The EMBO Journal Vol.17 No.15 pp.4535-4542, 1998

The structure of HIV-1 reverse transcriptase
complexed with an RNA pseudoknot inhibitor

Joachim Jaeger'?, Tobias Restle'3 and
Thomas A.Steitz'456

IDepartment of Molecular Biophysics and Biochemisfiepartment
of Chemistry and®®Howard Hughes Medical Institute, Yale University,
New Haven, CT 06520-8114, USA

2Present address: School of Biochemistry and Molecular Biology,
University of Leeds, UK

SPresent address: Max-Planck-Institit olekulare Physiologie,
Dortmund, Germany

6Corresponding author

J.Jaeger and T.Restle contributed equally to this work

Small RNA pseudoknots, selected to bind human
immunodeficiency virus type 1 (HIV-1) reverse tran-
scriptase tightly, are potent inhibitors of reverse
transcriptase. The co-crystal structure of reverse tran-
scriptase complexed with a 33 nucleotide RNA
pseudoknot has been determined by fitting the
ligand into a high quality, 4-fold averaged 4.8 A
resolution electron density map. The RNA is kinked
between stems S1 and S2, thereby optimizing its con-
tacts with subunits of the heterodimer. Its binding site
extends along the cleft that lies between the polymerase
and RNase H active sites, partially overlaps with that
observed for duplex DNA and presumably overlaps
some portion of the tRNA site. Stem S2 and loop L1
stabilize the ‘closed’ conformation of the polymerase
through extensive electrostatic interactions with several
basic residues in helix | of the p66 thumb and in the
p66 fingers domain. Presumably, this RNA ligand
inhibits reverse transcriptase by binding to a site that
partly overlaps the primer—template binding site.
Keywords crystal structure/HIV-1/reverse transcriptase/
RNA pseudoknot

Introduction

Human immunodeficiency virus type 1 reverse tran-
scriptase (HIV-1 RT) is responsible for the replication of

to isolate small, high-affinity ligands for RT from libraries
of randomized RNA. The possibility that such inhibitors
might be useful in the treatment of AIDS has been
considered by others, though the problem of delivering
the inhibitor to the target cells is an unsolved challenge.
The SELEX procedure yielded two classes of consensus
sequences (type | and Il) that fold into a pseudoknot
structure (Tuerlet al,, 1992). Among the several types of
RNA pseudoknots classified (Pleif al, 1985, 1989), the
H-type pseudoknots fold into two short stems connected
by two loops of variable length. The consensus type II
RNA inhibitor of RT forms a typical H-type RNA
pseudoknot. We describe here the co-crystal structure
of RNA pseudoknot 1.1 bound to HIV-1 RT (Tuerk
et al., 1992).

The structures of HIV-1 RT have been determined and
refined in several different crystal forms at resolutions
between 3.5 and 2.2 A: (i) complexed with Nevirapine;
(i) complexed with other non-nucleoside inhibitors;
(iii) complexed with duplex DNA; or (iv) without any
ligands (Kohlstaediet al, 1992; Jacobo-Molinzet al,
1993; Smerdoret al, 1994; Renet al, 1995; Rodgers
et al, 1995). HIV-1 RT forms an extended, strikingly
asymmetric heterodimer with subunits of 66 and 51 kDa.
The p66 domain shows an overall architectural similarity
to the polymerase domain oEscherichia coli DNA
polymerase | and, like other polymerases, has been com-
pared with a right hand. Its domains have been termed
fingers (residues 1-85, 118-155), palm (86-117, 156—
237), thumb (238-318), connection (319—-426) and RNase
H (427-554). Although p51 consists of the same domains
except for RNase H, they are oriented differently. The large
subunit, consisting of fingers, palm, thumb, connection and
RNase H domains, adopts an open, ‘active’ conformation
that readily accommodates the large double-stranded sub-
strate (Kohlstaedtet al, 1992; Jacobo-Molinaet al.,
1993). The catalytically important residues are largely
inaccessible in the p51 subunit, and mutagenesis studies
have demonstrated that this smaller subunit plays a largely
structural role (Le Griceet al, 1991; Wanget al,, 1994).
The subunit p51 has been proposed to form part of the

the single-stranded RNA genome into double-stranded binding site for the initiating tRNAS® (Kohlstaedtet al,

DNA. The polymerase domain of HIV-1 RT has been one

1992; Richter-Cook, 1992). This notion is consistent with

of the main targets for antiviral therapy, which has focused data on the cross-linking of tRNA to HIV-1 RT (Mishima
on the use of chain-terminating nucleoside analogs suchand Steitz, 1995).

as AZT or ddC/ddl (Mitsuyaet al, 1990) and non-
nucleoside inhibitors such as Nevirapine (Merluetil,,
1990; Kohlstaedet al,, 1992). However, cellular toxicity

The polymerase and RNase H active sites are separated
by ~60 A. A comparison of three different crystal forms
of HIV-1 RT revealed that the molecule has a specific

together with the emergence of drug-resistant variants of flexibility that allows rotation of the polymerase active
the virus compromise the efficacy of such compounds site relative to the rest of the molecule. This swivel motion

(Larder and Kemp, 1989; Goodst al, 1991; St. Clair
et al, 1991), providing a need for new classes of antiviral
agents and alternative strategies (Restlal., 1990; Divita
et al, 1994). Tuerk and Gold (1990) have used SELEX

© Oxford University Press

may allow the polymerase to accommodate the rotational
and translational movements of the growing nucleic acid
duplex during the abortive initiation phase while tRNA is
still bound (Jaegeet al,, 1994).
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A belong to the monoclinic space group C2 with four RNA—
RT heterodimer complexes per asymmetric unit (420 kDa/
asymmetric unit) with a solvent content of 71% (v/v).
The structure of the complex was solved by molecular
replacement using as a trial model a tetramer of RT
B . 0 " " v heterodimers (Jaeget al, 1994; Rodgert al, 1995).
GGGAGAUUCCGUUUUCAGUCGGGAAAAACUGAA The tetramer was generated by ‘excising’ two adjacent
Steml  Stem2  Steml Stem2 dimers of heterodimers from the crystal packing of a related
orthorhombic form (F222) having unit cell dimensions of
a= 1622 A,b=172.2 A,c = 634.2 A and containing
two RT heterodimers per asymmetric unit. The unit cell
dimensions and the analyses of self-Patterson functions
of both the monoclinic and the orthorhombic crystal forms
indicated similarities in the packing arrangement of the
heterodimers. The original phases for the pseudoknot
complex derived by molecular replacement were improved
dramatically by solvent flattening and 4-fold non-crystallo-
graphic symmetry averaging of the electron density of the
four heterodimers. The resulting electron density map
showed continuous density for most of the protein back-
bone atoms (Figure 2A) as well as additional density
corresponding to the RNA, which lies between the p66
Fig. 1. Schematic diagrams of H-type RNA pseudokno) Type | polymerase and RNase H domalns. The current electron
and type |l consensus sequences obtained by application of the den_S'ty maps, calculated using phases_ to 4.8 A resolution
SELEX procedure (Tuerkt al, 1992). 8) The nucleotide sequence of ~ derived from cycles of density averaging, show electron
the RNA pseudoknot co-crystallized with RT. The first five nucleotides density >2.5 ¢ above the mean density for the RNA
at the 8 end were introduced for efficiem vitro transcription by T7 backbone and some additional features for several bases
RNA po_Iymerase._(C) _A_ schematic representation of the base pairs in the stems S1 and S2 (Figure 2B and C).
formed in the RT inhibitor pseudoknot. . :
The solution NMR structure of a murine mammary
tumor virus (MMTV) RNA pseudoknot (Shen and Tinoco,
Although the interactions between RNA pseudoknots 1995), which causes ribosomal frameshifting, was used
and HIV-1 RT have been analyzed in some detail by as an initial model to aid in electron density interpretation.
biochemical studies and have been characterized furtherWhile the nucleotide sequences and lengths of these two
by chemical modification data (Burket al., 1996), the RNA pseudoknots are different, the stems of the NMR
structure presented here is the first example of an RNA structure (the only known pseudoknot structure at the time
pseudoknot complexed with its target protein. This co- of our analysis) superimpose reasonably well onto the
crystal structure may be of major interest since the averaged electron density maps.
molecular details governing the interactions between the
pseudoknot and its target protein can provide a basis for Protein conformation
rational modifications of the nucleic acid ligands, as well The four RT heterodimers forming the asymmetric unit
as additional randomization—selection strategies which of the RNA pseudoknot-complex crystal display a similar
could in turn lead to tighter binding inhibitors and possible overall conformation, which most closely resembles that
pharmaceuticals. of the apo-enzyme (Rodgerst al, 1995). The r.m.s.
difference between the-carbon positions of the p66
polymerase domain (residues 1-318) in the pseudoknot
complex and those in the apo-RT heterodimer is 0.89 A.
Crystallization and structure determination In this closed form of p66 polymerase, the tips of the
HIV-1 RT was overexpressed if.coli as previously thumb and the fingers domains (residues 288-290 and
described by D’Aquila and Summers (1989) and purified 24-28, 58-65) are in contact (Figure 2). The size of
following a procedure developed by Kohlstaedt and Steitz the cavity or hole immediately above the active-site
(1992) including several modifications to eliminate host carboxylate residues (Aspl110, Aspl85 and Aspl86) is
RNase activity that co-purifies with the RT (see Materials 14x22 A, too small to accommodate either stem of the
and methods). The 33 nucleotide RNA pseudoknot in pseudoknot or any other duplex nucleic acid substrate.
Figure 1 was transcribed using T7 RNA polymerase and The differences in the extent of domain closure among
purified by gel electrophoresis. Its sequence differs from the four heterodimers is less than a 5° rotation of the
the previously published type Il consensus sequence bythumb. The real space correlation coefficients between the
inclusion of five nucleotides at thé 8nd to enhance the electron density of the four heterodimers related by local

Stem2

Results

level of transcription. Gold and co-workers (Tuezkal, symmetry is better than 0.88.
1992) have shown that these pseudoknots bind to RT with  The relative orientation of the p66 polymerase domain
nanomolar binding constants. with respect to the RNase H and p51 thumb domains

Crystals were grown at 4°C from 1.0 M citrate, 50 mM corresponds to that observed in the orthorhombic crystal
bis-Tris-propane (BTP) pH 7.0 and 100 mM ammonium form of a Nevirapine complex (Jaeget al, 1994) and
sulfate using the hanging drop method. The co-crystals in the apo-enzyme (Rodgees al, 1995). Comparison of

4536



RNA pseudoknot-HIV-1 RT complex

Thumb

active' |y
isite v

Connection

Fig. 2. Electron density maps of HIV-1 RT complexed with the RNA pseudokrot.An a-carbon backbone of the p66 polymerase domain is
superimposed on a 4-fold average,2 . electron density map calculated at 4.8 A resolution. The map is contoured atah@ve the mean. The

extra electron density above the active site corresponds to stem S2 of the RNA pseudoknot (coordinates not shown). The size of the hole above the
active site is too small to accommodate either stem of the pseudoknot or any other duplex nucleic acid si)skate-f¢ld averaged

2FF. electron density map contoured at izabove the mean. The backbone coordinates of the p66 polymerase domain and the RNA pseudoknot
are superimposed. The thumb (green) and fingers (blue) are in contact, thereby preventing access of primer-template substrate to the polymerase
active site. A smooth purple backbone of the RNA is fitted to the extra density which appears when only the protein coordinates are included in the
phase calculationsC)) The overall position of the RNA pseudoknot on the RT heterodimer with the corresponding 4-fold avelfggEd electron

density map (contour: 1.8 above the mean). The backbone coordinates of HIV-1 RT and the RNA pseudoknot are superimposed. Stem 32 at the 3
end of the pseudoknot forms strong electrostatic interactions with basic residues in helices H and | of the thumb domain (green) and the fingers
domain (blue). The Bend is found in the vicinity of the RNase H active site. Loop L2 (foreground) interacts with the p51 connection domain.

the heterodimers in three different crystal forms previously RNA conformation

demonstrated differences in protein conformation that The electron density corresponding to the RNA backbone
correspond to a specific molecular swiveling motion is continuous and contains high density features at the
around an axis that is nearly parallel to DNA when bound positions of the phosphate groups. Knowledge of structures
to the large active-site cleft (Jaeget al, 1994). The of the two components in this complex from studies at

HIV-1 RT structures in the RNA pseudoknot co-crystal higher resolution was essential for the interpretation of

and that in the DNA complex display large differences in electron density features at 4.8 A resolution. Thus,

this molecular swivel. Superposition of the fingers and although electron density for the bases within the two

palm domains of the RT molecules in the RNA pseudoknot pseudoknot stems is not always resolved, they have been
and the DNA complexes results in relative differences modeled as Watson—Crick pairs as seen in the NMR

between corresponding-carbon atoms of up to 6 A in  solution structure. Density for the first three nucleotides

the RNase H domain. at the 3 end is not visible in the averaged density maps,
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but nucleotides 4—-6 are observed ~10 A away from the inserted in a shallow groove adjacent to Asp324, Lys388

RNase H active site. Although there is strong electron and Glu413 on the p51 connection domain.

density for all atoms of U12 in loop L1, density is only

visible for the backbone of U13. The density corresponding n: .

to the backbone atoms of loop 2 is well defined. The Discussion

bases in loops L1 and L2 have been placed, where possibleJn spite of the rather modest 4.8 A resolution of this

to fit the electron density or to form triple base pairs. structure determination, it is possible to establish very
The electron density also indicates that the RNA reliably the conformation of the protein and RNA because

pseudoknot is kinked between stems S1 and S2 by 59°first, the electron density map is of high quality due to

from straight co-axial stacking, which is ~10° more averaging, and secondly the structures of the protein and

than that observed in the NMR structure of the MMTV arelated RNA are already known in great detail. Similarly,

frameshifting pseudoknot. The kink generates a curved the overall conformation oE.coli lac repressor bound to

shape that optimizes the interactions between the RNA DNA was established at 4.8 A resolution (Levés al.,

and the target protein. A similarly snug fit of the RNA 1996), again made possible by the prior determination of

onto the substrate-binding surface of RT would not occur the high resolution structures of thi&c repressor ‘core’

if the stem S2 were co-axially stacked onto stem S1. and the DNA-binding domain—-operator DNA complex
(Lamerichset al., 1989; Friedmaret al,, 1995). In neither
RNA interactions with protein the RT nor repressor complexes with nucleic acid is it

The pseudoknot RNA interacts extensively with both possible to establish with certainty the exact positions of
subunits of the HIV-1 RT heterodimer. Upon binding of the protein side chains and the precise nature of the
the RNA, 2600 & of protein surface are buried (Figure 3B hydrogen bonding interactions.

and C). Although the 33 nucleotide pseudoknot RNA is  The SELEX procedure appears to have identified an
small compared with the 76 nucleotide tRN#, it covers RNA molecule whose uncomplexed solution structure is
a large portion of the extended substrate-binding cleft of very similar to its structure when bound to RT and which

the heterodimer. binds to the unliganded conformation of RT. Thus, neither
the RNA nor the protein undergoes a significant conforma-

Stem S1 interaction§tem S1 and the’Serminus interact tional change upon complex formation. This may be an

with the connection domains of both subunits, the RNase
H domain and the p51 fingers domain. Arg448, GIn500
and His538 of the p66 subunit are5 A from A4, G5
and A6 of the single-stranded’ %extension. Residues
Lys395 and Glu415-Asn418 of the p51 connection domain
interact with U7, U8 and C10 of stem S1. Loop L2
interacts with residues located in a small cleft or canyon = %Y+
that lies between the p51 fingers and the p51 connection “"Q‘*'sl'
domain and has not been discussed previously; this cleft ]
is packed with basic residues (lysines 13, 82, 154, 385,
388 and Arg78). Residues 78, 82 and 388 from this area
contact the RNA. One is led to wonder whether the basic
residues in this canyon may play a role in tRNA binding
as well.

Stem S2 interaction$n contrast to stem S1, stem S2 and
the 3 terminus interact mostly with the p66 polymerase
domain. Basic residues located both in helices H and | of
the p66 thumb domain and ifi-strands of the fingers
domain form extensive contacts with the backbone of the
RNA ligand. Helix | is oriented such that its helical axis -
runs across the minor groove of stem S2. Residues Lys275 Fig. 4. Ribbon drawing (Carson, 1991) of the HIV-1 RT heterodimer
Arg277, Lys281 and Arg284 are locatetb A from the complexed with duplex' DNA and_ pseudoknot RNA. The RNA

. pseudoknot backbone is shown in red and the phosphorous atoms of
phosphate baCka”e of nucleotides U14._U]:9 and A28_the DNA duplex (Jacobo-Molinat al, 1993) are depicted as yellow
A33 of stem S2 (Figure 1). U14 forms multiple interactions spheres. The color coding is as follows: p66 (blue), p51 (silver), RNA
with Trp88, Glu89 (p66) and Lys22 (p51). Furthermore, (red) and DNA (yellow). The DNA and RNA occupy the same overall
ysine residues 13, 82 and 154 from the p66 fingers B R0T8 e e o A and the pB1. subunit are
domain are in a position to InteraCt with the backbone more extensive than in the DNA complex. The overla?)ping position of
phosphate groups of nucleotides U30 and G31 at the e RNA and DNA is consistent with the pseudoknot acting as a
3’ end of the RNA. Loop L2 is oriented such that A25 is potent competitive inhibitor.

Fig. 3. The structure of the HIV-1 RT heterodimer complexed with a 33 nucleotide RNA pseudoRndk rfbbon diagram (Carson, 1991) of RT

color coded as follows: p66 fingers (blue), p66 palm (magenta), p66 thumb (green), p66 connection (yellow), RNase H (red) and p51 (silver). The
schematic representation of the RNA is color coded as in Figure 1, with RNA stem S1 in blue and RNA stem S2Bij Aesteteo diagram of the

RNA pseudoknot on the RT heterodimer. The protein is shown as-earbon backbone (color coding as in AL)(Surface rendering of HIV-1 RT
indicating the contact regions of the RNA. Surface residaésA away from the pseudoknot inhibitor are colored in yellow; the two different

subunits are shown in blue (p66) and silver (p5D) Surface rendering showing the electrostatic potential of the HIV-1 RT heterodimer. The
solvent-accessible surfaces were calculated and rendered using the program GRASP élighdl991).
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pseudoknot complex, although we cannot quantify this
Table I. Data collection and refinement statistics comparison since the full coordinates of the DNA complex
are not available. The DNA appears to ‘float’ above the

Data set 1 Data set 2 electrostatically positive cleft rather than sitting down
X-ray source CHESS beamline A1 snugly as the RNA does. Another difference between the
Wavelength (A) 0.92 RNA and DNA complexes is the far more extensive
Resolution (A) 30.0-4.75 30.0-5.40 interaction between the RNA and the p51 subunit.
Unit cell 166.7,169.2, 3314,  166.6, 168.2, 3317, Comparison of the co-crystal structure of RT complexed
104.5 104.0 . :
Independent to the pseudoknot W_lth that of the RT cor.n.plex Wlth dup]ex
measurements 32343 22 489 DNA also reveals differences in a specific swivel motion
Completeness 80.9% 76.0% between the p66 polymerase domain and the rest of the
(last shell) éiﬁo/-g%) 8(35/-5%) RT heterodimer. The structures of four RT heterodimers
Rierge om0 oo in three different crystal forms showed conformations that
(last shell) (26.3%) (22.7%) . . . .
<FloF> 15.7 12.9 differed by the relative orientations of the polymerase
(last shell) (5.9) (5.5) active site and the rest of the molecule (Jaegeml,
Rave(; 22.8% 25.7% 1994). We had hypothesized previously that this molecular
e 41.3% 42.1%

swivel motion allows the polymerase domain to move
8All data were collected on22 array CCD detector developed by Sol independently from the rest of the m_0|eCU|e in order FO
Gruner, Princeton. accommodate movements of the growing and translocating
bR T (el _K<1>)) nucleic acid duplex in the initiation step when tRNAis
erge hid ~nsymnsym-hkl bound. The relative orientation of domains in the
Zhki Znsym <1>nsym hki pseudoknot complex is very similar to that observed in
the apo-RT structure and considerably different from the

Ryve = ZhilFobs— F ;
Rave = ZndlFobs— Fave| DNA-antibody—RT complex.

Zhid Fobs The H-type RNA pseudoknots fold into two short stems
AR = 3 Fee _ Firee connected by two loops of variable length. The solution
I:zfree hkl| obs calc |

> e NMR structures of these types of pseudoknots have shown

hki T obs that the two stems are not stacked as a continuous duplex,
Fobs Observed structure factor amplitudésy, calculated structure as was suggested by modeling studies (Duratsl,
factor amplitudes from model coordinatés;,,e Structure factor 1987), but display an angle of ~120° between the two

amplitudes back-transformed from non-crystallographically averaged

electron density. helix axes (or 60° less than co-axial) (Shen and Tinoco,

1995). The similar extent of kinking in both the MMTV and
RT pseudoknots might be viewed as somewhat surprising,
important feature of selecting for tight binding ligands since the RT inhibitor studied here belongs to the consensus
from large libraries, since any conformational change in sequence that lacks the single-base insertion between the
either the protein or RNA would reduce the affinity, unless two stems. The MMTV pseudoknot, on the other hand,
compensated by additional protein—-RNA interactions. approximately corresponds to the type | consensus, which
The explanation of the sequence conservation observedcontains an adenine base inserted between the two stems,
by Tuerket al. (1992) for nucleotides U7-G11 and C20— thereby generating the kink. However, since the type |
A24 within stem S1 does not arise from sequence-specificand type Il RNA pseudoknots presumably have the same
base interactions with HIV-1 RT. Except for A25 in loop overall shape in order to fit the RT-binding site, it seems
L2, the possibility of other specific contacts between RT likely that the pseudoknots can be kinked with or without
side chains and the nucleotide bases cannot be assessdtie A inserted between the stems. Furthermore, the con-
unambiguously due to the limited resolution of the struc- necting L1 and L2 loops of the RT-inhibiting pseudoknot
ture. The interactions between helix | and stem S2 appearare shorter than those of the MMTV pseudoknot, which
to be more specific and to utilize more basic residues thanmay in part be responsible for the kink in the RT
those made to stem S1. Thus, it seems likely that the pseudoknot. The longer loops of the MMTV pseudoknot
formation of base triplets between bases from loop L2 are clearly incompatible with the averaged electron density
and base pairs in stem S1 rather than protein contacts aranaps, indicating that the electron density is free of bias
responsible for the sequence conservation in the selectedhat could have been introduced from the masks used in

inhibitor RNA pseudoknot. averaging. The structural similarity between the uncom-

plexed and complexed RNA pseudoknots would suggest
Comparison of the RNA pseudoknot and DNA that binding to RT does not change pseudoknot con-
complexes with RT formation.

The position of the pseudoknot RNA bound to RT largely It is not known to what extent the selected RNA
overlaps the location of DNA when complexed to the pseudoknot inhibitors used in this study mimic the shape
enzyme (Figure 4). However, there are also some signific- of the natural RNA substrates for RT. Some relationship
ant differences between these two nucleic acid complexes.might be anticipated. It had been hypothesized that the
The DNA complex can be made either by soaking duplex structure that is formed by stacking two short stems of
DNA into the crystal lattice formed by RT and a Fab base-paired regions on top of one another closely resembles
antibody fragment or by co-crystallization. In this complex, features present in the tRNA fold (Plegt al, 1985;

the interactions seen between RT and the DNA duplex Dumaset al, 1987); Westhof and co-workers (Felden
appear to be less extensive than those observed in theet al, 1996) have characterized the pseudoknotted three-
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way junctions found in the'3terminus of tobacco mosaic
virus that impose tRNA-like mimicry, as shown by their
serving as substrates for histidine tRNA synthetase. How-
ever, it seems unlikely the RT pseudoknot is mimicking

RNA pseudoknot-HIV-1 RT complex

(2 ml/crystal) of cryo-protectant. Microdialysis techniques or longer
soaking times to exchange mother liquor with cryo-solution were not
successful. X-ray data were collected at 100°K.

A 7 A resolution data set collected using a laboratory X-ray source
had a completeness of 78% and an ovelRglh, of 18%, and was used

more than some aspects of the overall shape and chargeo solve the structure by molecular replacement. The four tetramer RT

distribution of the tRNAYS3 complex with the primer-
binding site, since the underlying backbone structure must
be completely different.

Materials and methods

Preparation of RNA

RNA synthesis was carried out bin vitro transcription with T7
RNA polymerase using synthetic DNA oligonucleotides as described in
Milligan et al. (1987). T7 RNA polymerase was purified according to a
protocol described by Jeruzalmi (1995) using the expression system of
Studier (Davanloet al, 1984). The RNA product was purified on 20%
denaturing polyacrylamide gels. Typically, 1-1.5 mg of homogeneous
RNA could be prepared from a 10 ml reaction. Prior to use in the co-
crystallization trials, the pseudoknot RNA was refolded at a concentration
of 300-400uM at 65°C for 5 min followed by slow cooling to room
temperature in 20 mM Tris—HCI, 25 mM NaCl and 5 mM MgQir

20 mM cacodylate buffer pH 6.5, 25 mM NaCl and 5 mM MgCl

Protein purification

HIV-1 RT was purified fromE.coli containing an overexpression vector
for the RT gene prepared by D’Aquila and Summers (1989). Protein
extraction was performed according to a slightly modified protocol
originally developed by Kohlstaedt and Steitz (1992). The RT-containing
flow-through of a DEAE-Sephacel column was applied to a heparin
column and developed with a linear gradient from 25 to 500 mM NacCl
using an inert Waters LC 625 HPLC System. The eluted RT was
precipitated with 60% saturated ammonium sulfate and redissolved in a
small volume (=5 ml) of 50 mM BTP pH 7.0, 250 mM ammonium
sulfate, 0.02%3-octalglucoside and applied to a gel filtration column
(Superdex 75) equilibrated in the same buffer. The purified protein was
concentrated and dialyzed in a Schleicher & Schuell UH 100 unit and
stored at 4°C. The concentration was determined using an extinction
coefficient of 3.54 mg/cm (Kohlstaedt and Steitz, 1992). A typical
purification yielded ~30 mg of highly pure RT per 100 g (wet weight)
of cells. In order to remove RNase contaminations, a fourth purification
step using a phenyl Sepharose column (Pharmacia) was performed.

Analysis of RNase contaminations in the RT preparations

Since contaminatingE.coli RNases were a major concern in co-
crystallization trials, all RT and pseudoknot RNA preparations were
incubated routinely at equimolar concentrations of#80 either at 37°C

for 30 min or at 4°C up to several days, which more closely resembled
the co-crystallization conditions, and analyzed by denaturing gel electro-
phoresis. Only those preparations showing negligible RNA degradation
were used for co-crystallization experiments.

Co-crystallization of RT and RNA

Crystals were grown at 4°C by vapor diffusion in hanging drops. Protein
and RNA were mixed in 50 mM BTP, pH 7.0, 100 mM ammonium
sulfate, 0.02% (w/v) hexyB-p-glucopyranoside, 10% (w/v) glycerol,
0.02% (w/v) sodium azide, 7% 1,4-dioxane (Sigma) at a concentration
of 100 and 12QuM, respectively, and incubated for at least 10 min on
ice. The protein-RNA solution was mixed with an equal volume of
well solution containing 1.0-1.1 M sodium citrate, pH 6.9, 100 mM

heterodimers found in the F222 crystal form served as the trial model.
Data were analyzed first with self-rotation and self-Patterson functions.
The assumption of four molecules per asymmetric unit resulted in a
Vu = 3.72 ADa and a solvent content of 68—70% (Matthews, 1968)
and was supported by similarities to the packing arrangements found in
the orthorhombic crystal form (F222). The tetrameric trial model was
generated by ‘selecting’ four closely packed RT heterodimers from the
F222 crystal lattice. Self-rotation functions were calculated using struc-
ture factors calculated from tetrameric trial models in which the local
dyad axes of the tetramer were oriented paralleh tnd c* axes. The
patterns of the calculated self-rotation functions were compared with
those of the self-rotation functions based on the observed data. The
translation problem was solved manually using molecular replacement
and packing analyses as implemented in the program O (Jetnak
1991). ‘Local’ translation function searches only alongndz in the
vicinity of the ‘plausible’ solution followed by refinement of the
Patterson correlation coefficient confirmed the predicted, computer-
generated packing. The crystallographic and fRRefactors stayed above
57% for the randomly placed molecules subjected to the same procedure,
whereas both were substantially lower for the correctly placed molecule
(34 and 42%, foR:1yst and Ryee, respectively).

Several data sets extending to Bragg spacings between 5.4 and 4.8 A
from flash-frozen RT-RNA co-crystals were collected at the CHESS Al
beamline. The wavelength was 0.92 A and data were recorded s12a 2
CCD area detector (2048048 pixels) designed by S.Gruner, Princeton
University. Two of these data sets have been used for further structural
analyses and refinement (Table I).

Structure determination and refinement

Phases derived by molecular replacement for the structure factor ampli-
tudes were improved by density averaging using the program suite
RAVE (Kleywegtet al., 1996, 1997). Three different schemes were used
for the electron density averaging and phase extension procedure. First,
extension of data phased between 15 and 6.5 A to the 4.8 A diffraction
limit produced reasonableg—F. density for the protein and additional
density in the polymerase cleft. By contrast, extension of the 15-6.5 A
resolution phases to both high and very low resolution produced maps
of inferior quality. In this case, the density corresponding to long helices
in the connection domain became disconnected. Finally, applying the
first approach with SIGMAA weighting resulted in improved electron
density, but with considerably inflated figures of merit and correlation
coefficients. The non-crystallographic averaging using data between 15.0
and 4.8 A usually converged after 20-25 cycles. The averdgjifagtors
converged at ~26%. The electron density correlation coefficient between
dimer 2 and dimer 1 was ~0.90, whereas it was 0.83 for dimer 3
compared with dimer 1, and 0.77 for dimer 4 compared with dimer 1.
The non-crystallographic symmetry averaging of the four RT hetero-
dimers was followed by domain averaging. Each heterodimer was
subdivided into four domains: RNA, p66 thumb, p66 minus the thumb
and p51. The 4-fold averaging of these four domains resulted in a further
drop in the averaging-factor to ~22%.

Model building

The protein coordinates were adjusted by rigid-body refinement of each
domain and by a real space fitting of individual helices and contiguous
B sheets to electron density using the program O. An ensemble of four
NMR structures of the MMTV pseudoknot RNA was docked manually

magnesium acetate and 3% 1,4-dioxane. Small sword-shaped crystalsinto the 4-fold averaged density. The loops in the NMR-determined

could be observed typically after 4-7 days. These grow to
0.4X0.15x0.075 mm within ~2 weeks; in a few cases, crystals up to
0.8x0.25x0.15 mm have been obtained. The co-crystals belong to the
monoclinic space group C2 with unit cell dimensions of typically
a=162A b= 169 A c = 331 A andp = 105°.

Data collection and molecular replacement

Since the RT—pseudoknot co-crystals are highly radiation sensitive,
crystals were flash frozen in liquid propane after soaking them at 4°C
for 3—10 min in 200pl of a cryo-protectant solution containing 1.0 M
sodium citrate pH 6.9, 100 mM magnesium acetate, 3% 1,4-dioxane,
20% sucrose, 10% xylitol. The best freezing results were obtained
when crystals were transferred in a single step into large volumes

structure were truncated and the sequence of the RNA was changed to
that shown in Figure 1. Refitting of this revised pseudoknot model
resulted in a small rotation with a slight improvement in the real space
correlation coefficient for the new RNA position.

Coordinates of the NMR structures were not included at any stage of
the non-crystallographic density averaging and/or any of the map
calculations. Moreover, the RNA coordinates were randomized to remove
any model bias in the calculations of averaging masks. Masks were
recalculated using a 2.8 A solvent probe radius for the RNA and a 1.4 A
radius for the protein portion. The combined masks calculated with the
program MAMA (Kleywegtet al, 1997) were used in the subsequent
averaging and density modification procedures implemented in the
program DM (Cowtan, CCP4 program suite, 1994). The coordinates
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have been deposited in the Brookhaven Protein Data Bank with accession of a complex between the lac repressor headpiece and a 22 base pair

number 1 hvv.
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