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A nuwl methed for discavery uf H1V-) protease inhibiters in complex hivlogicil sumples has been duwh:pcd The wxauy ix based on we apecific
renflontxt s recombinani protein constituted By w partion of the HIV-1 Gug polyprotein gomprising the pi7-p2d cleavage site, fused 1o £, call
fegiluctasiduze. und 4 monoclonul antibody which binds the fusion protein in the Gag region. Binding vecurs unly if the fusion protein bus not
bean elesved by the HIV-1 proteuse. The axsay hias been ndupred for the sereening of lirge numbers of sumples in standard 98-well micratiter
plitex, Using lhu mf:lhad .|bm|| 12000 microbinl fermentution braths have been esied and several MV praicase :nhlbnory uctivities hive bcen :
detected. One of these hus been siudied in detuil.. ‘

Human immunoadeficicncy virus; Proteinase F’miun pratein; Immunological nssay; Microbial alkaline protease inhibitar

1. INTRODUCTION

There is growing interest in developing specific in-
hibitors of the HIV-1 aspartyl protease as possible
therapeutic agents in the teeatment of AIDS [1,2].
Several different HIV-1 protease assays, based cither on
HPLC separations [3-7] or on chromophoric (8,9],
fluorogenic [10-12] or radiolabeled [13-15] synthetic
peptides have been developed in various laboratories to
test a variety of compounds for inhibitory activity,

The 3D structure of the HIV-1 protease has recently
been determined [16-18] and many investigators have
made extensive use of the rational approach to design
substrate . analogs with specific inhibitory activity
{19-23]. This has led to peptide derivatives which are
potent inhibitors, but often suffer major drawbacks,
e.g. scarce solubility in aqueous solutions, poor cell
permeability, very rapid in vivo degradation, all factors
ca,using serious limitations in bio-availability. As a con-
sequence, there is at the present time a renewed interest
in the screening of natural products for novel, possibly

Cbrrespondemw adldress: E. Sarubbi, Lchelit Research Cémer. 21040
Gerenzano-VA, lialy
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p-aminophenyl-8D-thiogalastoside;’

non- pepudw moleculcs whnch cculd display comparable
inhibitory activity against HIV-1 protease and, at the
same time, more interesting in vivo properties. In addi-
tion, in a random screening it is possible to discaver in-
hibitors of dimer formation, a process which appeats to
be required for full HIV-1 protease activity [16-19,24].

With this in mind, we have used a biotechnology ap- .
proach to develop an assay which is particularly
suitable for rhe detection of HIV-1 protease inhibitors
in large nunibers of samples. The assay has been used to
screen microbial fermentation broths and several in-
hibitory activities have been found.

2. MATERIALS AND METHODS

2.4, HIV-I prorease :

Recombinant £, coli expressing H1V-1 protease was Kindly provld- j
ed by Dr B. Harris [24). Far sereening of fermentation broths the en-
Lyme was routinely used as a erude preparat ion {24], Briefly, alterin-
duction and harvesting, cells (50 g) were resuspended in 100 ml of 10 .
mM Tris-HCl buffer, pH 7.5, | mM EDTA, | mM DTT, | mM PMSF
and 0.05% Triton X-100, sonicated and centrifuged at 10 000 x g for
20.min, HIV-1 protease activity in B, coli extracts was assayed by -
cleavage of a synthetic heptapeptide substrate and HPLC analysis of
producis (C, Tarnus, MMRDI!, Strasbourg, personal communica-
tion), essentially as described [3). A correspondmg exiract from E.
colt cells lacking the H1V-| protease expression veclor was employad:
for LOHII’OIS

22 Exprcsstan and purification of gai-gagll0

The Hind111-Hindll] fragment from bp 631 to 1258 of HIV-] aas
DNA [25] was subcloned into the unique MHindli site of pUC1S (Gib-
co BRL). From the resulting construct the Psil-Psil fragment con-
taining:8 bp from the plIC19 polylinker (Pst1-HindII1) fused to the

‘Hindl11-Psel Tragment from bp 631 to 961 of HIV-1 DNA, was
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Hrotated and imserted ino tie wnique Pril site of pURISR [24), Thix
gave plasmid pGAZZ in whieh the pag fragment ix fused in frame 1a
the end of the /eZ gene 1o encade & fusion prowin. The siruciure af
thiy "gal=gag¥10" fusion pratein i+ deplered in Flg. 1.

E. coli IMIOHPOA2D) was grown at ITC In Luria Broth in rhe

prevence of 30 pg/ml ampicillin, At ODusa=0.5 IPTG (1 mi) was

added and after 2 h buacieria were haevestgd and revuspended in 1750
valume of 30 mM Tris-HCI, pH &, 50 mM NaCl, | mM EDTA(BufTer
A), contnining 0.1 mM PMSF, | mM benzamidine-HCIL, 0.1 M
arginine and 1 mgsmlb lyseayme: After 30 min al 4%C cells were
disrupted by sanication and centrifuged foar 10min a1 25 000 = g. The'
pellet was washed twice with -Buffer A comaining 70 mM 4.

mercaptocthanol  (3-ME) and 0.05% - Triton X-100 and then

resuspended in 0.1 M TrieHCI, ptd 7.8, 0.1 M NaCl, | mM MgCly,
0.5 mM EDTA, 70 mM 3-ME (Buffer B), containing 8 M uren, Alter

sentrifugadon (20 min @ 30 000 = ), the supernatant was adjusted

to 5 M ured by dilwtion with’ Buffer B, then extensively dialyzed
againit Duffer B without :ME. AfTinity ehromatagraphy on TPEG.
Sepharose was performed essentdally ay desribed [27]. Prowcin
putification was checked by SDS-PAGHE using the PHAST- GEL
sysiems (Pharmacia, chdcn)

2.3, Production of MAD 1G12 ‘
© BALBAcmice wereimmunized §.p. with 30 zg ol gal-gag! 10 at days
- 60, =42, ~30and = 18 Atday - 3 mice were boosted i.v. with the
same protein. Spleen cells were fused with Sp2/0-Agld mouse

myeloma cells and hybridoma supernatants were screened by ELISA

. tecaniques Tor amtibodies ngainst gal-gaglil which did not bind 8-
galactosidase. Clane 1812 was isolated and subcloned by limiting
dilution teehnique.. MAD 1Q12 was idemtified as 1gG, using the
Mouse-Typer Sub.isolyping Pancl (Bio-Rad}, A western Blotanalysis
confirmed that MAb 1GL2 binds gnl-gag 110 with no detectable eross-
renctivity with 8- gnlncmsldasc

2.4. hmumunoassay for detection of HJV ! proteuse inhibitors

. After removal of microblal cells by centrifugation, $ ul of fermenta-

. tion broth were mixed in 96-well microtiter pinies with 45 ul of 0.25
- MMES/NaOH buffer, pH 6.0, 0.1 M NaC!, 0.6% w/v BSA,0.025%
v/v Tween 20, | mM sodium EDTA, 5§ ug/m! leupeptin, 1 mM PMSF

and 1% v/v £, coli extragl containing recombinant HiV-1 protease.

(scction 2.1). After 10 min of pre-incubation al room temperature (o
attow binding of a putative inhibitor 1o the viral enzyme, 25 pl of
gal-gag110 fusion protein (50 ug/ml) were added to the wells and the
microtiter plates incubated at 37°C for 40 min, 50 ul of reaction mix-
ture were then transferred from each well into the corresponding well
of a flat-bottom microtiter plate pre-coated with MAb 1G12,

These plates were coated by incubating 50 wl of MAb 1G12 {50
wug/ml in PBS) per well overnight at 25°C. Unreacted pratein binding
sites were blocked: by incubation with 3% BSA in PBS (1 h, 25°C).
Finally, wells were emptied, washed 4-5 times with PBS and pat-drizd
On paper towels, MAb 1G12-conted plates were usually used [reshly
made.

After addition of the reaction solutions, the MAb IGlZ-c:oaled
plates wers ;ncubaled for 2 h ot 25°C to allow the selective binding of
the uncleaved gal-gagl10 1o the antibody. The solutions were then

, discarded and the plates washed 4-5 times with PBS containing 0.05%
~Tween 20. To quanlitate the amount of uncleaved gal-gagi10, 240

tram pURZ92 trom pUC18
polytinkar

s 1010 AN ey
NHAT=MI=T=...lf. 1.~V W=C~Q} G=1-R-R~F~A-G-M~-Q

polylinkar

B-galactosidase
118 kDa
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alewell of 1 mp/ml PRPG; & idgalaviesidasespeeific chrumegenie
“yubsteates In 30 mM xedlum pheaphate bufter, pk 2.8, 10 mM NaCl,
| mM MgClyand 70 mM 3:ME were added and (i plates incubated
for 1 hat 23°C. Firally, 60 plswedl of 1.3 M NayCO, were added 1a
wop the galaviosidase reacilon and the absorbance at 405 am wax.
ele;crmlncci using a Titertek Multivenn microplate reader {Flaw Labi),

3 RESULTS

il Fraduc‘rlon :md characrerizarion af ga!—xax!w

In order 10 obtain an HIV-1 protease substrate which
was specific and, at the snme time, suitable for a simple
solid-phase ‘nssay, a gene ¢oding for a fusion proiein
‘was constructed, The resulting protein was engineered
to contain the Ala' to Ala?" fragment from HIV-1
Gag polyprotein (p55) fused 1o the carboxy-terminus of
E. coli A-galactosidase (Fig. 1), The gag portion of this

‘gal-gagl 10’ fusion protein comprlscd lhc pl17/p24
HIV-I protease cleavage site Tyr'*-Pro'** [23], while
provided an easily
measurable enzymatic activity.

E. coli JM109 containing plasmid pGA22, in which
the expression of the fusion gene was driven by the Py
promoter, was induced with 1 mM IPTG during steady
state growth. gal-gag! 10 protein accumulated in cells at
concentrations that were estimated by Coomiassie blue-
stained SDS-PAGE to be as high as 40-50% of total
protein content {not shown). After cell lysis and cen-
trifugation most of the fusion protein was found in the
precipitate, from which it was solubilized and quan-
titatively recovered with a. denaturation-renaturation
step, This procedure yielded a large amount of
gal-gagli0 (80-90% pure) which retained full 3-

~galactosidase activity and was routinely used for HIV-1

protease assays of microbial fermentation broths. Pure
gal-gag110 was obtained by affinity chromatography
on TPEG-Sepharose, exploiting the binding propertles‘
of the B- galactosidase portion [27).

. Fig. 2A shows the SDS-PAGE analysis of gal-gagl 10
fusion protein before and after incubation with recom- -
binant HIV-1 protease, As iucubation time increases

. the intact protein of about 130 kDa (lane b) is gradually
. replaced by the cleaved product {about 120 kDa, lanes
. d and e), as expected from the loss of an 80-amino acid

fragment (Fig. 1). The cleavage reaction is strongly in-
hibited by pepstatin A (Fig. 2A, lane ), a known m-
hibitor of HIV-1 protease [28,29].

Hiv-1 protease
cleavage site

p7 |  pea

100 133|233 ) Fi|
A-hn-;-...n...-Q-N-v-H;-}Tv—...ff...z—n-n-aﬂconn

‘Gag portion
12 kDa

Fig. 1. Descnptmn of gal gaglio rusmn protem
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Fig. 2. Cleavage ol‘unl saul 10 fusion proigin by iVl prmenw {A) SDS-PAGE analysls. Renatured gal=gag!10 (200 ug) was 1realcd with 1 u)
of crude HIV-| protémse preparation {24) in 100 ) of 0.2 M MES/NaOH bulfer, pM 6.0, 30 mM NaCl, | mM DTT, | mM EDTA and | mM
- PMSFat 37¢C. Lanes: (a) malecular mass standards, inditated in kDa; (b) gl mno non-treated; (¢) gal-gag 110 ureated for 60 min with a crude:
extenct from £, ¢oll cells lacking the HIV.1 proease expression vesier (cbmrol); () and e} gal-gag! 10 treated with HIV.] protease for 30 and
60 min respectively; () same as (e), but in the presence of 0.5 mM peputatin. A (Calbiochem). SDS.PACE was performed in 0 Phast System aps.
- pura (Pharmacia), vsing 7.5% acrylamide gels, 3-ME as reducing agent and Caomassi¢ blue for stalning. (0) Wesiern Blog analysis of the yame
get using an anti-f.gainciesidase monocional antivody (Boehringer Mannheim, Germany) follewed by anti-mouse AuroProbe BL (Janssen,
© Belgium), Lane order as in (A}, (C) Western Bloi analysis of the same gel using an anti-p2d polycional antibady (Blochron, Germany) and antis
- shewp AuroPFrobe BL. Lane order ax in (Al Both immunobloss waere (rented with Intense Bl stiver enhanceniemt kit (Janssen),

¥

A Western Blot analysis with two different antibadies
- ¢onfirms the identity of the protein bands. As expected,

an anli-A-galactosidase ‘antibody recognizes both ‘,
uncleaved and cleaved gal-gagllQ (Fig. 2B), while an
anti-p24 polyclonal antibody binds only to the uncleav- -

ed protein (Fig. 2C), since in the cleaved fusion the p24
- portion has been cut off by HIV-]1 protease.

3.2, Characterization of MAb 1G12

The gal-gaglld fusion protein was used as im-
munogen to produce monocional antibodies, MAbD
1G12; was selected for its ability to recognize the intact
antigen but not A-galaciosidase, as indicated by both
ELISA and Western Blot experiments (not shown)..

When MADb LG12 was analyzed with a Western Blot
of atotal HI1V-1 lysate, containing all viral proteins, on-
ly the Gag precursor, p55, was recognized (Fig. 3).
Neither p24 or pl17 were bound by the antibody. This in-

dicates that the epitope recognized by MAb 1GI2 is in-

deed localized in the Gag portion of gal-gagl10, butis
destroyed upon cleavage by HIV-1 protease. This

strongly suggests that the HIV-1 protease cleavage site-

is comprised in such an epitope region. :
Experiments with MAb 1G12 - immobilized on
-microtiter wells confirmed that the antibody binds only
uncleaved and not HIV-§ protease-cleaved gal-gagi10.
In addition, its binding affinity was found 10 be sujtable
for an ELISA-type immunoassay, as indicated by the

observation that the amount of bound antigen was not

sipnificantly reduced after repeated washing cycles,

3.3, Screenmg of microbial merabolites for HIV-
. protease inhibitors
Usmg recombmant HIV 1 protease, gal—gagllﬁ fu-

sion protein and MAb 1Gl2, a solid-phase im-
munoassay was devised ta test microbial metabolites
for HIV-1 protease inhibitors (see scctmn 2 for descrsp-
tion of the assay). : .

160
120

41-43 -
32 -

| “24‘ - ﬁ

18 - W

o
iR

‘ Fig. 3. Characterization of MAb 1G12 by Westem Blot analys&s of

total H1V-| proteins, Novapath Immunoblot strips (Bio-Rad, Rich.
mond) were used. Lanes: {a) human serum (L:100 dn} )} from an A1DS
patient followed by anti-human AuroProbe BL (Janssen); (b) MAb
1G12 (1 ug/mi) and anti-mouse AuroProbe BL (Janssen). In both
cases sliver enhancement (IntenSE BL, Janhssen) was performed.
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Fig. 4. (A} Chemical stiruciure of se-MAPL [31]. (B] Dose-respanse
plot showing the inhibition of cleavage of gal-gagi 10 by H1Y-1 pro-
tease observed in the presence of the indicated concentrations of (x}
a-MAPI or (0) pepstatin A (Cait:mthem) The assay was performed

essentially as described in section 2, in the presenceof 8% DMSO.

Determinations were from two separate experlmcms

"With this detection system about 12 000 fermemation
broths were tested for the presence of HIV-1 proteasc
inhibitors, These broths were derived mostly from Ac-

tinomycetes genera or fungal isolates. About 0.25% of -

them were found to contain significant and reproduci-
bie inhibitory activities against the viral enzyme,
Among these activities one which showed good stability
even after'l h of incubation with horse or bovine serum
was selected and the protease inhibitor was purified and
_characterized. The chemical structure determination
-allowed its identificatior as a peptide derivative of

known structure, previously named «-microbial
alkalin-: protease inhibitor, or o-MAPL (Fig. 4A)

[30,31). Fig, 4B shows the inhibition of the MIV-1 pro-
tease reaction observed at different concentrations of a-

MAPI and pepstatin A. These two natural products
display similar dose-response curves with 50%: inhibi- -

tion of substrate cleavage observed at 2.0 uM x-MAPI
and 4.5 M pepstatin A.

' 4, DISCUSSION

A novel s.olid-pha’se immunbassay has been
developed to detect HIV-1 protease inhibitors in large
numbers of biological samples, For such purpose the

system described is fast and efficient and it has been us-

‘ed to screen about 12 000 fermentation broths, The
‘most interesting aspect of this method is the ability to
detect the presence of an HIV-1 protease inhibitor by
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the nppearnnee of an enzymatie activiw ci.e. B-
galacrosidase) instead of the disappéarance of the pro-

tease activity, This provides an internal control;

positive response {colour) is obiained only when :he_
protease reaction is inhibited. All other possible In-

“terfering aetivities (2.8, inhibition of MAY 1G12 bin-

ding, non-specific protevlysis of gal-gagi10 or MAb.
1G12, inhibition of #-galactosidase activity, etc. )y would
result in a negative response, Conseguently, such an
assay Is particularly suitable for the screening of com-

- plex mixwres like micrabial fermentation broths, where

false positives are often a serious prablem.
Hawever, the detection system described here can be
used 1o screen compounds fram any origin for in-
hibitory activity on HIV-1 protense. The assay is also
relatively unaffected by low concentrations (5-10%) of
organic solvents like methanal, acetonitrile or DMSO,
a.feature particuiarly useful when it is used to monitor
the purification of an inhibitory activity. :
Using this detection system about 12 000 fermenta-
tion broths were screened and several positives were .
found, One of these inhibitory activities was purified
and identified as a-MAPI1 [31). This fmdmg was largely

. unexpected since this compound, as expressed in its

name, had been previously characterized as an inhibitor
of alkaline proteases, with no activity on pepsin or -
other aspartic proteases [30]. Nevertheless, as shown in
Fig. 4B, the inhibitory activity of «-MAPI on HIV-]
protease is comparable to pepstatin A a charactemua
inhibitor of aspartic proteases, ‘ ﬂ

As shown in Fig. 4A, a-MAPI has a peptlde -like
structure ' with a C-termmal aldehyde group, like
another natural product, tyrostatin, which has recently
been repotrted to inhibit some acidic proteases (32]. In
preliminary kinetic studies using purified HIV-1 pro-
tease and an HPLc assay hased on a synthetic heptapep-

~ tide as subsirate (3], o-MAPI was found to act'as a hon-

competitive inhibitor (C. Tarnus, persenal communica-

~tion). These observations suggested the direct involve--

ment of the C-terminal aldehyde group in the inhibition
mechanism. Such a prediction was confirmed by the
loss of inhibitory activity on HIV-1. protease observed

“after treating a-MAPI with permanganate (S. Stella,

unpublished results) in conditions known to cause the.

‘selective oxxdanon of the aldehyde to carboxyilc acld

[31].

Studies are currently in progress to elucidate the
mechanism of inhibition of HIV-1 protease By o-
MAPI. At the same time other HIV-1 protease in-
hibitors found in microbial metabolites are being
characterized, with the goal to find novel structures
with 1mproved in vitro and in vivo anti- H]V 1 proper-
ties. : ‘
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