
cells possess two anterior margins. The dor- 
sal-ventral polarity of wild-type egg cham- 
bers is specified by the localization of 
gurken mRNA to the dorsal-anterior comer 
of the oocyte, adjacent to the nucleus (Fig. 
3G) (21). In bipolar oocytes, gurken 
mRNA still accumulates above the nucleus, 
regardless of which end of the cell it lies 
(Fig. 3H). The localization of gurken tran- 
scripts therefore seems to be directed by the 
uosition of the oocvte nucleus and is not 
hependent on the duplicated microtubule 
cytoskeleton that localizes bicoid and oskar 
mRNAs. 

O n  the basis of our observations, we 
propose that AP polarity in Drosophila orig- 
inates with the movement of the oocyte to 
the posterior of the germline cyst, a process 
that requires the products of the spindle-C, 
dicephalic, and armadillo (22) genes, and at 
least three other loci on the third chromo- 
some (23). This initial arrangement of the . , - 
germline cells then determines all subse- 
quent events in the establishment of ante- 
rior-posterior asymmetry in the egg cham- 
ber. To reconcile this model with the role of 
the follicle cells in the localization of ma- 
temal mRNAs in the oocyte, we suggest 
that the oocyte first induces posterior fate 
in the adjacent polar follicle cells, and that 
these follicle cells then signal back to the 
oocyte to reorganize the microtubule cy- 
toskeleton, thereby defining AP polarity 
(Fig. 4). When this signaling fails, either as 
a result of the misulacement of the oocvte 
or a lack of somatic components required 
for the acauisition of follicle cell fate (8). , , ,  

the oocyte develops two anterior ends. 
Thus, like dorsoventral axis formation (24). , , ,  

the generation of anterior-posterior polarity 
involves signaling from the germ line to the 
somatic follicle cells, and from the follicle 
cells back to the germ line. 
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An AIDS-Like Condition Induced in 
Baboons by HIV-2 

Susan W. Barnett, Krishna K. Murthy, Brian G. Herndier, 
Jay A. Levy* 

Six baboons (Papio cynocephalus) were intravenously inoculated with the human immu- 
nodeficiency virus-type 2 (HIV-2) strain HIV-2,,,. All seroconverted within 6 weeks after 
inoculation~five animals became persistently infected. Four developed lymphadenopathy, 
and.three of the animals had CD4+ T cell loss within 18 to 24 months after inoculation. 
One of these baboons, showing severe clinical symptoms, showed at necropsy wide- 
spread dissemination of virus with follicular depletion in the lymph nodes, extensive 
fibromatosis involving lymphoid and nonlymphoid tissues, and lymphocytic interstitial 
pneumonitis. Another animal is cachectic and exhibited lymphoid follicular lysis and 
fibrous skin lesions. Other baboons inoculated with a second strain, HIV-2,,,,, have 
shown evidence of persistent infection. HIV-2 infection of baboons provides a valuable 
animal model for studying HIV persistence and pathogenesis and for evaluating ap- 
proaches to antiviral therapies. 

Despite advances in our understanding 
of acquired immunodeficiency syndrome 
(AIDS) and its etiologic agents HIV-1 and 
HIV-2, there is no well-established animal 
model to study potential therapies and 
vaccines for HIV-induced diseases. Of the 
nonhuman primates, the chimpanzee (1 ) 
and the pig-tailed macaque Macaca nem- 

estrina ( 2 )  are the major species suscepti- 
ble to HIV-1 infection. Apart from some 
symptoms of acute infection observed in 
the macaque model, in neither of these 
systems have animals developed signs of 
disease. In the case of the chimpanzee, this 
fact, together with their endangered spe- 
cies status and cost (3), makes their clin- 
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titularly India (5). T h e  HIV-2 subtype of 
human immunodeficiency viruses is mo- 
lecularly and serologically distinct from 
HIV-1 strains. T h e  two subtypes share 
only about 40% amino acid identity in  
their Env surface glycoproteins. In fact, 
HIV-2 strains appear to  be more closely 
related to  simian immunodeficiency virus 
(SIV) strains recovered from sooty man- 
gabys in West Africa (SIV,,) and captive 
macaques (SIV,,,) (6) .  

The  most promising animal models pres- 
ently being evaluated for studies of HIV 
pathogenesis and antiviral approaches are 
rhesus macaques infected with SIV,,, 
strains (7) and SIV,,,/HIV-1 chimeras (8). 
Nevertheless, despite the close relatedness 
of certain SIV and HIV-2 strains, results 
obtained with these SIV-based models may 
not be directly applicable to infection with 
a human lentivirus. In other models, HIV-2 
infection of various macaque species has 
also been studied (9). but the virus showed , ,, 

pathogenicity only after serial passage 
through M,  nemestrina ( 10). Therefore, a n  - ~, 

important need exists for a reproducible and 
affordable animal model of viral ~ersistence 
and pathogenesis that can use various HIV 
strains to test ~ossible  vaccine and antiviral 
strategies. W e  show here that persistent in- 
fection of baboons can be readily achieved 
with diverse strains of HIV-2. In addition, 
some of the infected animals have exhibited 
symptoms and diseases analogous to those 
observed in HIV-infected humans. 

Early pilot studies in our laboratory sug- 

gested that in vitro infection of nonhuman 
primate peripheral blood mononuclear cells 
(PBMCs) with HIV strains was predictive of 
successful infection in vivo (1 1). Two 
HIV-2 strains from CBte d'Ivoire (HIV-2Uc2 
and HIV-2ua, referred to here as UC2 and 
UC3) (12) readily infected cultured baboon 
PBMCs and produced persistent infection in 
these same animals. Of the two viral strains, 
UC2 appeared to induce the longest period 
of persistent infection (for example, baboon 
8198) (Table 1). For almost 4 years, begin- 
ning at  18 months after inoculation, this 
baboon has had persistent viremia and has 
exhibited a continuous decline in total 
CD4+ T lymphocytes (Fig. 1A). 

O n  the basis of these findings, we chose 
to inoculate additional baboons with the 
UC2 strain and to seek other HIV-2 iso- 
lates for animal inoculation. After we per- 
formed in vitro prescreening in baboon 
PBMCs, we identified two other HIV-2 
strains, UC12 and UC14 (13) ,  that also 
grew efficiently and consistently in  cul- 
tured baboon PBMCs. The  UC2 strain 
grew well in  the PBMCs of 13 out of 13 
(100%) of the baboons tested; UC12 grew 
in 11 out of 13 (84.6%) and UC14 in 13 
out of 13 (100%). 

Four additional baboons (9168, 9206, 
9429, and 8387) were given a n  intrave- 
nous inoculation of approximately 5000 
median tissue culture infectious doses 
(TCID,,) (measured in human PBMCs) of 
UC2. Within 2 weeks of virus inoculation, 
all four of these animals developed wide- 

spread lymphadenopathy (Table I ) ,  which 
persisted for a t  least 20 weeks. A t  1 year 
after inoculation, lymph node sections 
taken from one animal, 9206, revealed a 
mixed cellular hyperplasia that included 
follicular hyperplasia, paracortical hyper- 
~ l a s i a ,  and infiltration of the medullarv 
cords with plasma cells. Follicular hyper- 
plasia is also commonly observed during 
the early stages of HIV and SIV infections 
(14). 

Infectious virus was recovered from the 
PBMCs of all four UC2-inoculated baboons 
as early as 2 weeks after inoculation. Posi- 
tive virus cultures were repeatedly demon- 
strated in three of the animals (9206, 9429, 
and 9168) (Table 1; Fig. 1, B and C). The  
PBMCs from the fourth animal. 8387, were 
shown to harbor provirus as late as 44 weeks 
after inoculation as determined by DNA 
polymerase chain reaction analysis (IS). Se- 
roconversion was observed in the baboons 
at 4 to 6 weeks after virus inoculation (Ta- 
ble 1; Fig. 1, B and C).  Protein immunoblot 
analvsis of sera from three of the UC2- 
infected baboons showed reactivity to  all 
the major HIV-2 viral proteins within 12 to 
20 weeks; the other baboon (8387) demon- 
strated only limited reactivity to p27 Gag 
protein. 

Starting at  about 65 weeks after inoc- 
ulation, a dramatic loss of CD4+ T lym- 
phocytes was observed in baboon 9429 
(Fig. 1B). During the next 6 months, this 
animal's total CD4+ T cells dropped from 
a n  average of 2000 cells/mm3 to only 600 

Table 1. HIV-2 inoculation of Papio cynocephaius baboons. The animals used in these studies were young aduit baboons (4 to 9 years old), Subspecies 
des~gnations are PCA, Papio cynocephalus anubis; PCH, Papio cynocephalus hamadrayas; and PCX, Papio cynocephalus anubis/cynocephalus. Persistent 
infection indicates positive virus cultures from the PBMCs at almost all time points (>go%); intermittent virus isolation indicates positive virus cultures at more 
than one time point after acute infection (0 to 20 weeks) and at least one positive isolation within the last 4 months; transient isolation indicates virus recovery 
only during acute infection. Methods are as described (25). 

Inoculation 
date 

Baboon 
(subspecies) ~nfection status (duration) Clinical status 

(time of initial signs) 
- 

9/16/88 81 98 (PCA) 

1/23/92 9429 (PCH) 

9206 (PCH) 

91 68 (PCH) 

8387 (PCX) 

7796 (PCH) 

851 3 (PCX) 

8570 (PCH) 

8594 (PCH) 

UC2 

UC2 

UC2 

UC2 

UC2 

Control 

UC14 

UC14 

UC14 

- - - -- 

Persistent infection (6 years) 
Seropositive (6 years) 
Persistent infection (2 years, 2 months) 
Seropositive (2 years, 2 months) 

Persistent infection (>2.5 years) 
Seropositive (>2.5 years) 

lntermittent virus isolation (>2.5 years) 
Seropositive (>2.5 years) 
Transient virus isolation (2 weeks) 
Seropositive (>2,5 years) 
Uninfected 
Seronegative 
Transient virus isolation (2 weeks) 

Plasma viremia (2 weeks) 
Seropositive (>I .5 years) 
lntermittent virus isolation (>I .5 years) 
Plasma viremia (2, 6, and 8 weeks) 
Seropositive (>1.5 years) 
lntermittent virus isolation (>I .5 years) 
Seropositive (>I .5  years) 

CD4+ cell decline (1 8 months) 

CD4+ cell decline (1 6 months) 
Lymphadenopathy (2 weeks) 
AIDS-like syndrome (28 months) 
CD4+ cell decline (28 months) 
Lymphadenopathy (2 weeks) 
AIDS-like syndrome (32 months) 
Lymphadenopathy (2 weeks) 

Lymphadenopathy (2 weeks) 

Transient CD4+ cell decline (4 to 
8 months) 

SCIENCE VOL. 266 28 OCTOBER 1994 643 



cells/mm3, and its CW+/CD8+ cell ratio 
decreased from an average of 1.5 to 0.3. 
Dung  the same time period, the uninfected 
control baboon 7796 exhibited an average of 
about 1600 CD4+ cells/mm3 with a CW+/ 
CD8+ cell ratio of about 1.6. Moreover, 

4000 
A 
8198 -A- CD4+ cells 

Months aner inoculation 

Fig. 1. Total CD4+ cells were measured, and virus 
isolations were performed as described (25). 
HIV-2-specific antibody (Ab) titers are expressed 
as the highest dilution of plasma that gave a pos- 
itive result. HIV-2 antibody amounts were mea- 
sured with the Detect HIV1/2 antibody ELlSA kit 
(Coulter, Hialeah, FL). "+" indicates positive virus 
culture; "-," negativevirus culture. (A) CD4+ cell 
decline in one long-term UC2-infected baboon, 
81 98. The infection of this animal has been previ- 
ously described (1 1). (B) Infection of baboon 9429 
with UC2 resulted in a dramatic loss of CD4+ 
cells, high HIV-2-specific antibody titers, and fre- 
quent recovery of virus from the PBMCs. (C) In- 
fection of baboon 9206 with UC2 resulted in a 
decline in CD4+ cells, high antibody titers, and fre~ 

approximately 2 years after inoculation with 
UC2, baboon 9429 had cachexia, marked 
lymphadenopathy, hepatosplenomegaly, 
lymphocytopenia, thrombocytopenia, severe 
anemia, skin lesions, and ulcerative gingivi- 
tis that did not respond to antibiotic treat- 

4000 
B 

9429 
250.000 

-A- CD4+ cells 
--c-- Ab titer 

Virus: 1-++.-+ +++++++ - +++ + +++++++ 
(PBMCs) Weeks after inoculation 

4000 
C 

250.000 
9206 -A- CD4+ cells 

--c-- Ab titer 

Fig. 2 Histological examination of tissues recovered 
from HIV-2-infected baboon 9429 at necropsy (mag- 
nification x40). (A) Follicular lysis in the lymph node of 
baboon 9429 recovered at necropsy (hematoxylin 
and eosin stain). The germinal center shows lymphoid 
depletion and disruption of the follicular dendritic net- 
work, both characteristic of HN infection. (6) Lymph 
node at lower magnfication showing extensive fibro- 
sis. A prominent proliferation of mesenchyrnal cells 
was observed in the lymph nodes (and other tissues). 
This fibromatous tumor did not stain for factor WII 
(endothelii cell marker), S100 (neuroectoderm), or 
keratin (epithelial cell marker). The tumor did stain 
positive for the myofibroblast marker, smooth muscle 
actin (SMA; reagents supplied by Dako, Sunnyvale, 
CA) (26). That smooth muscle cells are the origin for 
Kaposi's sarcoma-derived cells has been proposed 
(27). lmmunohistochemical staining with HIV-2, 
gp130 antibody and HIV-1 p24 antibodies (Abbott 
Laboratories, Chicago, IL) did not reveal any virus in 
the fibromatous tumor. (C) Vasocentric fibroblastic 
tumor in lymph node. The distribution of the prolier- 
ation is primarily vasocentric and appears to follow 
the sinusoidal architecture of the lymph node with 
frank tumor nodules in paracortical regions of the 

Virus: +-+++-  +++++++- +++ +++ +++++ 
(PBMCs) Weeks after inoculation 

quent recovery of virus from the PBMCs 

ment. This animal was subsequently killed, 
and its tissues were examined at necropsy. 
Total peripheral CW+ lymphocytes at the 
time of necropsy were at 275 cells/mm3. 

Histopathologic examination of the 
lymph nodes of animal 9429 revealed evi- 
dence of follicular lysis and paracortical cell 
expansion (Fig. 2A). Immunohistochemical 
staining with B cell-specific antibody to 
CD20 demonstrated lymphoid depletion in 
the germinal centers of the lymph nodes 
from this animal. Follicular depletion is 
characteristic of the later stages of HIV- 
and SIV-induced disease in humans and 
macaques, respectively (14). Loss of the 
function of the follicular dendritic cell net- 
work could lead to increased viremia in the 
blood and rapid progression to disease in 
HIV-infected individuals ( 16). This patho- 
genic process could explain the relatively 
high levels of infectious virus found in the 
PBMCs of HIV-2-infected baboon 9429 
just before and at the time of necropsy 
(Table 2). 

The percentages of CW+ cells in the 
lymph nodes of baboon 9429 were dramat- 
ically reduced as compared to those of the 
other infected animals and the uninfected 
control (Table 2). This reduction was ob- 
served at 3 weeks before and at the time of 
necropsy. In macaques infected with SIV, a 
decline in lymph node CW+ cells is not 
generally observed unti l  the final stages of 
disease when circulating CD4+/CD8+ cell 
ratios have fallen to 0.5 or below. This 
observation is believed to be indicative of 
the immunological deterioration of the 
lymph node that eventually leads to in- 

nodes. This finding supports the origin of the tumor 
from myofibroblast cells of the vessel wall. @) Lymphocytic interstitial pneu- were observed. Small parabronchial germinal centers consisting of B cells 
monitis (LIP) as shown in lung tissue. In a t i i s e  infiltration of alveolar septa were identified with CD20 antibodies. These histologic findings can be seen in 
with T cells (positive to CD3 antibodies), occasional B cells and plasma cells LIP in children (79). 
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creased susceptibility to infections and pro- 
gression to simian AIDS (SAIDS) (17). A 
similar course of events appears to have 
occurred in baboon 9429. 

It is noteworthy that extensive fibrosis 
was observed in the skin, lymph nodes, 
thyroid, and pancreas of baboon 9429 (Fig. 
2, B and C). This condition appears to be 
a n  abnormal hyperplasia characterized by 
vasocentric proliferation of fibroblast-like 
cells in the tissues. This type of tumor has 
not been reported previously in  baboons. A 
similar fibrosis (retroperitoneal fibromato- 
sis) has been described in macaques with 
SAIDS associated with infection with the 
simian retrovirus SRV-2 (18). The  condi- 
tion in the macaques has been considered 
analogous to Kaposi's sarcoma in HIV-in- 
fected humans. Serologic evaluation of ba- 
boon 9429 showed n o  evidence of infection 
with STLV or SRV-2 (Virus Reference 
Laboratory, San Antonio, TX). Moreover, 
PBMC cultures from all animals before 
HIV-2 inoculation showed n o  evidence of 
preexisting retroviral infections as measured 
by reverse transcriptase activity in culture 
supernatants. 

Histopathologic examination of lung 
tissue from animal 9429 showed evidence 
of lymphocytic interstitial pneumonitis 
(Fig. 2D). This disease is characterized by 
CD8+ lymphocyte infiltration of the lung 
and is common in HIV-infected children 

(19). This disease alone could have been 
fatal to  this animal if it had not  been 
killed. 

Finally, lymph node cells (LNCs) and 
PBMCs taken from baboon 9429 at 3 weeks 
before and at  the time of necropsy had 
appreciable virus loads relative to the other 
infected animals (Table 2). Virus was iso- 
lated from the cells of all lymphoid tissues 
examined, including mesenteric, axillary, 
mediastinal, and cervical lymph nodes, 
spleen, bone marrow, and PBMCs. Just be- 
fore the animal was killed, 1 in 1000 
PBMCs and 1 in 1000 LNCs from it were 
found to harbor infectious virus. This 
amount represents about 1 in 160 infected 
CD4+ cells in these tissues at this time. 
These values are comparable to those ob- 
served during the later stages of HIV disease 
in humans (16, 20). Immunohistochemical 
examination has further shown viral gp130 
and p27 in macrophages in the lymph node, 
colon, and spleen. This widespread HIV-2 
infection of tissues in this animal is a n  
additional, feature that resembles end-stage 
HIV- and SIV-induced diseases in their re- 
spective hosts (21 ). 

Baboon 9206, another animal in  the 
same group of UCZ-infected animals, also 
demonstrated a noticeable decline in its 
CD4+ cells (and i n  its CD4+/CD8+ cell 
ratio) after 69  weeks (Fig. 1C). As ob- 
served in the case of animal 9429, this 

Table 2. Detection of HIV-2 in lymphoid tissues and PBMCs from infected baboons. LNCs were 
recovered from the inguinal (ing.), cervical (cerv.), mediastinal (med.), axillary (ax.), and mesenteric (mes.) 
lymph nodes at the indicated times after inoculation. We performed infectious center assays by coculti- 
vating these LNCs or baboon PBMCs at varying cell densities (1 O2 to 1 O6 cells) with 1 O6 PHA-stimulated 
human PBMCs in a 24-well plate, lnfectious center titers represent the lowest cell density of baboon cells 
that yielded a positive virus culture. "+" indicates a positive virus culture when 3 x lo6 cells were 
cocultured with human PBMCs; "-" indicates no virus recovery from a similar culture. Culture super- 
natants were monitored for virus at 3- to 7-day intervals with either the HIV-1 p24 ELlSA (Coulter, Hialeah, 
FL) or the RT assay (24). The percentage of CD4' cells was determined as described (25). 

Animal Virus Week Tissue lnfectious 
center titer 

CD4+ 
cells (%) 

Tissue specimens 
9429 UC2 111 LNC-ing. 1 o3 16.4 

PBMC 1 o3 16.0 
9206 UC2 119 LNC-ing. + 53.0 

PBMC 1 o5 29.4 
91 68 UC2 119 LNC-ing. - 42.0 

PBMC - 27.4 
8387 UC2 119 LNC-ing. - 58.0 

PBMC - 25.7 
8570 UC14 58 LNC-ing. 1 o3 55.0 

PBMC 1 O6 32.8 
7796 Control 11 1 LNC-ing. - 60.9 

PBMC - 51.2 
Necropsy specimens 

9429 UC2 114 Spleen + 1.97 
Thymus + 46.08 
LNC-cerv. 1 o5 15.36 
LNC-med. 1 o4 14.95 
LNC-ing. 1 o4 12.03 
LNC-ax. 1 o5 15.6 
LNC-mes. + 12.02 
PBMC 1 o3 10.94 
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decline appeared to correspond to a sharp 
rise in  HIV-2-specific antibody titers in  
this animal. Moreover, when examined at  
2 years and 8 months after inoculation, 
baboon 9206 was cachectic and had alo- 
pecia and multiple fibrous skin lesions 
similar to those observed in animal 9429 
(Table 1). Furthermore, a lymph node bi- 
opsy specimen taken from baboon 9206 at  
this time revealed evidence of follicular 
lysis. This animal appears to  be following a 
pathogenic course similar to  that observed 
for 9429. 

In  further studies evaluating the ba- 
boon as a n  experimental model of HIV 
infection, three additional baboons (8513, 
8570, and 8594) were inoculated intrave- 
nously with 10,000 TCID,, of H1V-2UC14 
(Table 1). Virus was recovered from all 
three animals up to 8 weeks after the 
inoculation. Moreover, in  two of these 
animals (85 13 and 8570), infectious virus 
was isolated from the cell-free plasma dur- 
ing acute infection, indicating extensive 
replication of UC14 i n  the  baboon. Virus 
was recovered from the PBMCs of each 
animal at week 2, and intermittently 
thereafter from baboons 8570 and 8594. In  
addition, a high titer of infectious virus 
was measured in the LNCs of animal 8570 
a t  week 58 (Table 2) .  All animals sero- 
converted in  2 to  4 weeks. T h e  successful 
infection of these baboons with a second 
genetically distinct strain of HIV-2 (22) 
lends support to  the potential usefulness of 
the baboon model for vaccine studies that 
require heterologous virus challenge. 

Studies now in progress involve serial 
passage of viruses from both UC2- and 
UC14-infected baboons into additional an- 
imals to select for viral variants that induce 
a more rapid pathogenic course. Blood was 
transfused from animals 9429 (UCZ-infect- 
ed) and 8570 (UCl4-infected) into each of 
two previously uninfected baboons. Both 
animals seroconverted, and virus has been 
recovered consistently from their PBMCs 
from 2 weeks to the present time (32 
weeks). Furthermore, one of these animals 
(UCZ-infected) showed plasma viremia and 
lymphoid hyperplasia in  the lymph no.de at 
week 8. The  lymph node of the other ani- 
mal (UC14-infected) also showed lymphoid 
hyperplasia and yielded virus by culture at 
this time. 

Here, we showed that baboons have 
been successfully infected with two differ- 
ent  strains of HIV-2. These infections have 
been characterized by frequent virus isola- 
tions from the PBMCs and lymph nodes, 
lymphadenopathy, plasma viremia, and 
high HIV-2-specific antibody titers. Our 
observations indicate viral persistence in 
most of these animals. In three cases, a 
decline in total CD4+ cells was observed at 
about 18 months after inoculation. In one 
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baboon with a high virus load in its PBMCs, 
widespread infection of lymphoid tissues, 
and a dramatic loss of CD4+ lymphocytes, 
clinical signs and symptoms including ex- 
tensive fibromatosis were observed. More- 
over, a second HIV-2-infected animal ap- 
pears to be following a similar clinical 
course. These features closely resemble 
those in human and simian AIDS. Al- 
though other investigators have shown that 
baboons are susceptible to infection with 
HIV-2 strains (23), our results show viral 
persistence and pathogenesis in this animal. 
HIV-2 infection of baboons thus offers a 
promising, reproducible, and affordable an- 
imal model for studies of HIV persistence 
and pathogenesis. This model is particularly 
important when protection against infec- 
tion, as well as disease development, must 
be assessed. 
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Design of a GC-Specific DNA Minor 
Groove-Binding Peptide 

Bernhard H. Geierstanger, Milan Mrksich, Peter B. Dewan,* 
David E. Wemmer* 

A four-ring h-ipeptide containing alternating imidazole and pyrrole carboxamides specif- 
ically binds six-base pair 5'-(A,T)GCGC(A,T)-3' sites in the minor groove of DNA. The 
designed peptide has a specificity completely reversed from that of the tripyrrole dista- 
mycin, which binds A,T sequences. Structural studies with nuclear magnetic resonance 
revealed that two peptides bound side-by-side and in an antiparallel orientation in the 
minor groove. Each of the four imidazoles in the 2 : 1 ligand-DNA complex recognized a 
specific guanine amino group in the GCGC core through a hydrogen bond. Targeting a 
designated four-base pair G.C tract by this synthetic ligand supports the generality of the 
2 : 1 peptide-DNA motif for sequence-specific minor groove recognition of DNA. 

Dur ing  the past decade, efforts to  alter 
the sequence specificity of naturally oc- 
curring small molecules that bind to the " 

minor groove of DNA have met with lim- 
ited success ( 1 ,  2) .  The  natural ~ roduc t s  . .  . 
netropsin and distamycin are N-meth- 
ylpyrrole-containing di- and tripeptides 
that bind in the minor groove at sites of at 
least four successive A-T  base pairs (1, 
3-6). Inspired by the x-ray structure of the 
1: 1 complex of netropsin with A,T-rich 
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DNA ( 4 ) ,  efforts were initiated to synthe- 
size ligands capable of recognizing G,C- 
containing sequences through specific hy- 
drogen bonding to the guanine amino 
group in the minor groove (7, 8) .  Initial 
attempts based on the 1 : 1 complex led to 
molecules with increased tolerance for 
G-C base pairs in the binding site, but not  
to high specificity (7). The limitations of 
this approach became apparerit when it was 
realized that two distamycin molecules could 
be combined side-by-side in the minor 
groove of DNA (9-1 1 ). The 2 : 1 binding 
mode had been observed for peptide analogs 
containing a single imidazole or pyridine 
ring, which bind sequences containing both 
A.T and G-C base pairs, emphasizing the 
importance of the sequence-dependent 
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