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Crystal Structure at 3.5 A 
Resolution of HIV-1 Reverse 

Transcriptase Complexed with an 
Inhibitor 

L. A. Kohlstaedt, J. Wang, J. M. Friedman, 
P. A. Rice, T. A. Steitz 

A 3.5 angstrom resolution electron density map of the HIV-1 reverse transcriptase het- 
erodimer complexed with nevirapine, a drug with potential for treatment of AIDS, reveals 
an asymmetric dimer. The polymerase (pol) domain of the 66-kilodalton subunit has a large 
cleft analogous to that of the Klenow fragment of Escherichia coli DNA polymerase I. 
However, the 51-kilodalton subunit of identical sequence has no such cleft because the 
four subdomains of the pol domain occupy completely different relative positions. Two of 
the four pol subdomains appear to be structurally related to subdomains of the Klenow 
fragment, including one containing the catalytic site. The subdomain that appears likely to 
bind the template strand at the pol active site has a different structure in the two poly- 
merases. Duplex A-form RNA-DNA hybrid can be model-built into the cleft that runs 
between the ribonuclease H and pol active sites. Nevirapine is almost completely buried 
in a pocket near but not overlapping with the pol active site. Residues whose mutation 
results in drug resistance have been approximately located. 

HIV reverse transcriptase (RT) is the tar- 
get of 3'-azido-deoxythymidine (AZT) and 
dideoxyinosine (ddI) , which are anti-AIDS 
drugs that function by terminating the 
DNA during its synthesis (1). Also, a class 
of non-nucleotide inhibitors of RT shows 
potential as less toxic drugs (2, 3). Howev- 
er, the effectiveness of all current com- 
pounds in the treatment of AIDS is limited 
by the toxicity of nucleotide analogues and 
by resistance mutations in the RT that 
render it insensitive to both classes of these 
inhibitors (4, 5). Because the structure of 
HIV RT is antici~ated to facilitate the 
design of new inhibitors that might prove to 
be effective drugs to control AIDS, many 
investigators have attempted with varying 
degrees of success to grow crystals of RT 
suitable for high resolution structural analy- 
sis (6, 7). We now report a 3.5 A resolution 
crystal structure of RT complexed with a 
non-nucleotide inhibitor derived from co- 
crystals that diffract to 3.1 A resolution (8). 

RT is a DNA polymerase that can em- 
ploy either RNA or DNA as a template, 
yielding either RNA-DNA hybrid or du- 
plex DNA products (7, 9). Although a few 
very weak amino acid sequence similarities 
between RT and other polymerases have 
been noted (1 0-1 7), the extent to which 
RT resembles the pol domain of the Esche- 
richia coli Klenow fragment, the only poly- 
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merase whose structure is established, has 
remained unclear. Also unknown is why 
this class of DNA polymerases has a high 
error rate compared to other DNA polymer- 
ases (18-20). The lack of an editing 3',5'- 
exonuclease activity associated with RT 
accounts for part of the decreased fidelity, 
but not all of it. 

The HIV RT is processed initially from 
the pol gene product as a 66-kD polypeptide 
that has both a pol and an RNase H (ribo- 
nuclease H) domain. Subsequent proteolytic 
cleavage of a homodimer of the 66-kD sub- 
units removes the RNase H domain from 
one subunit leaving a heterodimer contain- 
ing one 66-kD subunit (p66) and one 5 1-kD 
subunit (p51) (21). The p66-p51 het- 
erodimer appears to have only one pol active 
site, one RNase H active site, one tRNA 
binding site (22-24), and one Nevirapine 
binding site (25). The HIV RT catalyzed 
DNA synthesis is initiated in vivo by human 
tRNA? whose 3' end partially unfolds and 
forms 18 base pairs of duplex with the viral 
RNA primer binding site (26). While re- 
verse transcription from the viral genome is 
reported to require tRNA? and the gag 
protein (23), either E. coli tRNAY1" or 
human tRNA? can initiate reverse tran- 
scription by HIV RT alone provided the 3' 
end of the template terminates with an 
18-nucleotide (nt) primer binding site whose 
sequence is complementary to the 3' end of 
the appropriate tRNA (27). In the het- 
erodimer, the pol domain of p66 catalyzes 
the pol reaction while the same sequence in 

p51 does not (22, 24), making the role of 
p51 in the reaction unclear. We postulate 
that p5 1 forms part of the binding site for the 
tRNA primer as well as a portion of the 
template-primer binding site. 

We describe here the three-dimensional 
fold of the p66-p5 1 heterodimer of HIV RT 
derived from electron density maps calcu- 
lated at 3.5 A resolution. The dimer is 
asymmetric. The two subunits are not re- 
lated by a simple rotation axis; furthermore, 
the two pol domains have very different 
conformations in spite of having the same 
sequence. A cleft sufficient in size to ac- 
commodate A-form RNA-DNA hybrid 
runs between the RNase H and the pol 
active sites. Nevirapine (2), an inhibitor of 
HIV-1 RT, lies in a deep pocket adjacent to 
the anticipated pol active site but not over- 
lapping it. Portions of the pol domain of 
RT, including the catalytic site, have sim- 
ilar structures to those in Klenow fragment 
(KF), but the rest is completely different. 

Structure determination. HIV RT was 
purified (27) from an overexpression clone 
prepared by D'Aquila and Summers (28). 
Crystals were grown by vapor diffusion of a 
solution (6 to 8 mglml) of RT containing 
25 mM bis tris propane, pH 7.0, 50 mM 
(NH4),S04, 0.1 percent (wlv) P-octylglu- 
coside, 5 percent (vlv) glycerol, 7 percent 
(wlv) polyethylene glycol 8000, 0.01 per- 
cent sodium azide against a solution that 
was double in the concentration of all 
compounds except RT. Nevirapine was pre- 
sent in twofold molar excess over RT. Crys- 
tals belong to the monoclinic space group 
C2 with cell dimensions a = 223.5 A, b = 
70.2 A, c = 106.5 A, and P = 105.3 de- 
grees. One asymmetric unit contains a sin- 
gle p51-p66 heterodimer and a solvent con- 
tent of 64 percent by volume. X-ray diffrac- 
tion intensities were measured and pro- 
cessed with the use of Xuong-Hamlin 
multiwire area detector systems (29). Data 
were scaled and merged with the program 
SCALEPACK (30). Heavy atom deriva- 
tives were prepared by soaking crystals in 
solutions that contained the heavy atoms 
(Table 1). Additional high resolution data 
from both native and derivative crystals 
were measured on an R-axis imaging plate 
system (Molecular-Structure Corporation) 
and processed with the program DENZO 
(30). Although several heavy atom deriva- 
tives were obtained, many had binding sites 
in common but with varying occupancies 
(Table 1) (31-33). 

An electron density map calculated with 
multiple isomorphous replacement (MIR) 
phases revealed the molecular boundary, 
domain structure, and much of the second- 
ary structure. This map was improved with 
a solvent-flattening procedure (34). The 
coordinates of the RNase H domain (35, 
36) were easily fitted to this map as a rigid 
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body (Fig. 1A). The phases are very well the resolution and accuracy of this experi- 
determined at lower resolution (out to 4.5 mental map were taken at various stages 
A) but less well in the 4.5 to 3.5 A with varying success-map-editing, subdo- 
resolution range, resulting in incomplete main averaging, and application of the tan- 
side chain information. gent formula. The electron density of the 

Three different approaches to improving MIR phased map was edited in several ways 

Flg. 1. Views of some of the electron density maps used to determine the structure of HIV RT. (A) 
A portion of the solvent flattened, MIR-phased electron density map at 3.5 A resolution with a model 
of RNase H 435. 36) .s perimposed. The structure of RNase H (36) fits the electron density well 
everywhere. including #e two divalent metal ions shown as two spheres. (B) An electron density 
map at 3.2 A resolution that has been improved by cycles of density modification including insertion 
of the RNase H calculated density and solvent flattening followed by subdomain averaging 
alternated with phase calculation and map calculation with 2F,-F, as coefficients. Density 
corresponding to the bound inhibitor Nevirapine and neighboring protein including TyrlB1, Tyrle8, 
and Asp1- is shown. 

Table 1. Heavy atom-statistics. Each column contains the following information: Derivative, the 
names of derivatives that were separately refined; Resolution, limits (in angstroms) of each set used; 
Uu, ratio of intensity to sigma for the highest resolution bins; R,, fractional difference in structure- 
factor amplitude between a given derivative data set and its corresponding native data set; 
reflections, the unique reflections to the resolution limits and their completeness in percentage; FJE, 
phasing power of each derivative (heavy atom structure factor, FJE; root-mean-square lack of 
closure error, E) listed in resolution shells; "FOM(%)", figure of merit. Derivatives AUCL, BAKE, 
DMA, HGTL, PIP, and PTCL are gold potassium chloride, Baker's dimercurial, dimercuriacetate, 
mercury thallium nitrate, di-p-iodobis (ethy1enediammine)-di-platinum (II) ,  potassium platinum (11) 
tetrachloride, respectively. Data from different crystals of the same heavy atom derivatives were 
kept separated if they failed to merge, denoted as No. 1 ,  No. 2, No. 3, and No. 4. High resolution 
data for DMA and HGTL were collected on an Raxis imaging plate system from two crystals each, 
as labeled "Raxis." Heavy atom derivatives were prepared by soaking crystals in heavy atom- 
containing stabilization solution for a period of 2 days to 1 week (wer 4 weeks for HGTL No. 1 and 
HGTL No. 2). Concentrations of heavy atom compound were all less than or equal to 1 mM. 

Derii- Reso- Reflections FJE at each resolution bin (A) 
Rm 4 

Mm(A) 'Iu Oh) N % Avg. 7.9 6.5 5.6 4.9 4.3 3.9 3.5 3.2 

Native 3.2 1.8 10.4 24401 99 
HGTL 

NO. 1 4.3 3.8 6.2 33 6540 60 2.07 2.4 2.5 2.0 1.9 1.8 
NO. 2 4.3 2.3 9.6 37 7929 72 1.21 1.1 1.4 1.3 1 .1  
NO. 3 3.5 1.2 8.9 36 16172 80 1.64 2.2 2.4 2.4 2.0 1.4 1.2 0.9 0.9 
No. 4 3.5 1.5 11.2 35 10557 52 1.36 1.8 1.6 1.7 1.5 1.2 1.0 1.0 1.0 
Raxis 3.4 1.3 12.4 37 18493 99 1.81 2.7 3.3 2.9 2.3 1.7 1.4 1.0 0.8 

DMA 
NO. 1 4.5 3.7 16.5 32 6145 62 1.76 1.9 1.9 1.7 1.6 1.3 
NO. 2 4.3 1.8 10.0 27 6015 44 1.34 1.2 1.5 1.5 1.4 1 .1  
NO. 3 3.5 1.5 14.4 39 8756 44 1.41 1.9 1.8 1.9 1.6 1.2 1.0 1.0 0.9 
No. 4 4.0 3.1 11.4 35 8579 63 1.47 1.8 1.9 2.0 1.8 1.3 1.0 1.0 0.9 
Raxis 3.5 1.2 11.1 37 17323 99 1.57 2.2 2.5 2.4 1.7 1.3 1.2 1.1 0.9 

AUCL 5.5 2.1 16.6 30 4069 76 0.88 1.9 1.3 1.2 0.6 0.5 
PTCL 

No. 1 4.0 2.0 16.9 22 6855 50 0.63 1.0 0.9 0.9 0.5 0.4 
No. 2 4.0 2.1 9.5 16 7532 55 0.85 1.6 1.0 0.8 0.4 

BAKE 5.5 1.8 6.6 12 2860 54 0.96 1.0 1.0 0.9 0.6 
PIP 4.4 1.5 6.8 25 7953 61 0.81 1.3 0.9 0.6 0.3 
FOM(%) 56 88 86 81 76 65 53 37 24 

in addition to solvent flattening; the edited 
map was subjected to Fourier transformation 
and a new map calculated with 2F,-F, and 
weighted calculated phases as coefficients. In 
the most generally useful edited map the 
electron density corresponding to the RNase 
H domain was replaced by electron density 
calculated from the coordinates of RNase H. 
Later, electron density calculated from a 
polyalanine model of p5 1 was used to replace 
electron density of the MIR map, leaving 
the MIR density for side chains and the p66 
pol domain. The new map resulting from 
this editing procedure showed improved 
electron density for the p66 domain and the 
side chains of p5 1. Because the p5 1 subunit 
and the pol domain of p66 do not have the 
same structure, it was not possible to im- 
prove the map by simply averaging the 
density of the two subunits. Rather, it was 
necessary to average four subdomains of the 
pol domain separately (37). 

The continuity of the polypeptide back- 
bone electron density in the solvent-flat- 
tened, RNase-edited map allowed the poly- 
peptide backbones to be fitted to p5 1 and p66 
independently by separate authors. The two 
separate interpretations resulted in the same 
connectivity of the polypeptide backbone, 
which was further supported by the subdo- 
main-averaged electron density map. In some 
regions side chains have been added with a 
high degree of confidence because of good 
electron density and additional constraints. 
The sequence can be fitted to the electron 
density at the NH,- and COOH-termini of 
the pol domain, to Cys38 and Cysm which 
react with mercury ions, and to the region of 
the conserved -YMDD- (Tyr-Met-Asp-Asp) 
sequence which has been cross-linked to Ne- 
m i n e  (38). In two regions, the exact p i -  
tion of the backbone is at present uncertaim 
helix G of the "thumb" of p66 and the peptide 
e x t h  from the strand 11 of the "palm" 
of p51 through helix G of the "thumbn (Fig. 
2, A and B). 

Description of structure. The p66 sub  
unit is folded into five separate subdomains, 
the Wase H domain and four subdomains 
of the pol domain (Figs. 2 and 3). Because 
these subdomains are largely arranged side 
by side, the subunit is highly elongated and 
c u d ,  having dimensions of approximate- 
ly 110 by 30 by 45 A. A prominent feature 
of the pol domain is a large cleft, reminis- 
cent of the cleft in the pol domain of the 
KF of E. wh DNA pol I (39). Its anatomical 
resemblance to a right hand has led to 
naming the subdomains as fingers, palm, and 
thumb. The fourth pol subdomain lies be- 
tween the rest of the pol and the RNase H 
domain, leading it to be called the "connec- 
tion" subdomain (Fig. 2A). 

The palm and connection subdomains 
consist of five-stranded B sheets with two a 
helices on one side. The "thumb" is most 
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likely a four-helix bundle. A large family of 
seemingly unrelated proteins contains four- 
helix bundles including the rop protein di- 
mer which binds RNA (40). The "fingers" 
domain contains a mixed p sheet and three 
a helices. The five P strands of the "palm" 
domain hydrogen bond to the four p strands 
at the base of the "thumb" which in turn 
hydrogen bond to the "connection" p sheet. 
This 14-stranded intersubdomain P sheet is 
partly unraveled in the p5 1 subunit. 

The conformation of the pol domain of 
p66 is astonishingly different from that of 
p51 considering that the two proteins have 

the same amino acid sequence. The differ- 
ences can be most easily appreciated by 
orienting the "palm" subdornains of the two 
subunits identicallv and noting the differ- 

corresponding subdomains are largely the 
same in the two subunits, although some 
significant differences exist; these include 
the oositions of 0 strand 20 and a helix L of 

ences in the re1ati;e positions i f  the other 
subdomains (Fig. 2, A and B, and Table 2). 
Unlike p66, p51 has no cleft, and residues 
thought to be involved in catalysis (Asp185, 
Aspls6, Asp1'') are essentially buried. The 
fingers move toward the palm while the 
thumb domain is further from the fingers and 
palm domains. The connection domain lies 
within and fills the expanded cleft between 
them. The tertiary structures of the four 

the connection subdomain, P strands 12 to 
14, which are not seen in p51 and perhaps 
some aspects of the thumb. 

The most dramatic differences in relative 
position and interdomain packing contacts 
are seen for the "connection" subdomain (Fig. 
3). In 066 it contacts RNase H. the bottom of 
the th;mb and the connection of the p51 
subunit, whereas in p5 1 it contacts all three of 
the other p51 subdornains as well as the 

p66 POL p51 POL 

KLENOW POL 

Fig. 2. The polymerase domains of HIV-1 RT and Klenow fragment in 
which helical regions are represented as tubes lettered and p strands as 
arrows numbered from the amino terminus based on RIBBON drawings 
(57). (A) The polymerase domain of p66. The finger subdomain is blue, 
the palm is pink, the thumb is green, and the connection is yellow. The 
anatomical analogy to a right hand [modified from (58)] is indicated. (B) 
The p51 subunit with its pink palm subdomain oriented identically to the 
corresponding subdomain in p66. The different relative orientations of the 
four subdomains in the two subunits is clear. Electron density correspond- 
ing to helix G is weak and ambiguous so that its presence is indicated by 

a dashed outline. (C) Pol domain of KF with its palm subdomain oriented 
identically to that of p66. The lettering and numbering is as given in (39). 
The blue finger subdomain is almost all a helix in contrast to the finger 
subdomain of RT. (D) The approximate locations of the subdomains in the 
linear sequence of reverse transcriptase (RT) and Klenow fragment (KF). 
The positions of the two Cys residues and the catalytic carboxyl groups in 
RT as well as the corresponding carboxyls in KF are shown. In both cases 
the palm is interrupted by an insertion of the finger subdomain, but the 
thumb occurs on opposite sides of the palm sequence. 
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"connection" of p66. This Merence in po- 
sition represents a rotation of one connec- 
tion subdomain by about 155" relative to the 
other along with a 17 A translation (Table 
2). An equally amazing feat of versatility is 
the fact that in the two subunits different 
surfaces of this subdomain face the single 
long groove that is presumed (see below) to 
be the site of primer and template binding. 
In p66 the a helices of the connection 
subdomain face this groove while in p51 the 
p sheet faces it. 

The pol domain of p66 is not related to 
p51 by a twofold rotation axis, rather, the two 
domains interact in a more head-to-tail ar- 
rangement that results from a 16 A translation 
and an approximately 740 rotation of one 
palm relative to the other (Fig. 3). While 
nonsymmetric dimers, though rare, are not 
unpmdented (41 ) , the degree of asymmetry 

seen here is. The tip of the fingers and the 
connection subdomains of p51 interact with 
the palm and connection subdomains of p66 
while the very extended thumb of p51 con- 
tacts the RNase H domain of p66. 

It is of interest to consider why the 
RNase H domain is cleaved from only one 
of the two subunits and why the protein 
does not simply polymerize indefinitely 
through the head-to-tail interaction. The 
interactions between the subunits of this 
dimer are such that the formation of a p66 
homodimer by making use of the interac- 
tions seen here requires that one $6 sub 
unit would assume the conformation of p5 1 
with its connection domain in the cleft. 
From the location of the COOH-terminus 
of p51, the RNase H domain prior to 
cleavage would come out the "back" as 
viewed in Figs. 2B and 3, A and B. To 

achieve this, the polypeptide containing 
the protease cleavage site needs to be un- 
raveled, presumably rendering it sensitive 
to cleavage as proposed earlier (36, 42). 
The other subunit of a p66 pair would be 
stabilized as we see p66 here with its site of 
protease cleavage buried within a p sheet. 
Once $6 has interacted with p51, it can 
no longer assume the conformation neces- 
sary to interact with another p66. The 
heterodimer does not polymerize further 
because p66 does not and cannot have the 
necessary second dimerization surface. 

Why has the pol domain of HIV RT 
evolved to adopt two such very different 
confoimations? It would appear from the 
structure that each pol domain performs a 
different function (see below). Most nonvi- 
ral enzymes would use two subunits of dif- 
fering sequence or a large subunit with two 
domains of differing sequences to achieve 

3 
Flg. 4. Superposition of the a-carbon backbone 
of three f3 strands, 12 to 14, and two a helices, 
Q and F, of the KF (blue) on the corresponding 
structure in the palm subdomain of p66 (yel- 
low). The palm subdomains were aligned by 
refining the model of the KF palm into the RT 
palm electron density in space group PI. The 
side chains of the catalytically important 
Asp-, GIuaa3, and Asp710 of KF (green) super- 
impose on Asple5, Asp186, Aspl10 of RT (white). 
In both enzymes the three residues form a 
tripod of carboxyl groups capable of binding 
divalent metal ions (50). 

Fig. 3. a-Carbon backbone (59) of HIV RT dimer. (A) p51 is green and the pol domain of p66 is 
yellow while the RNase H domain is orange. (B) The pol subdomains are colored as in Fig. 2 
("finger" is blue; palm is purple; thumb is green; connection is yellow, ribonuclease H is orange). A 
major intersubunit interaction occurs between the two "connection" subdomains, as well as 
between the tip of the p51 fingers and the base of the p66 palm and between the tip of the p51 
thumb and the RNase H domain. (C) A stereo a-carbon drawing of RNase and the surrounding 
region, oriented and colored as in (B). The two divalent metal ions are shown in blue and the peptide 
that becomes ordered in the whole protein is pink. The extra residues that exist in E. coli RNase H 
are shown in dashed white. 
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Tabb 2. Poslional relation between corre- 
sponding subdomains. 

In the With palm 
subdomains heterodimer superimposed 

Sub- 
domain Rota- Trans- Rota- Trans- 

tion lation* tion lation* 
(deg) (4 (deg) (A) 

Fingers 85.0 8.5 51.4 0.1 
Palm 74.2 16.3 0.0 0.0 
Thumb 133.2 36.2 93.4 7.9 
Connection 155.1 16.9 132.7 3.5 

'The translation is in the direction of the rotation axis. 
The directions of the four rotation axes relating the 
subdomains are all different. 



this goal of functional diversity. Virus ge- 
nome length is limited to that which can be 
packaged within the viral particle. The 
evolutionary selective pressure to increase 
the information density of viral genomes 
has resulted in two strategies: overlapping 
out of frame genes and polypeptide se- 
quences that can adopt more than one 
structure/function. Examples of the latter 
include the coat protein of spherical virus- 
es, such as tomato bushy stunt. A single 
protein is able to form an icosohedral T=3 
lattice by adopting two conformations that 
can pack differently (43). 

The crystal structure of an isolated HIV 
RNase H domain has been determined at 
2.8 A resolution (36), however, the isolated 
domain is devoid of RNase H activity. The 
coordinates of HIV-1 RNase H including 
the two divalent metal ions (3536) fit into 
our electron density map well (Fig. lA), 
except for a short polypeptide loop that 
contains the invariant His5- and a few other 
conserved residues. This region of RNase H 
is disordered in the crystal of the domain 
alone but it is ordered in the RT heterodimer 
and interacts with a portion of the thumb of 
p5 1. The His539-wntaining loop lies close to 
the two divalent metal ions at the enzyme's 
catalytic center and could be involved in the 
RNase H activity (Fig. 3C). If so, its disor- 
der in the RNase H fragment could account, 
at least in part, for the lack of enzymatic 
activity of the isolated domain. Additional- 
ly, it is clear that most of primer-template 
binding site is provided by the pol domain of 
p66 as well as by the thumb of p51 (see 
below), so that the RNA-DNA hybrid sub 
strate may not be properly bound and orient- 
ed on the isolated RNase H domain. This 
interpretation is consistent with the location 
(Fig. 3C) of additional residues that exist in 
E. cdi RNase H (44). These possibilities are 
consistent with the observation that addi- 
tion of p51 to an RNase H fragment acti- 
vates RNase H activity (45). 

Comparison with other polymerases. 
The only other DNA polymerase whose 
three-dimensional structure is known is 
that of the KF of E. cdi DNA pol I (39). 
The KF has two domains, a 2Wamino acid 
domain that catalyzes the editing 3'3'- 
exonuclease activity and a Wresidue do- 
main having a large cleft that contains the 
active site for the DNA pol activity (39, 
46). While early sequence comparisons 
hinted that DNA polymerases and even 
RNA polymerases may be related to each 
other (47), only with the large number of 
polymerase sequences that have become 
available in recent years has it been possible 
to find convincing, although extremely 
weak, sequence similarities among all 
classes of polymerases (12-1 7). The se- 
quence similarity between HIV RT and KF 
is almost nonexistent; however, two short 

stretches of 15 to 20 amino acids have been 
aligned with 4 of 14 identities in motif C 
and 3 of 24 identities in motif A (1 2), not 
really sdlicient to prove a relation in the 
absence of additional data. 

Comparison of the backbone structure of 
the p66 pol domain with that of KF shows 
an obvious similarity between the palm 
subdomains (Fig. 2). The five $ strands 5, 
9,10,6, and 11 of the "palm" subdomain of 
RT superimpose on $ strands 8, 12, 13,9, 
and 14 of KF, and its a helices E and F 
superimpose on helices Q and R of KF. An 
antiparallel $-hairpin structure (motif C) 

that contains the catalytically important 
Asp882 and Gluw3 of KF superimposes on a 
nearly identical hairpin in RT that contains 
the sequence Tyr-Met-Asp-Asp that is 
highly conserved with Asp185 ~d Asp1" 
occupying the same positions as the two 
acid residues in KF. In addition, Asp705 
(motif A) in KF superimposes on Aspl10 in 
RT (Fig. 4). Since mutation of Asp185, 
Asp1", or Aspl10 in RT (1 1, 48) or muta- 
tion of Aspw2, Gluw3 or Asp705 in KF (49) 
severely reduces pol activity, it is plausible 
to expect that these three acid residues play 
the same essential role in the catalysis of 

Flg. 5. (A) Solvent accessible surface model (60) of HIV RT heterodimer showing the deep cleft that 
runs behwn the RNase H active site in the lower right (marked by two diialent metal ions in red) 
and the pol active site at the upper left (marked by green Asp1"). (B) Solvent accessible surface 
model of HIV RT heterodimer with model built A-form RNA . DNA hybrid placed in the cleft such that 
the template strand in yellow contacts the two divalent metal ions (red) observed in the RNase H 
active site and the 3' terminus of primer strand in lime is near to the Asp1" (green) in the pol active 
site. (C) A schematic drawing of RT with model built RNA. DNA hybrid as shown in (B). The 
possibility that the RNase H domain cleaves the RNA template strand progressively and in concert 
with DNA synthesis on the primer strand is shown. About 20 bp of duplex RNA DNA hybrid having 
a rise per residue of 3.0 A fit between the two active sites, somewhat longer than deduced from 
biochemical studies (53). If B-form DNA is bound, the distance between the pol and RNase H sites 
is 18 bp. (D) A schematic drawing showing a hypothetical complex between a tRNA primed 
template and RT. The possibility that the anticodon and dihydrouridine sterns and loops bind to p51 
is indicated schematically. Consistent with this model, tRNA, including its anticodon stem and loop, 
can be cross-linked to p51 and p66, although it is unknown which subunit interacts with the 
anticodon loop (23). 
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Fig. 6. The position of the inhibitor, Nevirapine (2), bound to the p66 pol 
active site near to the catalytic site and the expected DNA primer 
terminus. (A) a carbon backbone (purple) of p66 pol with model built DNA 
(blue and yellow) showing Asp1= and AspqBB (red) nearby. Nevirapine 
(green) binds near TyrlB1 and T ~ T ' ~ ~  (white). The view is from the "back 
of Fig. 2A so that the "fingers" are on the right and the "thumb on the left. 
(B) A schematic drawing (61) of the palm subdomain of p66 showing the 
five regions (A to E) that exhibit sequence similarity among the RNA- 
dependent DNA polymerases (12) with Nevirapine (yellow) superim- 

the pol reaction. Furthermore, since 
AspEa2, G1uw, and Asp705 have been ob- 
served to bind divalent metal ions to KF 
(50), a similar role might be postulated for 
the corresponding acidic residues in RT. 
The possibility of a two-metal ion-catalyzed 
phosphoryl transfer mechanism similar to 
that of the 3',5'-exonuclease mechanism of 
KF has been hypothesized (50, 51). 

The second subdomain of H N  RT that 
appears to bear some resemblance to KF is 
the "thumb". While the thumb of RT may 
be related to a four-helix bundle, in KF two 
a helices dominate. Recent interpretation 
of the less well ordered polypeptide between 
these helices indicates that two shorter 
helices exist (50). The crystal structure of a 
KF complex with duplex DNA (50) and 
model building duplex DNA onto RT (see 
below) suggest that the "thumbs" may share 
some similar roles in binding the duplex 
product resulting from DNA synthesis. 

The "finger" subdomains of KF and H N  
RT are completely unrelated, the former 
being predominantly a helical and the latter 
being mostly B sheet (Fig. 2). What is the 
role of the finger subdomains, and why are 
they so difFerent in these two polymerases? 
The a helix 0 in the fingers of the KF has 
figured prominently in the cross-linking of 
deoxynucleotide (dNTP) analogues to this 
enzyme, which leads to the hypothesis that 
it forms part of the dNTP binding site (52). 
However, the binary complex between KF 
and the &TPs may well not be the same as 
formed in the presence of the primer-tem- 
plate which, of course, forms the binding 

posed. RNAdependent RNA polymerases (12) and telomerase (1 7) have 
similarities in only regions A to D. The DNAdependent polymerases show 
sequence simliarities to regions C (containing Asp1=, AsplBB in HIV RT) 
and A. Region B in Delarue et a/. (12) is not the same as B in Poch et a/. 
(14). Nevirapine is snuggled into a pocket between the conserved 
regions A and C and the region E conserved among reverse tran- 
scriptases. The side chains of TyrIse and TyrIs1 are packed against the 
inhibitor. The view is the same as Fig. 2A. 

site for the base of dNTP. Furthermore, H N  
RT does not contain an a helix correspond- 
ing to the 0 helix in KF (Fig. 2). 

Model building of primer-template onto 
RT (see below) and onto KF (50) suggests a 
possible alternative role for the "fingers" 
subdomain; it may form the binding site for 
the template strand in the region of the 
primer terminus. In the case of both en- 
zymes, placement of the primer terminus 
near to the highly conserved trio of carbox- 
ylate side chains in the palm subdomain that 
are at the center of the catalytic site neces- 
sarily puts the template strand in contact 
with the fingers. If, indeed, the fingers bind 
the template, a possible explanation emerges 
for the observation that only the DNA- 
dependent DNA polymerases and DNA- 
dependent RNA polymerases have a se- 
quence that is similar to that of the 0 helix 
of KF (12): perhaps a "fingers" subdomain 
homologous to that of KF can use DNA 
templates, whereas the fingers subdornain of 
RT appears likely to bind a template capable 
of an A-form conformation, which either an 
RNA or a DNA template can assume. 

The connection subdornain has no 
counterpart in the KF structure. Its location 
between the polymerase and RNase H ac- 
tive sites in p66 implies a role in holding 
the two domains together as well as binding 
the primer-template (see below). It also 
interacts nonsyrnmetrically with the con- 
nection subdomain of p5 1. 

The structural com~arison of HIV re- 
verse transcriptase with KF supports the 
hypothesis based on amino acid sequence 
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comparisons that all polymerases are to 
some extent related to each other. Perha~s 
not surprisingly, the conservation is great- 
est in the subdomain that forms the cata- 
lytic site. Sequence similarities among all 
categories of polymerases have been noted 
primarily in two motifs [called motif A and 
motif C (12) and in Fig. 6Bl that contain 
the three carboxylates that are essential to 
the polymerase catalytic site. 

More extensive amino acid sequence 
similarities (motifs B, D, and E in Fig. 6B) 
have been noted among all polymerases 
that employ an RNA template (14) and 
extended to included telomerase (1 7), 
which has a firmly bound RNA as a tem- 
plate for adding telomere sequences onto 
chromosomes. While bovine poly (A) 
(polyadenylate) polymerase, which adds 
poly(A) onto RNA, is reported to show 
these similar regions (15), yeast poly(A) 
polymerase does not contain two of the 
catalytic Asp residues implying another 
alignment (1 6). The five conserved regions 
are located in the palm subdomain and form 
a conserved surface at the bottom of the 
cleft, consistent with the hypothesis that 
this subdomain is responsible for catalysis of 
the polymerase reaction and found in all 
polymerases (Fig. 6B). 

Model of primer-template binding. An 
obvious groove exists between the RNase H 
active site, as marked by two bound diva- 
lent metal ions, and the pol active site, 
marked by Asp185 and AsplE6, suggesting 
how the duplex product of DNA synthesis 
might bind (Fig. 5). Primed DNA synthesis 



Fig. 7. A space-filling drawing of RT showing the positions of the AZT- and ddl-resistant mutations 
(blue) relative to the model built template (green)-primer (white). The view is approximately 90" from 
that of Figs. 2 and 3. The pol domain of p66 is yellow, p51 is green, and the RNase H domain is 
salmon. The vertical protrusion in the upper center is the thumb; the fingers are in back and to the 
right. The 3' end of the white primer strand is adjacent to Aspla5 Aspla6 (red). Residues that confer 
AZT and ddl resistance are contained in a stretch of polypeptide from residues 66 through 75 as 
well as Thr215 and Lys219 and are shown in blue. It appears that they may be conferring resistance 
by affecting interactions between the protein and the template strand. 

with the viral RNA template is accompa- 
nied by the cleavage of the RNA template 
by RNase H that has been estimated to be 
some 16 to 18 nucleotides down stream of 
synthesis (53). Thus, the RNA-DNA du- 
plex product of synthesis, which is presum- 
ably the A form, must lie between these 
two active sites with the 3' end of the 
template strand contacting the divalent 
metals of RNase H and the 3' terminus of 
the primer strand near the DD sequence. 
Accordingly, a model of A-form DNA. 
RNA hybrid constructed with a rise per 
residue of 3.0 A (54) was easily fit into the 
cleft. A backbone phosphate of the tem- 
plate strand can be positioned interacting 
with the two metal ions while the 3' OH of 
the primer strand is near the three catalyt- 
ically important aspartic acid residues (Figs. 
5, B and D). In order to fit snugly into the 
groove along its full length, the DNA 
would have to be modestly bend toward the 
protein in the middle (which we have not 
done). In this model, there are about 20 
base pairs of A-form DNA-RNA hybrid 
between the primer terminus and the 
RNase H active site. Consistent with this 
model is the cross-linking of dT,5 to the RT 
homodimer (55) ; cross-links at L289-T290 
and L295-T296 are in the thumb and in 
contact with the DNA-RNA at the minor 
groove. 

The location of p51 relative to the 
model built A-form duplex implies a possi- 
ble ro:e for the smaller subunit in binding 
the tRNAy-template complex (Fig. 5C). 
Particularly notable is the position of the 

p5 1 "connection" domain which would ap- 
pear to be able to contact the tRNA-viral 
RNA duplex as well as the eighteen anti- 
codon and D stems and loops of the tRNA 
that remain after the eighteen 3' nucleo- 
tides unravel and base pair with the tem- 
plate. The RT heterodimer has been sepa- 
rately co-crystallized with tRNA and with 
duplex DNA which should allow these 
suggestions to be directly tested. 

The orientation of DNA synthesis in the 
polymerase cleft (Fig. 5) is opposite to that 
hypothesized earlier for KF (39), but con- 
sistent with the recently determined crystal 
structure of a KF complexed with duplex 
DNA (50). It appears that single-stranded 
template (RNA or DNA) comes in from 
the top left of the cleft as viewed in Fig. 5 
and the duplex product emerges from the 
bottom right as synthesis proceeds. 

Drug binding sites. Nevirapine, devel- 
oped by Boehringer Ingelheim Pharmaceu- 
ticals, is one of a class of non-nucleotide 
analogue inhibitors of HIV-1 RT that 
shows promise as a potential anti-AIDS 
drug (2). It shows noncompetitive inhibi- 
tion and both the primer-template and 
dNTP substrates bind to the Nevirapine- 
RT complex. An azido modification of Ne- 
virapine has been cross-linked (25, 38) to a 
peptide containing the sequence YMDD 
(183 to 186), which is highly conserved 
among DNA polymerases (12) and impli- 
cated in the catalytic site (1 1, 48). 

Nevirapine binds in a deep pocket that 
lies between the f3 sheets of the "palm" and 
at the base of the "thumb" subdomains 

close to the expected primer terminus, but 
not overlapping the anticipated DNA bind- 
ing sites (Fig. 6A). This pocket does not 
exist in p51 and accordingly Nevirapine 
does not bind to the smaller subunit (25). 
The inhibitor lies on top of a p hairpin 
motif that contains the Asp185, se- 
quence at its p bend (Fig. 6B). The side 
chains of Tyrlsl and Tyrls8 are in contact 
with the hydrophobic inhibitor, consistent 
with the observation that mutation of 
TyrlB1 to Ile reduces the affinity of enzyme 
for nevirapine (38). 

The mechanism by which Nevirapine 
inhibits RT is unknown, but the structure 
of this complex suggests at least two possi- 
bilities. Nevirapine could be acting like 
sand in the gears of a machine by prevent- 
ing movements of the "thumb" subdomain 
relative to the catalytic "palm" subdomain 
that may be essential to the catalytic cycle. 
Large changes in the position of the 
"thumb" of Klenow fragment have been 
observed in the presence and absence of a 
primed DNA substrate (56) and we antici- 
pate similar substrate-induced changes in 
the "thumb" of RT. Additionally or alter- 
natively, the inhibitor could be indirectly 
affecting the conformation of critical ac- 
tive, site aspartic acid residues that are 
nearby. 

Residues whose mutation renders RT 
insensitive to AZT or ddI are at the poly- 
merase active site and cluster in two re- 
gions: Met4', Lys70, 
and Thr215, Lys219 (4). The approximate 
locations of these two reigons, the former 
on the "fingers" subdomain and the latter 
on the "palm," suggest that these residues 
play a role in protein-template interaction 
(Fig. 7). Mutations in these residues are 
unlikely to be effecting their phenotype by 
altering direct interactions with the modi- 
fied ribose of ddI or AZT. Rather, it appears 
likely that they alter the ability of this 
enzyme to discriminate among these modi- 
fied nucleotides by altering interactions be- 
tween the protein and the template. 

The structure of RT should facilitate the 
design of new inhibitors of this enzyme and 
suggest strategies that might help to circum- 
vent the ability of mutant RT molecules to 
escape the potency of inhibitors. 
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