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Human immunodeficiency virus type-1 (HIV-1) protease
catalyzes the cleavage of several viral polypeptides yielding
mature proteins of both structural and catalytic importance to the
virus! HIV-1 protease is crucial for normal viral replicatiémand
is the therapeutic target for several anti-HIV ageénts.

HIV-1 protease exists as a 22 kDa homodimer that self-
assembles from two identical polypeptides to resemble monomeri

Figure 1. Misacylated suppressor tRNAs used for the introduction of
aspartate derivatives into position 25 of HIV-1 protease.

protease and could be assayed directly from the translation
mixture. The wild-type monomer of HIV-1 protease, while
cYielding a full length 13.1 kDa protein product, failed to produce

aspartyl proteasesThe active site is formed at the interface of Pr°te°'¥.5's after in vitro translation, due prgsumably to the
the homodimer and consists of two aspartyl residues, Asp25 andinsolubility of the monomer as well as unproductive aggregdfion.
Asp125, one contributed by each subdfiBoth aspartates are As shown in Figure 3, it was possible to obtain analogues of
necessary for proteolysisGiven the close spatial proximity — HIV-1 protease dimer having allyl aspartate, methyl aspartate,
between the two aspartates, as well as differing protonation 8tates, or nitrobenzyl aspartate in position 25. The same amino acids
hydrogen bonding across the dimer interface could well help direct were incorporated into position 25 of the monomer (Supporting
the protease monomers during self-assembly. Information, Figure 1). The tethered dimer of HIV-1 protease

To further define the nature of active site involvement in dimer prepared in an S-30 cell-free translation system with tRIAA
assembly, we have prepared HIV-1 protease analogues havingmisacylated with aspartic acithad the same specific activity as
altered hydrogen bonding properties at position 25. In vitro wild-type protease in a fluorescence-based protease skay.
suppression of a UAG codbrintroduced into position 25 of  their blocked forms, HIV-1 protease analogues having allyl,
HIV-1 protease was effected by using misacylated suppressormethyl, and nitrobenzyl aspartates at position 25 had minimal
tRNAs (Figure 1)} affording proteins in which Asp25 was proteolytic activity. Irradiation of the dimeric protease containing
replaced with analogues (Figure 2). Presently we demonstrate (i)nitrobenzyl aspartate afforded a deprotected species that was 97%
the elaboration of HIV-1 proteases that can be activated by using a5 active as its wild-type counterpart (Supporting Information,
a water-soluble palladium catalyst or light, (ii) that deprotection Figure 2)!5 Likewise, a water-soluble palladium catalyst,

of a _caged mq_t_ah’t of HIV-1 protease can restore proteolytic PA[PPR(M-SO;NaPh)}, 16 catalyzed the removal of the allyl ester
function, and (iii) that HIV-1 protease dimer assembly proceeds fqm analogue, affording an active proteadé!®

even if the active site aspartates cannot ionize.

Four HIV-1 protease genes were synthesizil noo: a (9) (a) Noren, C. J.; Anthony-Cahill, S. J.; Griffith, M. C.; Schultz, P. G.
monomer (PR25) and tethered dimer (PR25PR} well as the Sciencel 989 244, 182. (b) Ellman, J.; Mendel, D.; Anthony-Cahill, S.; Noren,
i ild- ild- i 1 C.J,; Schultz, P. GMethods Enzymol991, 202 301. (c) Bain, J. D.; Wacker,
respective wild type .genes' The wild typ.e tethereq dlm.er of HIV-1 D. A.; Kuo, E. E.; Chamberlin, A. RTetrahedron1991, 47, 2389. (d) Bain,
protease prepared in an S-30 translation reaction yielded a full ;"5 piaja E. S Glabe, C. G.. Wacker, D. A.: Lyttle, M. H.; Dix, T. A.;
length 23 kDa protein (Figure 3, lane 1) that folded into an active Chamberlin, A. RBiochemistry1991, 30, 5411. (e) Bain, J. D.; Switzer, C.;
Benner, S. A.; Chamberlin, A. RNature1992 356, 537. (f) Cornish, V. W.;
(1) Debouck, CAIDS Res. Hum. Retraruses1992 8, 153. Mendel, D.; Schultz, P. GAngew. Chemlnt. Ed. Engl.1995 34, 621. (g)
(2) Kohl, N. E.; Emini, E. A.; Schleif, W. A.; Davis, L. J.; Heimbach, J. Mamaev, S. V.; Laikhter, A. L.; Arslan, T.; Hecht, S. NIl. Am. Chem. Soc.
C.; Dixon, R. A.; Scolnick, E. M.; Sigal, I. Proc. Natl. Acad. Sci. U.S.A. 1996 118 7243. (h) Karginov, V. A.; Mamaeyv, S. V.; An, H.; Van Cleve,

1988 85, 4686. M. D.; Hecht, S. M.; Komatsoulis, G. A.; Abelson, J. B8l. Am. Chem. Soc.
(3) For a review on HIV-1 protease inhibitors currently used for the 1997 119 8166. (i) Karginov, V. A.; Mamaev, S. V.; Hecht, S. Mucleic
treatment of AIDS, see: Vacca, J. Brug Discavery Today1997 7, 261. Acids Res1997 25, 3912. (j) Arslan, T.; Mamaev, S. V.; Mamaeva, N. V.;
(4) (a) Pearl, L. H.; Taylor, W. RNature 1987 329 351. (b) Meek, T. Hecht, S. M.J. Am. Chem. Sod 997 119 10877. (k) Killian, J. A.; Van
D.; Dayton, B. D.; Metcalf, B. W.; Dreyer, G. B.; Strickler, J. E.; Gorniak, J. ~ Cleve, M. D.; Shayo, Y. F.; Hecht, S. M. Am. Chem. S04998 120, 3032.
G.; Rosenberg, M.; Moore, M. L.; Magaard, V. W.; DebouckR€oc. Natl. (10) (a) Hecht, S. M.; Alford, B. L.; Kuroda, Y.; Kitano, 8. Biol. Chem.

Acad. Sci. U.S.A1989 86, 1841. (c) Wlodawer, A.; Miller, M.; Jaskolski, 1978 253 4517. (b) Baldini, G.; Martoglio, B.; Schachenmann, A.; Zugliani,
M.; Sathyanarayana, B. K.; Baldwin, E.; Weber, I. T.; Selk, L. M.; Clawson, C.; Brunner, JBiochemistry1988 27, 7951. (c) Bain, J. D.; Glabe, C. G.;
L.; Schneider, J.; Kent, S. B. Feciencel989 245, 616. Dix, T. A.; Chamberlin, A. R.; Diala, E. SJ. Am. Chem. Sod989 111,

(5) (a) Hyland, L. J.; Tomaszek, T. A., Jr.; Roberts, G. D.; Carr, S. A.; 8013. (d) Roesser, J. R.; Xu, C.; Payne, R. C.; Surratt, C. K.; Hecht, S. M.
Magaard, V. W.; Bryan, H. L.; Fakhoury, S. A.; Moore, M. L.; Minnich, M. Biochemistry1989 28, 5185. (e) Robertson, S. A.; Noren, C. J.; Anthony-

D.; Culp, J. S.; DesJarlais, R. L.; Meek, T. Biochemistryl1991, 30, 8441. Cahill, S. J.; Griffith, M. C.; Schultz, P. QJucleic Acids Red989 17, 9649.
(b) Hyland, L. J.; Tomaszek, T. A., Jr.; Meek, T. Biochemistry1991, 30, (f) Robertson, S. A.; Ellman, J. A.; Schultz, P. &.Am. Chem. S0d.99]
8454, (c) Ido, E.; Han, H.; Kezdy, F. J.; Tang,JJ.Biol. Chem.1991, 36, 113 2722. (g) Hecht, S. MAcc. Chem. Red.992 25, 545. (h) Lodder, M.;
24359. (d) Meek, T. D.; Rodriguez, E. J.; Angeles, TM&thods Enzymol. Golovine, S.; Hecht, S. MJ. Org. Chem1997, 62, 778.
1994 241, 127. (11) (a) For a review on caged compounds, see: Adams, S. R.; Tsien, R.
(6) Smith, R.; Brereton, I. M.; Chai, R. Y.; Kent, S. B. Nature Struct. Y. Annu. Re. Physiol.1993 55, 755. (b) Mendel, D.; Ellman, J. A.; Schultz,
Biol. 1996 3, 946. P. G.J. Am. Chem. S0d.99], 113 2758.
(7) Previous site-directed mutagenesis studies/e demonstrated that a (12) The first gene construct (PR25) had a TAG codon at position 25; the
mutant protease containing Asn25 could form a dimer, albeit of lesser stability. second was a head-to-tail tandem dimer (PR25PR) connected by a Gly-Gly
(8) (a) Dilanni, C. L.; Darke, P. L.; Dixon, R. A. F.; Sigal, |I. Surrent linker® All constructs encoded a hexabhistidine fusion peptide.
Research in Protein Chemistry: Techniques, Structure, and Funohoa- (13) Restoration of proteolytic activity was possible after purification of
demic Press: Orlando, 1990; pp 52328. (b) Dilanni, C. L.; Davis, L. J.; the monomer by nickel affinity chromatography, followed by dialysis.
Holloway, K.; Herber, W. K.; Darke, P. L.; Kohl, N. E.; Dixon, R. A. B. (14) (a) Matayoshi, E. D.; Wang, G. T.; Krafft, G. A.; EricksonSgience
Biol. Chem.199Q 265 17348. 199Q 247, 954.
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Figure 2. Scheme demonstrating deprotection of a caged (inactive) analogue of HIV-1 protease to yield catalytically active protein. The nitrobenzylated
HIV-1 protease was compared to wild-type HIV-1 PR to study the extent of active site involvement in facilitating dimerization.
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dimethyl suberimidate. HIV-1 protease having nitrobenzyl aspartate-25
Figure 3. Autoradiogram of a 15% SDS-polyacrylamide gel illustrating was synthesized in vitro, purified (nickel affinity chromatography), and
the in vitro synthesis of HIV-1 protease tethered dimer analogues. Protein subsequently refolded by dialysis. Lane 1, wild-type protease monomer;
synthesis was carried out in vitro in the presence 3¥8]methionine lane 2, wild-type protease monomer dimethyl suberimidate; lane 3,
mRNA containing a UAG stop codon at position 25 and an unacylated protease containing nitrobenzyl aspart&ie kane 4, protease containing
suppressor tRNA (lane 2) or a misacylated suppressor tRNA (lanés 3 nitrobenzyl aspartatet dimethyl suberimidate; lane 5, deprotected
Suppression efficiencies are noted in parentheses. Lane 1, HIV-1 proteaseprotease; lane 6, deprotected proteasdimethyl suberimidate.
dimer elaborated from wild-type mRNA; lane 2, full length unacylated
tRNAPhe»; lane 3, aspartic acidl) (16%); lane 4, nitroveratryl aspartate - S .
(4) (1%); lane 5, nitrobenzyl aspartats) (38%); lane 6, allyl aspartate ting dlscrlmlnatlop Of. monomer from d[mer by SDS-PAGE.

00 o HIV-1 protease dimerizes even with a nitrobenzyl ester on the

(2) (44%); lane 7, methyl aspartat8) ((35%). - . . . S

aspartate side chain (Figure 4). Thus H-bonding, while important

Hydrogen bonding within the active site of HIV-1 protease to dimer stability, is not a prerequisite for associatidn.

may arise between differentially protonated active site aspartates The HIV-1 proteases are the first caged analogues of this
or through the coordination of a water molectié. Upon enzyme. They are of potential utility for the study of time-
replacing the active site residues with asparagine, proteasedependent processes mediated by HIV-1 protease, such as
monomers were found to self-associate although the stability of autoprocessingBecause HIV-1 protease undergoes facile self-
the protein dimer decreasé8This mutation prevents H-bonding  proteolysis?® the chemically protected species described here
through a coordinated water; however, it does not exclude the should also facilitate structural and kinetic analysis by precluding
possibility that one asparagine side chain may H-bond with the degradation.

other, facilitating dimerization. To eliminate the possibility of

H-bonding, an HIV-1 protease monomer was synthesized bearing  acknowledgment. We thank Dr. Thomas Meek, SmithKline Beecham
nitrobenzyl aspartaté at position 25 (Supporting Information,  pharmaceuticals, for helpful discussions. This work was supported by

Figure 1, lane 5). After purification, the protease was dialyzed to N|H Research Grant CA77359 from the National Cancer Institute.
promote dimerization. To assay for protease dimers, the protein
was chemically cross-linked with dimethy! suberimidtpermit- Supporting Information Available: Figures illustrating the in vitro

(15) Only aspartic acid s known to Support proteolytic activity when present synthesis of analogues of HIV-1 protease monomer, the enzymatic activity
at position 255 (a) Loeb, D. D.; Swanstrom, R.; Everitt, L.; Manchester, M.; of the monomer following deprotection of allyl aspartate, and dimerization

Stamper, S. E.; Hutchison, C. A., INature 1989 340, 397. (b) Krausslich, ~ and the enzymatic activity of HIV-1 protease dimer following photo-
H.-G.Proc. Natl. Acad. SclJ.S.A.1991, 88, 3213. The minimal (13%) activity chemical removal of the nitrobenzyl protecting group (4 pages, PDF).
measured for the dimeric protease contairbrag position 25 is attributed to See any current masthead page for Web access instructions.
adventitious solvolysis during protein sample preparation.

(16) For a review of water-soluble palladium catalysts, see: Herrmann, JA9838054
W. A.; Kohlpaintner, C. WAngew. Chem., Int. Ed. Engl993 32, 1524.

(17) Under denaturing conditions, in the presenté M urea and 2 mM
catalyst, Pd-catalyzed deblocking afforded an active protease monomer having (19) That the formed dimer had a structure fundamentally analogous to
a specific activity 85% that of wild type (16 h incubation, 23), whereas that of the native enzyme can be appreciated by the full restoration of enzymic
the caged enzyme was inactive (Supporting Information, Figure 3). activity following irradiation of the caged dimer (Figure 2).

(18) It may be possible to employ this protecting group under native (20) Mildner, A. M.; Rothrock, D. J.; Leone, J. W.; Bannow, C. A.; Lull,
conditions using well-solvated aspartates on the surface of enzymes. SeeJ. M.; Reardon, |. M.; Sarcich, J. L.; Howe, W. J.; Tomich, C.-S. C.; Smith,
Pollit, S. K.; Schultz, P. GAngew. Chem., Int. Ed. Engl99§ 37, 2104. C. W.; Heinrikson, R. L.; Tomasselli, A. @iochemistryl994 33, 9405.




