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SUMMARY: The human immunodeficiency virus-l reverse transcriptase is a hetero- 
dimer of related 51 and 66 kDa subunits. The smaller subunit arises by viral protease- 
catalyzed cleavage of the carboxy-terminal domain of the 66 kDa species. Comparison 
of the amino acid composition analyses of the isolated 51 kDa and 66 kDa subunits 
indicates that the carboxyl terminus of 51 kDa is Phe440. This site was confirmed jn vitrQ 
using purified recombinant protease and a peptide spanning the postulated cleavage 
area. The sequence surrounding this site does not show significant homology to other 
protease cleavage sites in the viral gag and pol precursors; thus, this new information 
may contribute to our understanding of the sequence specificity of the viral protease. 
01990 Academic Press, Inc. 

The role of retroviral PR in virus maturation and its processing of the viral gag and pol 

precursor proteins is becoming well understood (1, 2). In human immunodeficiency 

virus-l (HIV-l), the PR domain within the 156 kDa gag-pol precursor is released to 

yield an 11 kDa mature form (3) which is active as a homodimer. All HIV-1 PR 

cleavage sites within the gag and pol proteins have been identified with the exception 

of a site within RT (4). 

HIV-1 RT can be isolated from virus or from recombinant expression systems (when 

co-expressed with PR) as a 1 :l heterodimer of related 66 and 51 kDa proteins (3, 

5-8). The N-terminal sequence of the two subunits are identical (5, 6) indicating that 
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PR-directed cleavage occurs in the C-terminal domain. This region has a 

demonstrated susceptibility to many proteases in addition to the viral PR, such as 

trypsin, and chymotrypsin, and those from F coli, (9). The heterodimer RT displays 

RNA- and DNA-dependent DNA polymerase as well as RNase H activities (5, 6,9, 

10). The 15 kDa fragment produced by PR action on 66kDa RT also has been 

postulated to have RNase H activity (11). However, determing the HIV-PR processing 

site by N-terminal analysis of the 15 kDa peptide has not been possible; since it is 

unstable in E. (MCG observations) quantites sufficient for analysis have not been 

obtained. 

We sought to determine the sequence of the internal RT processing site which 

generates the C-terminus of 51 kDa RT for two reasons. First, knowledge of a new 

cleavage site will provide additional insight on the substrate specificity of HIV PR, 

which continues to be an attractive target for drug therapy. Second, knowledge of the 

51 kDa C-terminus and the N-terminus of the putative RNase H domain will aid in 

molecular cloning and biochemical characterization of the authentic species. 

MATERIALS AND METHODS 

Preparation and Amino Acid Analysis of 51 and 66 kDa RT. The HIV RT gene was 
cloned and co-expressed with the HIV PR gene in E. coli, under which conditions the 
RT accumulates as a heterodimer of 66 and 51 kDa subunits. The purification and 
characterization of the enzyme have been described elsewhere (12). Briefly, the 66 
kDa RT gene is cloned such that several additional residues are included in the N- 
and C-termini of RT. None of the additions significantly affect activity. The N-terminus 
of both 51 and 66 kDa subunits contain an additional Met-Arg-Ser-Gln-Leu- prior to 
the Pro of the authentic N-terminus. The C-terminus of only the 66 kDa RT contains 
an additional Arg-Ser-(His)6 affinity tail, which facilitates purification by nickel-chelate 
chromatography (12). The purified heterodimer was subjected to electrophoresis on 
a 7.5 % SDS-PAGE, which resolves the 66 and 51 kDa subunits. The proteins were 
electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane (13) 
and stained with Ponceau S to allow precise excision of the two proteins. Membrane 
strips were cut into fine pieces and transferred to a hydrolysis tube containing 2 ml of 
6 N HCI; 1 mg of phenol was added and the protein hydrolyzed for 24 hr at 11 OOC 
under argon. Duplicate analyses of both proteins were performed. 

Preoaration of HIV PR. The molecular cloning and expression of the mature 11 kDa 
form of PR in E. coli (3) , and the purification of the PR (14) have been previously 
described. Briefly, the PR present in the soluble fraction of E. lysates was 
subjected to sulphopropyl-silica strong cation exchange (Toyopearl) and gel filtration 
(Sephadex G-50) chromatography. The enzyme concentration was 0.3 mg/ml and 
estimated to be 50% pure. Confirmatory experiments were performed with pure PR 
obtained by further gel filtration chromatography. 

Sv thesis and Analvses of Peptides The hexadecapeptide Glu-Lys-Glu-Pro-Ile-Val- 
GIgAla-Glu-Thr-Phe-Tyr-Val-Asp-Lys-Arg, which represents RT residues 430-445, 
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was synthesized (15) and purified. Determination of the amino acid composition of 
isolated peptide products following PR treatment was by standard methods (16). 

Peotide As=. The 10 1.11 reaction contained 7 nmol hexadecapeptide and 11 nmol 
of PR in 300 mM sodium phosphate, pH 6.0, 1 mM DlT, and 10% glycerol, and was 
incubated at 37oC. At the indicated time points, the reaction was terminated by the 
addition of trifluroacetic acid to 1.5%, and the entire reaction was analyzed by HPLC 
(Waters 15 cm Novapak Cl 8 column). The buffer was 0.1 % trifluoroacetic acid in 
water with a 1 O-40% acetonitrile gradient at a flow rate of 1 ml/min. Absorbance at 
215 nm was monitored. Fractions containing peptide products were quantitated and 
analyzed for amino acid content as above. 

RESULTS AND DISCUSSION 

Amino Acid Analvsis of 51 and 66 kDa FIT. When portions of the HIV pol gene are 

initially expressed in F cofi in the absence of a functional viral PR, the major species 

observed is the precursor form (3). However, co-expression of the viral PR results in 

the rapid accumulation of the characteristic 1 :I ratio of 51: 66 kDa RT heterodimer. In 

order to identify this viral PR cleavage site, we have determined the amino acid 

composition of the two RT subunits. Heterodimer RT was produced in F coli 

co-expressing viral PR and purified (12). The two RT subunits were separated and 

the amino acid composition of each species was determined. The composition of 66 

kDa RT, where the exact protein sequence is known (17), was in excellent agreement 

with that predicted (not shown). The composition of the 51 kDa RT is shown in Table 

1. The data are consistent with the PR cleavage being between Phe440-Tyr441 

(numbering from RT N-terminus). Several possible sites in this region were analyzed 

against the observed data, but none demonstrated the excellent agreement as seen 

with the site at Phe440. A second line of evidence corroborates this as the 

processing site. Subtraction of the 51 kDa residues from those in 66 kDa RT yields 

the data in Table 1. Once again, agreement is evident between observed data and 

that predicted from a Phe440-Tyr441 cleavage site. 

Cleavaae of Peotide Substrm We sought to confirm this sequence as the PR 

cleavage site by testing a peptide substrate in since PR accurately processes 

peptides that contain sequences of known cleavage sites (reviewed in 18). A 

hexadecapeptide (Glu430-Arg445, Fig. 1) encompassing the general region thought 

to contain the cleavage site, was incubated with purified PR and the resulting 

products were analyzed. Unexpectedly, a total of five products (Fig. 1) were 

apparent after prolonged digestion, although two (1 and 5) were the major products 
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Table 1 

Amino Acid Composition of RT Subunits 

51 RT U/66 RT Difference 

Amino Acid Predicted’ Observed* Predicted Observed 

LYS 
His 
Aw 
TrP 
Asx 
Thr 

Glx 
Pro 
GIY 
Ala 
CYS 
Val 
Met 
Ile 
Leu 
V 
Phe 

49 49.2 12 
7 7.3 7 

14 13.3 5 
18 N.D. 1 
32 32 12 
32 30.4 9 
15 12.3 6 
66 66.4 18 
35 34.2 3 
25 25.3 9 
15 15.7 11 

2 N.D. 0 
28 27.8 11 

7 6.4 0 
32 30.3 10 
38 37.1 13 
17 16.8 5 
13 12.9 0 

12.4 
7.4 
5.4 
N.D. 

12 
9.2 
6.3 

18.9 
3.7 

10.0 
11.4 

- 
11.0 

- 
10.7 
11.9 

5.2 
- 

ND. Not determined. 

‘The values represent the residues predicted when the carboxyl 
terminus of 51 kDa RT is Phe440. The predicted residues include those 
from the modification of the RT amino terminus described in Methods. 

2 The values were normalized to the Asx residues. The average of two 
independent determinations is given. 

after brief digestion or when PR concentration was low. The results demonstrate that 

two sites are recognized within this peptide sequence, although with different 

efficiencies. The kinetics of the appearance and, in some cases, disappearance of 

I 
5 I I 1 

II I 

t 
3 II 4 

II I 

t 
2 

I 

Fiaure 1. Sequence of peptide spanning the putative C-terminus of HIV-1 51 kDa RT. 
The peptide represents residues Glu430 through Arg445 of RT. Large arrow, 
predominant processing site; small arrow, minor processing site. Numbered bars below 
signify products and their order of elution by reverse phase HPLC. 
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0 10 20 30 
time (hr) 

Kinetics of appearance and disappearance of peptide products after HIV-1 PR Figure 2. 
treatment. Substrate, X; fragment 1, W; 2, A; 3,O; 4,0 ; 50. 

products during the course of an extensive digestion is shown in figure 2; note that 

products 4 and 5 eventually give rise to product 2. We assign the major site of 

cleavage as occurring between Phe-Tyr: products 1 and 5 are the first to appear, and 

product 1 is the only one achieving 100 % yield during the time of the experiment. 

Furthermore, product 5 (which contains the minor site) is relatively long-lived, and 

product 4 (which contains the major site), has a shorter lifetime. Several control 

experiments (not shown) confirm that the peptide cleavages are caused by HIV-1 PR. 

The same results were obtained with pure PR, and no hydrolysis was observed with 

an extract of E. coli lacking HIV-1 PI?. Appearance of all the products is inhibited by 

pepstatin A, which inhibits HIV-1 and other aspartyl proteinases. 

From this work, we conclude that the C-terminus of 51 kDa RT is Phe440. Most likely, 

after this site is hydrolyzed in the RT molecule, no further processing occurs. If the 

remaining 15 kDa peptide is a discrete RNase H species, we would predict Tyr441 is 

the N-terminus (see 19). This cleavage site differs from that predicted by others on 

the basis of the residual cleavage observed in recombinant systems lacking the viral 

PR (9, 20,21). By analogy to mammalian and E. polymerases, the internal 

cleavage site on the 66 kDa RT is located in the “tether region”, a protease-sensitive 

hinge which joins the polymerase domain to the RNase H domain (22). Lowe and 

workers (9) demonstrated the general protease susceptibility of this region and 

predicted that E. proteases as well as trypsin and chymotrypsin cleaved at 

several locations within residues 430-440. Several groups employed this information 
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to predict PR cleavage between Glu432-Pro433 since many viral sites contain a Pro 

residue at the Pl’ subsite. However, peptides encompassing the sequences 

Leu429-Val435 (20) or the larger peptide Tyr427-Glu438 (21) , which contains the 

secondary site observed here, were not hydrolyzed by HIV-1 PR. We conclude the 

lack of activity is due to the fact that the peptides did not include the major cleavage 

site described here. Thus, while there is a sensitive hinge region in 66 kDa RT that is 

attacked by many proteases, the exact cleavage site differs between heterologous 

proteases and the viral PR. The information presented here should aid in the 

accurate design of recombinant 51 kDa RT and 15 kDa proteins. 

The sequence of the newly identified cleavage site is also of particular interest since it 

does not share significant sequence homology to the other PR cleavage sites within 

gag and pol (4). The exception is the Phe which is common in position Pl ; also, Phe 

(but not Tyr) is found in the Pl’ position in two other cases. In those cleavage sites 

with Phe in the Pl subsite, Asn is frequently found in P2 and Ser (or Thr) in P4. 

However, in the site described here, we observe Thr and Ala, respectively, indicating 

that this site is very different from those previously observed. The enzyme’s ability to 

accommodate a substrate with two aromatic residues in positions Pl and Pl’ may be 

surprising, especially considering that Phe in subsite Pl is usually followed by Pro in 

the other viral sites. However, the enzyme is a perfectly symmetrical dimer (23, 24) 

and, therefore, two identical hydrophobic pockets exist in the native protein that are 

capable of binding these larger residues. The site recognized with lower efficiency 

(Gly//Ala-Glu) demonstrates some agreement with other viral sites with a Gln or Glu 

residue in the P2’ position. However the small Gly residue in the important Pl 

position may prevent significant recognition/cleavage by the viral PR. Clearly, this 

enzyme accomodates many types of sequences within the binding cleft, but still 

demonstrates tight stringency for only ten sites in the viral gag and pol precursors. 

Thus, while some requirements for PR substrate recognition can be defined, much 

remains to be discovered about the mechanism of substrate flexibilty inherent in this 

enzyme. 
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