
leaf indicates that  a t  least some of the  xy- 
lem elements are capable of sustaining pres- 
sures helo\\, 1 . 5  MPa. This contradicts 
measurements made with the  xylem pres- 
sure probe in  \vhlch cavitation generally 
occurred a t  much higher pressures (>-0.4 
MPa)  (9 ,  1 1 ,  12).  It 1s also a t  odds with 
predictions of the  stability of water in the  
xylem based o n  measurements of cavitation 
thresholds in artificially constructed water 
columns subjected to  centrifugal force (14). 
In  the  latter study, the  mean cavitation 
threshold for distilled water in a glass tube 
was -0.26 MPa; stability belo\\, 1 . 0  MPa 
only occurred when stringent standards 
governing the  purity of the  water and clean- 
l~ness  of all surfaces were observed. O n  the  
basis of these experimental results. Smith  
( 14) concluded that  xylem pressures Inore 
negative than  -1 MPa are highly improba- 
ble. A n  alternative explanation consistent 
\\rith the  data presented here is that  glass 
tubes are a n  inappropriate model system for 
assessing the  stability of water under ten- 
sion in the  xylem. 

T h e  imolications for water transmlrt 
mechanisms proposed o n  the  basis of xylem 
pressure probe lneasurelnents versus the  bal- 
ancing pressure  neth hod are profc~und (1 5).  
T h e  balancing pressure technique indicates 
that hydrostatic gradients in the  xylem are 
adequate to  explain observed rates of water 
movement. T h e  much smaller tensions 
measured by the  xylem pressure probe re- 
uulre the  existence of a n  additional, un- 
known rnechanis~n for water transport in  
plants. Agreement between the  balancing 
pressure and experimentally generated ten- 
sion in the  xylem provldes empirical vali- 
dation of the  ability of the  balancing pres- 
sure technique to  measure negatlve xylem 
pressures, s u p p ~ r t i n g  the  cohesion theory as 
the  primary mechanism for nrater transport 
in  higher plants. 
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Inhibitors of HIV Nucleocapsid Protein Zinc 
Fingers as Candidates for the Treatment of AIDS 

William G. Rice,* Jeffrey G. Supko, Louis Malspeis, 
Robert W. Buckheit Jr., David Clanton, Ming Bu, Lisa Graham, 

Catherine A. Schaeffer, Jim A. Turpin, John Domagala, 
Rocco Gogliotti, John P. Bader, Susan M. Halliday, Lori Coren, 

Raymond C. Sowder II, Larry 0. Arthur, Louis E. Henderson 

Strategies for the treatment of human immunodeficiency virus-type 1 (HIV-1) infection 
must contend with the obstacle of drug resistance. HIV-1 nucleocapsid protein zinc 
fingers are prime antiviral targets because they are mutationally intolerant and are required 
both for acute infection and virion assembly. Nontoxic disulfide-substituted benzamides 
were identified that attack the zinc fingers, inactivate cell-free virions, inhibit acute and 
chronic infections, and exhibit broad antiretroviral activity. The compounds were highly 
synergistic with other antiviral agents, and resistant mutants have not been detected. Zinc 
finger-reactive compounds may offer an anti-HIV strategy that restricts drug-resistance 
development. 

Successful therapeut~c management of 
HIV-1 infection and the  assoc~ated acquired 
immunodeficiency syndrome (AIDS) may 
be ach~eved  by antiviral strategies targeted to  
retroviral features that are highly conserved 
and thus ~llutationally intolerant. Sequence 
analysis of retrc~v~ral components has re- 
vealed a highly conserved structural motif, 
termed the retrov~ral-type zinc finger, that is 
arranged in  a pep t~de  segment Cys-X,-Cys- 
X4-His-X4-Cys (CCHC; X, any ammo acid) 
and coordinated ti) zinc (1,  2) .  T h e  chelating 
residues ( 3  Cys, 1 His) and the spaclng of the 
zinc flnger array are absolutely conserved 
among all known lentiretroviruses and on- 
cornoretrov1ruses, and mutations in the zlnc- 
chelating resldues result in noninfectious vi- 
rus (3). Two such CCHC-type zinc fingers 
are contained within the  HIV-1 p7 nucleo- 
capsid (p7NC)  proteln, a maturational prod- 
uct of the Pr5 iX"%nd Pr 1 60"'"-''"' precursor 
polyproteins. Withln the  precursor polypro- 
teins the fingers function in packaging of 
viral genomic R N A  into progeny virions, 
whereas the same zinc fingers of the  pro- 

cessed p7NC function in a n  early phase of 
retroviral infection (3, 4) .  

T h e  nucleophilic CCHC zinc finger do- 
nates electrons to  the  C-nltroso group of 
3-nitrosobenzamide and certain other elec- 
trophilic groups (5),  resulting in modiflca- 
t lon of the zinc-coordinating cysteine thio- 
lates, ejection of zinc from the  array, and 
inactivation of HIV-1 infectivity. Hence, 
electrophilic disulfide-substituted benz- 
arnides (DIBAs) discovered as active 
against HIV-1 by the  National Cancer In- 
stltute's drug screening program were iden- 
tified as potential zinc finger-reactive c o n -  - 
pounds. Molecular structures of flve of the  
DIBA-type compounds are shown in Fig. 1. 
DIBA-1 and DIBA-2 are closely related 
congeners differing by only a single acetyl 
group, and DIBA-3 is a low molecular 
weight derivative of DIBA-1. DIBA-4 1s a 
coneener of DIBA- 1 In which rhe b-arnlno- 
phenyl sulfonamlde molety has been re- 
 laced w ~ t h  a ~ ~ - 1 s o 1 e u c 1 n e  resldue, and 
DIBA-5 is a para-para positional lsomer of 
DIBA-1 in which the  spatial relation be- 
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tween the iiisulfiLie anil the lxn:amide llas 
heel1 moditieLl. 

As shown in Table 1, DIBA-1 xas active 
against HIV-lRF in the ilnitial CEM-SS cell- 
based screen \\?it11 a meilian effective con- 
centration (EC,,) of 1.3 yh l ;  n o  cellular 
toxicity was obsel-veil at  220 yM. DIBA-2 
(EC,, = 1.5 p M ) ,  DIBA-3 (EC,, = 0.4 
y M ) ,  anii DIBA-4 (EC,, = 1.9 p M )  ex- 
11ibiteLi ; ~ n t i ~ i r a l  activity e s s e ~ ~ t i a l l ~  eiluiva- 
lent to that of DIBA-1, and DIBA-5 was 
not active. DIBA-I, -1, -3, anL{ -4 inhibited 
all other strains of HIV-1 tested (Table 1 ), 
including those selected for resistance to 
3'-asi~1o-~',3'-diileosyt11~111iii111e [AZT, nu- 
cleosiLie ~nhibi tor  of reverse transcriptase 
(RT)] ,  pyridinone, or nevirapi~ne [non- 
nucleosiiie R T  inhibitors (NNRTIs)].  T h e  
compounds also inh~hiteil  infection by a 
panel of cli~lical isolates of HIV-1 in human 
peripheral blood lymphocyte (PBL) cul- 
tures, monocytotropic strains of HIV-l in 
monocvte-macrophage (Mono/Mb) cul- 
tures, a n ~ i  by HIV-1 and simian ~m~nunoi ie -  
ficiency virus (SIV). T h e  connbination of 
DIBA-1 and AZT resulted in a n  enhalnced 
cytoprotective effect of -72% (6), as com- 
pared with the synergistic actions of AZT 
\\?it11 NNRTIs that typically ilemonstrate 
ellhanced antiviral effects in the range of 10 
to 50% (73. Synergy was observed with each 
of the active DIBA compounds in combi- 
nation with AZT,  1',3'-~ii~ieoxycytiili~ne 
(DDC) ,  various NNRTIs, or the KNI-172 
protease inhibitor (8). 

ALiilition of DIBA compoun~is to cul- 
tures of chro~lically infected H9IHIV-lSK1 
cells resulted 111 co~ice~i t ra t lon-depe~~clel~t  
reductions in the productio~i of v1rlon-asso- 
ciatecl R T  ac t i~ l ty ,  p24, and infectious virus 
(Fig. 2A).  Likewise, addition of UIBA-1 to 
cultures of latentl\- mfected C 1  or A C H 2  
cells hefore stilnulation with tumor necrosis 
factor-a (TKF-a) ,  interleukin-6 (IL-6), or 
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phorhol 12-myristate 13-acetate (PMA)  C ) .  Addition of various colncentrations of 
also I-esulted in inhihition of late phase DIBA-1 to cultures of 5 X 10'' U 1  cells that 
virion proiluction (note the decreaseil had been prestimulated with TNF-a  (5 ng/ 
amounts of supernatant R T  in Fig. 2, B and 1111) for 14 hours also resulted in a dose- 
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Fig. 1 (left). Molecular structures of the d'sulfide-subst~tuted benzam~de (DIBA) compounds. 
Fig. 2 (right). Effects of DBA-1 on the late phase of the HV-1 lnfectous cycle. (A) Chron~cay Infected 
H9IHlV-I,, cells (1 7) were cultured n the presence of DBA- I  , and c e f r e e  supernatants were analyzed 
for virus content by RT assay and p24 levels. nfectous titers in the supernatant were quantitated by the 
HeLa/CD4/HlV-1 LTR/p-Gal system as described (7). Latently Infected U1 cells (6) and ACH2 cells (C) 
(22) were pretreated w~ th  20 /AM DIBA-1 for 1 hour before the addton of TNF-a (1 00 U/ml), L - 6  (I 00 
U/ml), or 10 nM PMA, and after 72 hours the culture supernatants were analyzed for virus content by RT 
assay. 

Table I. Range of antivral acton of DBAs Anti-HVstudies w th  lymphocyte-derived cell n e s  were done 
w~ th  the XTT cytopathicty assay (21) Data are presented as the percent control of XTT values for the 
unnfected, drug-free control EC-, values reflect the drug concentration that provides 50% protection 
from the cytopathic effect of the vlrus. Antvral assays w th  fresh human PBLs and Mono/Mb cultures 
were done as descr~bed (5, 171, EC,, values for these cultures indicate the drug concentration that 
prov~ded a 50% reduction in viral p24 product~on S and NSI, syncyi~a-inducing and nonsyncytia- 
Inducing stra~ns of HV-1 , respectvely. AZTR, PyrP, and Nevp ~ndcate  strans of HIV-1 that are res~stant 
to AZT, pyridnone, or nevirapne, respectively. 

EC,, (PM) 
Cell type Vrus stran 

DBA-1 DBA-2 DBA-3 DIBA-4 

CEM-SS 
CEM-SS 

MT-4 
MT-4 
CEM-SS 

PBL 

Mono/M& 
GEM-SS 
GEM-SS 

0 6 
2 2 

Cltntcal isolates 
3.5 
0 3 
3 6 
4 0 
Other 

5 8 
1 6  

14 6 
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dependent decrease in virion-associated 
p24 production, and a 50% decrease was 
observed with 5.7 (JLM DIBA-1. DIBA-2, -3, 
and -4 were similarly active, whereas 
DIBA-5 was inactive, and evaluation of 
AZT and dextran sulfate revealed no inhib
itory effects on the Ul and ACH-2 cellular 
systems (8). Thus, the DIBA-type com
pounds effectively blocked production of 
virus from previously infected cells by in
hibiting an event during the late phase of 
infection. 

Coordination of the p7NC CCHC mo
tifs with zinc results in intrinsic fluores
cence because of exposure of a tryptophan 
residue in the second finger to the aqueous 
environment (2). Consequently, ejection of 
zinc from the fingers can be detected by 
measuring the quenching of this fluores
cence. The fluorescence intensity of puri
fied P7NC (363.8 ± 7.9, mean ± SD; n 
= 3) was readily quenched after 30 min by 
DIBA-1 (81.0 ± 1.4) and DIBA-2 (38.3 ± 
0.5), and less so by DIBA-3 (233.3 ± 3.7) 
and DIBA-4 (216 ± 5.4), but DIBA-5 
(357.3 ± 5.2 ) was unreactive, as was AZT 
(9). These data indicated that only those 
DIBA compounds with antiviral activities 
evoked the release of zinc from the fingers. 

The chemical mechanism of action of 
the compounds on the zinc finger was fur
ther investigated by analysis of the reaction 
products by high-performance liquid chro-

p7NC 

DIBA-5 

Monomer 

DIBA-1 

DIBA-2 

DIBA-3 

DIBA-4 ^ -

B + (3-Me 

Fig. 3. Actions of the DBAs on the HIV-1 p7NC 
protein zinc fingers. The p7NC protein was diluted 
to 40 ixg/ml in 10 mM sodium phosphate buffer (pH 
7.0), treated with 25 |JLM of each DIBA compound, 
and the products of the reaction analyzed by re-
versed-phase HPLC on a Waters |x-Bondapak 
C-18 column. Elution positions for the reactants 
and products are indicated: p7NC resolved in peak 
A and p7NC products from the reactions resolved 
in peak B. Shaded areas indicate the protein-
aceous material. DIBA-3 and -4 yielded mixed di
sulfide covalent adducts that influenced the chro
matographic character of the modified protein; de
pending on the reaction conditions, mixed disul
fides could also be observed with DIBA-1 and -2. 

matography (HPLG) separation (Fig. 3). 
Only the DIBA compounds that inhibited 
HIV-1 replication (but not the inactive 
DIBA-5 isomeric congener) elicited a de
crease in the amounts of native p7NC pro
tein (peak A) and a concomitant produc
tion of a new protein (peak B). Protein that 
eluted in peak B was reduced with 2-mer-
captoethanol and reanalyzed by HPLC; it 
eluted as p7NC, indicating that the zinc 
finger cysteine thiolates of the p7NC in this 
peak had become cross-linked by disulfide 
bonds. A preparation of fully reduced mo-
nomeric DIBA, formulated by reduction of 
dimeric DIBA-1 with 2-mercaptoethanol, 
was unreactive with the zinc finger. These 
findings differ fundamentally from the ef
fects of antioxidants, which exert antiviral 
effects only when added to cultures in mil-
limolar concentrations and in their reduced 
form (10). 

To determine whether the DIBA com
pounds could also gain access to and inter
act with the p7NC protein sequestered 
within the enveloped virion, we treated 
sucrose gradient-purified HIV-1 with each 
compound, followed by SDS-polyacrylam-
ide gel electrophoresis (PAGE) separation 
of the viral proteins under nonreducing 
conditions and immunoblot analysis for the 
p7NC protein. Compounds that ejected the 
zinc from the p7NC protein (DIBA-1, -2, 
-3, and -4) resulted in intermolecular disul
fide bond formation among the cysteine 
thiolates of the viral p7NC proteins, caus
ing the p7NC protein to resolve as an ag
gregate (11), and cross-linkage of the virion 
p7NC correlated with the ability of the 
compounds to inactivate HIV-1 infectivity 
in a concentration-dependent manner (12). 
Furthermore, mechanistic studies deter
mined that the antiviral mode of action of 
DIBAs correlated with a specific attack on 
the zinc fingers but not with inhibition of 
virion attachment, RT, or protease (13). 

We have previously isolated resistant mu
tants by coculture with nucleoside RT inhib
itors (3TC) (14), various NNRTIs (such as 
nevirapine, thiazolobenzimidazole, and ox-
athiin carboxanilide) (15), protease inhibi
tors (KNI-272) (16), and inhibitors of viral 
attachment and fusion (cosalane) (17) with
in three to six passages (~2 months in cul
ture). However, attempts to isolate mutants 
resistant to the DIBA compounds from HIV-
1-infected cultures have been unsuccessful 
after more than a year in passage. 

Pharmacokinetic studies in mice revealed 
that DIBA-1 and DIBA-2 were rapidly elim
inated from plasma after intravenous injec
tion, and systemic availability upon oral dos
ing proved to be negligible (<0.5%) for both 
compounds. DIBA-3 was not considered a 
viable candidate for development because of 
its poor chemical stability under physiologic 
conditions. However, DIBA-4 did exhibit 

appealing oral bioavailability properties. A 
single oral dose of 250 mg per kilogram of 
body weight, which appeared to be well tol
erated by the mice, provided a peak total 
drug concentration (18) of 103 (JLM in plas
ma at 34 min after administration. Thereaf
ter, plasma concentrations decreased slowly, 
remaining within the range effective against 
HIV-1 in vitro for at least 12 hours. Analysis 
of the plasma profile suggested that the ab
sorption of DIBA-4 was complex, being nei
ther a purely first-order nor zero-order pro
cess. The systemic availability of oral 
DIBA-4 was 39.8% (19). 

The retroviral CCHC zinc finger motif 
stands as a rare conserved feature against a 
background of extreme variation among 
retroviral components (20). Albeit this fact 
suggests that mutational circumvention of 
reagents that selectively target the retrovi
ral zinc finger may be difficult for the virus 
to achieve, only long-term studies of infect
ed cultures and clinical experience with the 
DIBA-type compounds can fully address 
this issue. Nevertheless, our studies should 
provide a powerful impetus for utilization of 
the zinc finger as an antiretroviral target, 
and this concept should be included in 
strategies for the development of effective 
drugs for the treatment of HIV infection 
and other retro virus-based diseases. 
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Prevention of SIV Infection in Macaques by 
(R)-9-(2-Phosphonylmethoxypropyl)adenine 

Che-Chung Tsai," Kathryn E. Follis, Alexander Sabo, 
Thomas W. Beck, Richard F. Grant, Norbert Bischofberger, 

Raoul E. Benveniste, Roberta Black 

The efficacy of pre- and postexposure treatment with the antiviral compound (R)-9-(2- 
phosphonylmethoxypropyl)adenine (PMPA) was tested against simian immunodeficiency 
virus (SIV) in macaques as a model for human immunodeficiency virus (HIV). PMPA was 
administered subcutaneously once daily beginning either 48 hours before, 4 hours after, 
or 24 hours after virus inoculation. Treatment continued for 4 weeks and the virologic, 
immunologic, and clinical status of the macaques was monitored for up to 56 weeks. 
PMPA prevented SIV infection in all macaques without toxicity, whereas all control 
macaques became infected. These results suggest a potential role for PMPA prophylaxis 
against early HIV infection in cases of known exposure. 

A11 urgc11t 11ecd for ne\Lr antiretrovlral 
drugs has become evident as more people 
\vorldn.iiie are exposed to and bccolne In- 
fecteci a i t h  HIV. Currently, 3'-arido-3'-cle- 
oxythymidine (AZT;  also called z~docu-  
dine) is the  lllost \viiiely used antiviral agent 
in both single ancl combinat~on strategies 
for the treatment of acquired i~nmunodefi- 
ciency syn~lrome (AIDS).  U n f i ~ r t u n a t e l ~ ,  
AZT has limited efficacy against HIV in- 
fection, ancl treatlilellt can lead to drug 
toxicity and the emerilence ofdru~-resistant 
strains of the  virus ( I  ). Drl~gs that are more 
efficacious and less toxic than AZT are 
clearly neeclcd. 

Several acyclic nucleosicie phospho~late 

C.-C Tsa~, K E Foll~s. A Sabo T W Beck, P F. Gralit, 
Un~vers~ty of \W!ash~ngton Peg~onal Pr~mate Research 
Center, Seattle. WA 981 95, USA 
N. Blschofberger, G ~ e z d  Sciences. Foster C~ty ,  CA 
94404. USA 

analogs h s ~ ~ e  been developed that exhibit ac- 
tivity against retro\,iruses in \,itso (2) .  Initial 
phosphorylatio~~ is not rcijuircd for activation 
of these reT7erse transcriotase inhibitors, and 
therefore they may ha\,e ac t i~~ i ty  in a wider 
range of cell types as compared a i t h  AZT 
( 2 ,  3) .  O n e  of these compouncls, 9-(2-phos- 
p l~ony11 i~e thoxye t l~y l )ac Ie~~ i~~e  (PIVIEA), has 
sho~vn  efficacv aoainst SIV in macagues hut , ~, 

\+-it11 milcl-to-moderate toxic slde effects in 
the form of skin lesions (3-5). A related acy- 
clic nucleosicle phosphonatc, (R)-9-(2-phos- 
pl~(>nylmethoxypr~jpyl)il~le~~i~~e (PbfPA), has 
shoun potent in vitro efficacy against HI\'-1 
and IVIolo11ey murlne sarcolila cirus (6), as 
well as SI\' (Table 1).  These in citro results 
prolllpteJ us to clcsigll an efficacy study of 
PhlPA against SI\' in macaques as a model for 
c~~aluat ing HIV therapies (7). 

Thirty-fi1.e age-matcheii, nai'\,e, ju\,e- 
rille, long-talled macaques (Macclccl fascictl- 

P E Benven~ste. Nat~onal Cancer nst'tute. Freder~ck jilris) lloused indi\,idllally a biolog. 
MD 21701. USA 
P, Black, Dlvlslon ofAIDS, National lnstltuteofAllergy and ica1 safety l e ~ ~ e l  3 anilnal facility (8). Each 
Infectlous D~seases, National ns t~ t~ l tes  of Health Be- macaque was inoculated in t ra~cnously  a i t h  
tiiesda MD 2C852 USA 1 1111 of a 12' cell culture infectious dose 
'To whom correspo~idence should be adc~ressed (equivalent to 1C till~es the SC0/6 monkey 
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