cleavage. Protease assays were carried
out under the conditions described in legend to Fig. 3 in a total volume of
200 pl. 25 ul aliquots were taken out of the reaction mixture at 0, 30, 60,
90, 120, 150 and 180 min of incubation and analyzed as described in Materials
and Methods. Fram the initial slope a specific activity of 43
picomoles/min/ug total protein was estimated.

92



Vol. 159, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

cleavage products. The activity was therefore comparable to the activity
obtained using lysates made from 5 to 50 ml cultures.

In conclusion, we demonstrate that the polypeptide product of the
synthetic gene corresponds to the 11.5 kd protease protein in the virions
(25) and that this 99 amino acid residue protein is an active protease as
shown by the specific cleavage of the synthetic nonapeptide used as
substrate. Since the synthesis of this gene was in five discrete fragments,
any mutations such as substitution, deletion, insertion, etc. in any region
of the gene can be easily introduced and their effects can be rapidly tested.
The detailed biochemical and structural characterization of HIV protease will
facilitate the design and develcopment of specific inhibitors.
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