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Summarv: A procedure is described which employs pepstatin-agarose for the affinity 
purification of either HIV- 1 or HIV-2 protease from two similar recombinant E. coli constructs 
that were developed for the expression of these enzymes. HIV-2 protease was routinely 
expressed at much higher levels than the HIV-l enzyme and pepstatin-agarose was the only 
chromatography step required to isolate pure HIV-2 protease from crude bacterial lysates. A 
Mono S ionic exchange step following pepstatin-agarose chromatography was sufficient to bring 
the HIV-l protease to homogeneity. Purification of either enzyme can be completed in several 
days yielding homogeneous preparations suitable for crystallization and other physical 
characterization. 0 19% Academic Press, Inc. 

HIV-1 protease has received considerable attention because of its potential as a therapeutic 

target in the treatment of AIDS. The basic structural features of this enzyme have been 
elucidated by X-ray crystallography (1,2) and several classes of inhibitors have been developed 
which interfere with the proper processing of retroviral polyproteins and assembly of infectious 

virus (3,4,5). 

A number of procedures have been reported for the isolation of HIV-l protease expressed 

in soluble and insoluble forms2 from various recombinant constructs(6-14). HIV-l protease has 

also been chemically synthesized and refolded (2, 15- 17). These methods involve a variety of 
chromatographic approaches with yields that are influenced by the level of expression and the 

number of purification steps required. A recently reported affinity procedure for the HIV-l 
enzyme (18) provides a rapid alternative to these methods; however, synthesis of the affinity 
ligand and its attachment to a preactivated resin are required. Less Information is presently 

available about HIV-2 protease, although both recombinant and synthetic preparations of this 
enzyme have now been described (19,20). 

* Corresponding author: Abbott Laboratories, D-47N Bldg. 9A, Abbott Park, IL 60064-3500. 

* “Soluble” refers to active protease found in the supematant of a cleared bacterial lysate; “insoluble” protease is 
found typically in inclusion bodies and requires refolding. 

The abbreviations used are : dabcyl. 4-(4-dimethylaminophenylazo)benzoic acid; edans, 5-[(2- 
aminoethyl)amino] naphthalene-1-sulfonic acid; SDS-PAGE, SDS-polyacrylamide gel electrophoresis. 
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We report hem the development of an affinity purification method that employs 

commercially-available pepstatin-agarose for the isolation of both HIV- 1 and HIV-2 proteases 

that are expressed in soluble form in different recombinant E. coli strains. This procedure 

allows the rapid purification of either enzyme from crude bacterial extracts to a high degree of 

purity. HIV-l protease purified in this manner was recently used for crystallization and X-ray 
analysis of an enzyme-inhibitor complex (21). 

Methods 

Protease ExDressio& HIV-l protease was expressed in E. coli SCS-l/pBS7-c1 which 
carries the protease gene fused to HIV- 1 gag p17 under the control of the temperature-inducible 
lambda PL promoter3 . E. coli SCS- l/pKAS was constructed in the same manner using the HIV- 
2 protease gene3. Conditions for the growth of both strains were identical. Cells were grown at 
32°C in 10 liter batches in 20 g/l tryptone, 10 g/l yeast extract, and 10 g/l NaCl to an 
approximate Aati of 5. Protease expression was induced for 1 h at 42 ‘C and the cells were 
harvested by centrifugation. A substantial proportion of the HIV-l protease expressed by the 
pBS7-cI construct was found in a soluble form in cleated bacterial lysates; however, significant 
amounts of the protease were also detectable by Western blotting in the cellular debris after 
lysis3. HIV-2 is expressed in SCS-l/p&J5 in a soluble form at much higher levels (see Table 1). 
The reasons for the difference in expression levels are unclear, however, it has been previously 
noted that HIV- 1 protease expression is toxic to E. coli cells (7,9). 

Prenaration of crude e tract- All steps are carried out at 0-4°C. Packed cells were 
resuspended in a 5 to 10 voltmes of lysis buffer (50mM Tris-Cl, pH 7.5, 10% glycerol, 5 mM 
EDTA, 2 mM PMSF, and 5 mM dithiothreitol) containing 10 @ml DNase, lysed using a french 
pressure cell, and centrifuged for 28,000 x g for 40 min. Protease activity was precipitated from 
the supernatant by the addition of solid ammonium sulfate to 42% saturation for HIV- 1 protease 
and SO% saturation for HIV-2 protease. The precipitate was collected by centrifugation, 
resuspended at l/5 the original crude extract volume with lysis buffer at pH 8.5, and treated with 
0.31 volumes (of the newly resuspended extract) of 20 mg/ml protamine sulfate for 1 h, and 
centrifuged for 1 h at 100,000 x g. 

en tatm agarose ch omatography- The pH of the extract is adjusted to 7.5 with HEPES 
(free iids and-applied at irate of 2 ml/min to the bottom(designated forward flow in Figure 1) 
of a 25 ml column ( 3.5 cm diameter) of pepstatin-agarose (Sigma, lot #48F-9550) equilibrated 
with 50 mM Hepes, pH 7.5,l mM EDTA, 1 mM PMSF and 1mM dithiotbrietol (equilibration 
buffer) in the cold room. The column was washed in the same direction with 400 ml of the same 
buffer containing 0.4 M ammonium sulfate (wash buffer). The column was connected to an 
FPLC system (Pharmacia) such that flow occurred in the reverse direction and it was washed 
with chilled buffers as follows: 25 ml equilibration buffer, 25 ml wash buffer, 25 ml 
equilibration buffer, 325 ml wash buffer, and 75 ml equilibration buffer. Protease was then 
eluted at 4 ml/min using: 250 mM Na-a-aminocaproate, pH 10.5; 5% glycerol; 5% ethylene 
glycol; 1 mM EDTA; 1 mM PMSF; and 1 mM dithiothreitol(elution buffer). 12 ml fractions are 
collected, neutralized immediately with 0.6 ml 2M HEPES, and stored at -20°C. The column 
was cleaned immediately after use with 5 ml of 6M guanidine-HCl followed by buffer 
containing 20% ethanol. 

Mono-S chromatographv (HIV- 1 Protease only)- 10 mg/ml solid MES was added to 
pooled samples, the pH was adjusted to 6.0 with 2 M acetic acid, and the sample was applied to 
a 1 ml Mono-S column (Pharmacia HR 5/5) equilibrated with 50 mM MES, pH 6.5, containing 1 
mM EDTA, and 1 r&l dithiothreitol. The column was washed with 15 ml of equilibration 
buffer and the protease was eluted with a 0 to 1M NaCl gradient (12 ml total volume). 

To prevent loss of activity when storing these enzymes beyond several days, glycerol and 
ethylene glycol are added to a final concentration of 5% each. The samples are then quick-frozen 
in a dry ice-ethanol bath and stored at -80°C. 

3 Simmer, R. e.t al., in preparation. 
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Analytical methods- Both HIV-l and HIV-2 proteases were assayed at 30°C using the 
fluorogenic substrate, dabcyl-SQNYPIVQ-edans , at 3.0 pM under the conditions described 
previously (22). Substrate levels far below the Km (22) were used because of limited solubility 
and to conserve substrate. Because it was not feasible to assay either enzyme at Vm,,, the 
enzyme units reported in Table 1 are based arbitrarily on the rate of fluorescence increase per 
minute under a standardized set of conditions. 

The Bradford assay (23) was used for the determination of protein in crude extracts. 
Different estimates of the protein in highly purified fractions were obtained when the Bradford, 
modified Lowry(24), and Azso,,,,, were used. Consequently, the levels of purified proteases were 
determined from the A280 nm of samples denatured in 6M guanidine-HCL using extinction 
coefficients calculated from the predicted sequences (25). 

SDS-PAGE was carried out using the PhastSystem (Pharmacia) followed by silver staining 
according to the manufacturers directions. Amino acid composition (Beckman 6300 amino acid 
analyser) and N-terminal sequence analyses (Applied Biosystems 477 and 471A protein 
sequencers) were done on samples purified by reversed-phase HPLC on a Vydac C,column 
using an acetonitrile gradient with 0.1% trifluroacetic acid. 

Results and Discussion 

Immobilized pepstatin has been used for the affinity purification of a number of aspartyl 

proteases such as renin (26) and cathepsin D (27,28) (see reference 29 for discussion and 

additional examples). The recent findings that pepstatin is a potent inhibitor of both HIV- 1 and 

HIV-2 proteases (30,31) suggested that pepstatin-agarose might provide an efficient affinity 

method that could be used to purify both of these enzymes. The development of the procedure 

described here was aided by the availability of the fluorogenic HIV- 1 protease substrate, dabcyl- 

SQNYPIVQ-edans (22), and the observation made during these studies that this synthetic 

substrate is also readily cleaved by HIV-2 protease. Comparison of the specific activities of 

puritied HIV protease preparations (Table 1) suggests that HIV-l protease is significantly more 

efficient at cleaving this substrate, however, the conditions for optimal HIV-2 protease activity 

have not been defined. A thorough comparison of the kinetic characteristics of these two 

enzymes is currently underway. 

Table 1 
HIV Protease Purification Summary1 

HIV- 1 Protease HIV-2 Protease 

total total total total 
Step protein activity protein activity 

(mg) (units) (mg) (units) 

supernatant 627 1 2 15121 29g2 

ammonium sulfate 624 -2 4504 370 

protamine sulfate 610 251 4337 358 

pepstatin-agarose 8.4 141 18 196 

Mono-S 0.6 115 

lMatcrial from 10 liter fermentations of E. coli SCS-l/pBS7-cI and SCS-l/pKAJ for HIV-l and HIV-2 protease 
purifications respectively. 

2not possible to obtain reliable estimates of total activity. 
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Figure 1 L Elution profile of a pepstatin-agarose affinity column as described in Methods after 
loading a partially purified extract of E. coli SCS-l/pKAS that contains HIV-2 protease. The 
broken lines indicate the changes in the wash buffer that occur during the column washing steps 
(- - - -) and when the pH 10.5 elution begins(- . . - . . -). 

Crude bacterial lysates from both SCS-l/pBS7-c1 and SCS-l/pKAS required treatment 
with ammonium sulfate and pro&mine sulfate for efficient binding of HIV protease to pepstatin- 

agarose. These steps removed a considerable amount of protein (Table l), as well as other 
components in the crude extract that interfered with protease binding (data not shown). During 

control experiments, using extracts containing HIV-2 protease, it was observed that protease 

binds efficiently to pepstatin agarose in buffers containing up to 1 M ammonium sulfate; 

however, the retention of other proteins varied considerably depending of the level of salt used 

(data not shown) . Optimal purity of HIV protease preparations were achieved when extracts 

were diluted at the volumes described in Methods. The conductivity of the sample applied to the 
pepstatin agarose column then approximates that of the wash buffer. 

Figure 1 shows a representative elution profile of HIV-2 protease from pepstatin agarose 

and it outlines the wash procedure that was used for both HIV-l and HIV-2 protease 
purification. A considerable amount of bacterial protein bound to the resin, which necessitated 

an extensive (15 column volumes) buffer wash. We discovered that low-salt/high-salt wash 

cycles (beginning at 400 ml in Figure 1) removed additional protein and this step has proven to 

be essential for achieving high purity of either HIV- 1 or HIV-2 protease. The adsorbed protein 

removed by these wash cycles appeared to be nonspecifically bound to the resin through 
hydrophobic interactions since oaminohexyl-agarose, which is structurally similar to the 
support and linker arm of pepstatin-agarose, displayed similar behavior when extracts containing 

HIV-2 protease were applied. Protease was not effectively retained by the o-aminohexyl- 

agarose; however, extensive washing, followed by low- and high-salt wash cyles, were necessary 

to completely elute nonspecifically bound protein (data not shown). 

Buffers containing pepstatin were inefficient at eluting bound protease from pepstatin- 
agarose (data not shown). Several other elution methods were tried and e-aminocaproate at pH 
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Figure 2. Silver-stained SDS-PAGE PhastGel (Pharmacia) of fractions obtained during 
purification of HIV-l (lanes 1-4) and I-W-2 proteases (lanes 5-7). The fractions shown are 
ammonium sulfate (lanes 1 and S), protarnine sulfate (lanes 2 and 6), pepstatin-agarose (lanes 3 
and 7) and Mono S (lane 4 only ). The amounts of protein in the highly purified HIV-1 (lane 4) 
and HIV-2 (lane7) samples were 0.5 and 0.3 pg respectively. The mobilities of low molecular 
weight, prestained markers (Bethesda Research Labs) are also indicated. 

10.5 proved to be an efficient buffer for eluting both HIV-l and HIV-2 proteases. As shown in 

Figure 1, HIV-2 protease was routinely recovered as a sharp peak under these conditions. This 

enzyme was routinely isolated to homogeneity from protamine sulfate-treated extracts of SCS- 

l/pKAS in a single step using pepstatin-agarose (Fig 2, lane 7). Identical elution characteristics 

were observed with HIV- 1 protease expressed in SCS- l/pBS7-c1. However, the purity of the 

HIV-1 enzyme was more variable at this step, possibly reflecting the lower level of expression. 

More highly purified HIV-l protease fractions than shown in lane 3 of Figure 2 are frequently 

seen after pepstain-agarose. Subsequent chromatography on a Mono S column (Pharmacia) was 

the only additional step required to obtain homogeneous preparations as judged by SDS-PAGE 

(Fig. 2, lane 4). It should be noted that factors other than pH appear to influence HIV protease 

elution, since glycine at pH 10 was not an effective eluent. Similar conditions were reported 

previously for the desorption of HIV-l protease from an affinity column prepared with a 

peptide-based inhibitor of HIV-l protease (18). 

Yields from the pepstatin-agarose step were approximately 50%. The greatest losses of 

both HIV-l and HIV-2 proteases occur during the long wash step. Significant losses of HIV-l 

protease were also observed during the low-salt/ high-salt wash cycles; whereas, loss of the HIV- 

2 enzyme was minimal during this step. It was also noted that higher levels of the HIV-2 

enzyme could be retained per ml of resin. Although these results may reflect structural 

differences between the two enzymes, interpretation is difficult in view of the higher relative 

abundance of the HIV-2 enzyme in the bacterial lysates. 

The estimated molecular weights (determined by SDS-PAGE and FAB-mass 

spectrometry), the predicted amino acid compositions, and N-terminal sequences of both 

proteases correlated well with those predicted by the gene sequence(data not shown). Positive 

western blots were seen with HIV-l protease preparations using rabbit antisera raised against 

synthetic HIV-l peptides. A weak cross reactivity was seen with HIV-2 protease preparations 

(data not shown). The complete three-dimensional atomic structure of the HIV-l protease 

isolated using pepstatin-agarose affinity chromatography was verified recently by the X-ray 

crystal structure determination of an enzyme-inhibitor complex (21). 
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Conclusions 

Pepstatin-agarose affinity chromatography provides a means of rapid purification of both 
HIV-l and HIV-2 proteases using a commercially-available affinity resin. Under the conditions 

described here, HIV-2 protease can be purified from crude extracts to homogeneity in a single 
step. HIV-1 protease, which was expressed at lower levels, required only one additional 

chromatography step to obtain homogeneous material suitable for crystallization. Such methods, 

combined with continuous, fluorometric protease assays (22), should facilitate the rapid 

assessment of potential HIV-protease inhibitors, allow comparisons between these two closely 
related enzymes, and provide the reagents necessary for large scale screening or bioassay. 
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