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ABSTRACT. The heterodimeric human immunodeficiency virus type 1 reverse transcriptase (HIV-1 RT) is
composed of p66 and p51 subunits, p66 being the catalytic subunit. Our earlier investigation on the role
of p51 in the catalytic process has shown that the p51 subunit facilitates the loading of the p66 subunit
onto the template primer (TP). We had postulated thaB#e38 loop of the p51 subunit may be involved

in opening the polymerase cleft of p66 for DNA binding [Pandey, V. N., et al. (18%&)hemistry 35

2168]. We report here that deletion or alanine substitution of four residues gf7th88 loop results in
severe impairment of the polymerase function of the heterodimeric enzyme. The enzyme activity was
restored to the wild-type levels when the mutant p66 subunit was dimerized with the wild-type p51,
suggesting that the inta@7—/£8 loop in the p51 subunit is indispensable for the catalytic function of
p66. Further, the template primer binding ability of the enzyme was significantly reduced upon deletion
or alanine substitution in th&7—/£8 loop. Interestingly, the loss of the TP binding ability of the mutant
p66 was restored upon dimerization with wild-type p51. Examination of the glycerol gradient
ultracentrifugation analysis revealed that while the wild-type HIV-1 RT sediments as a dimeric protein,
the mutant enzymes carrying deletion or alanine substitution in both the subunits sediment predominantly
as monomeric proteins, suggesting their inability to form stable dimers. In contrast, mutant p66 dimerized
with wild-type p51 (p66/p51VT and p66'?/p51VT) sedimented at the dimeric position. Taken together,
these results clearly implicate the importance offie 38 loop of p51 in the formation of stable functional
heterodimers.

Reverse transcriptase in all retroviruses is part ofptble spiroaminooxathioledioside) resistant strains of HIV-1 has
gene and is encoded downstream from ¢fag gene in a been shown to result from a Gl Lys mutation at position
large coding regionl)). Translation of this coding region 138 inthe p51 subunit of HIV-1 RT, thereby implying some
yields agag-polfusion protein which is subsequently cleaved functional role of p51 in the catalytic competence of p66
by the viral protease to generate the mature reverse tran{13). Studies from Le Grice’s lab have suggested that p51
scriptase present in the infectious viriory.(This multi- may be involved in the initiation of reverse transcriptidd,(
functional enzyme exhibiting both RNA- and DNA- 15). Deletion of as few as eight amino acids from the
dependent DNA polymerase activities as well as RNase H C-terminus of the p51 subunit resulted in impairment of
activity is responsible for converting the single-stranded initiation of reverse transcription on natural tRN# (14).
genomic RNA into double-stranded proviral DNA and thus Interestingly, the tRNAs3-primed activity of HIV-1 RT
plays a key role in the viral life cycle3(6). Reverse carrying the C-terminal deletion of 13 amino acids in p51
transcriptases from SIVFIV, HIV, and EIAV are hetero-  (p51A13/p66) could be rescued, if tRNY&® containing five
dimers (p66/p51) containing one subunit as the full-length additional DNA nucleotides was used as the primes).(

RT polypeptide, and the other is the proteolytically truncated These findings have suggested that the p51 subunit may play
form from the carboxy terminus/{-10). The p66 subunit  arole in disrupting additional tRNAviral RNA base pairing
exhibits both DNA polymerase and RNase H activity, outside the PBS region to proceed into productivg gtrand
whereas the p51 subunit lacking the carboxy-terminal RNase
H domain exhibits neither of these activitied1( 12). ! Abbreviations: HIV-1, human immunodeficiency virus type 1; RT,

_ i ilvl- reverse transcriptase; MuLV, murine leukemia virus; SIV, simian
However, the emergence of TSA@(t bUtyIdlmethyl S"yl immunodeficiency virus; FIV, feline immunodeficiency virus; MMTV,
mouse mammary tumor virus; EIAV, equine infectious anemia virus;
T This research was supported by a grant from the National Cancer TSAO, tert-butyldimethy! silylspiroaminooxathioledioside; IMAC, im-
Institute of the National Institutes of Health (Grant CA 72821 to mobilized metal affinity chromatography; U5-PBS RNA template,
V.N.P.). HIV-1 genomic RNA template corresponding to the primer binding
* To whom correspondence should be addressed. Telephone: (973)sequence region; U5-PBS DNA template, HIV-1 genomic DNA
972-0660. Fax: (973) 972-8657/5594. E-mail: pandey@umdnj.edu. template corresponding to the PBS region; TP, template primer.
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DNA synthesis 14, 15). It has also been shown that p51 italics). In the second step, the 432 bp first-step PCR product
may be involved in the strand displacement activity during was used as the upstream megaprimer. The downstream
the polymerase reactioi ). Recently, Cys—~ Ser mutation primer was from the C-terminal region of p51 and contained
at position 280 in p51 was found to alter the RNase H activity a uniqueSad site and a stop codon (TAT AGG GEAGC

of the heterodimeric enzymd7). We have earlier demon- TCT TAG AAG GTT TCT GCT CC). These were used to
strated that the p51 subunit is involved in loading the p66 amplify the full-length p51 coding region (1320 bp) from
subunit onto the template primet§). Our studies indicated  the pET-28aRT51 vector. The second PCR product was
that once the RT is bound to the TP, the p51 subunit can berestriction digested wittNdd and Sad and cloned into the
physically dissociated and the TP-bound p66 alone is capablepET-28a vector. The clones were sequenced to ascertain the
of catalyzing the polymerase reactid8). In continuing with alanine substitutions at codons 3B39. Alanine substitution

our investigation of the role of p51, we have generated in the 37—£8 loop of the p66 subunit was carried out by
subunit specific deletion and alanine substitution injfie inserting the 403 bEpnl andHindlIl fragment of the pET-

/38 loop in the finger subdomain of HIV-1 RT. In this paper, 28a-RT66 vector (coding region of the RNase H domain)
we provide evidence to suggest that the infact 58 loop into the pET28a-RT51 clone having alanine substitutions
of the p51 subunit is essential for the catalytic function of (N136A, N137A, E138A, and T139A). Both the mutant
the p66 subunit. Deletion or alanine substitution in ff7e- clones were introduced intB. coli BL-21(DE3)pLysS for

/38 loop of the p51 subunit results in severe impairment of expression. Induction and purification of the enzyme protein
the DNA polymerase activity of the enzyme, thus indicating were carried out as described previously for wild-type HIV-1
the functional importance of this loop in the catalytic RT (19).

mechanism of the heterodimeric enzyme. Deletion of Amino Acid Residues in ti#&—/38 Loop.
Mutants carrying deletion of four codons (positions 36
MATERIALS AND METHODS 139) in the37—/38 loop of the p66 or p51 subunit were

constructed via the two-step PCR amplification process
described above. The 432 bp sequence containing N-terminal
‘codons 144 was amplified from the pKK-RT66 vector

Pfu Turbo polymerase for PCR amplification was pur-
chased from Stratagene. Restriction endonucleases, DNA

thdifﬂn? enz;lémers],_and HNTLC}?U.”ﬁe?: dNT;IPS Wehrel pur- by PCR using the upstream and downstream primers. The
chased from Boehringer Mannheim. Fast flow chelating sequence of the upstream primer wa®\5.AGG CCT GAA

Sepharose (iminodiacetic-Sepharose) for immobilized metal TTC ATG CCC ATT AGC CCT ATT-3 and contained a
affinity chromatography (IMAC) was purchased from Phar- uTique EcQRI site preceding the ATG start codon. The

i 2D . .
macia, and*P-labeled dNTPs and ATP were the products sequence of downstream primer corresponding to codons

of.Dupont/New England Nuclegr Corp. The RNA a_nd DNA 144—-131 was 5G ATA TCT AAT CCC AGG CCT CTC
oligomers used as template primers were synthesized at thé\r1 G171 AAC ACT AGG TAT G-3'. This primer carried
Molecular Resource Facility at the University of Medicine tWo u—nique sites, nameltu and Hpal sites introduced at
gnd D_Engstry Of Ne\l/v Jerseﬁ ang have the same seq?err:ce 4Bodons 140 and 136, respectively. In the second step of the
escribed previous y16). All other reagents were o the PCR, the 432 bp first-step PCR product was used as the
hlghest available purity grade and purchaseq from Fisher, upstream megaprimer along with a downstream primer from
Millipore Corp., Boehringer Mannheim, and Bio-Rad. the C-terminal region of p51 having the unigdandlll and
Plasmid and ClonesThe expression vector pET-28a and gad sites and a stop codon (GT GCG GCC GA AGC TT
Escherichia colexpression strain BL-21(DE3) were obtained TTA GAA GAG CTC TTA TAG TAC TTT CCT GAT
from Novagen. The HIV-1 RT expression clones (pET-28a- TCC) to amplify the full-length p66 coding region from the
RT66, pET-3a-RT51, and pET-28a-RT51) constructed in this pKK-RT66 vector. The second PCR product was restriction
laboratory (9-21) were used for PCR amplification and  digested withEcaRl andHindlll and cloned into the pKK
construction of the deletion mutants in the p66 and p51 plasmid vector. The positive clones were screened irEthe
subunits of HIV-1 RT. The HIV-RNA expression clone  coli GAM48 (A) strain and sequenced to ascertain the
pHIV-PBS was a generous gift from M. A. Wainber2g|. presence oHpal and Stu sites at codons 136 and 140,
This clone contains a 947 bp fragment of the HIV-1 genome respective'y_ TheStu enzyme does not cleave if the
(nucleotides 4731420) which supplies the RNA corre-  restriction site is methylated. THe coli GAM48 (A) strain
sponding to the U5-PBS region. is deficient in dam/dcm and, therefore, suitable for screening
Alanine Substitution of Amino Acid Residues in fite- of positive clones. The positive clones were restriction
8 Loop Four residues (positions 13@.39) in thep7—8 digested withHpal and Stu to remove codons 136139,
loop of the p51 and/or p66 subunit were substituted with and the gel-purified vector was religated to construct pKK-
alanine using two-step PCR amplification as follows. The RT663139 This construct expresses the pb&61%° subunit
432 bp sequence containing N-terminal codord 44 were without the His tag sequences. For introducing the His tag
amplified by PCR using the upstream and downstream at the N-terminus of the p3%136-13° subunit, theBall—
primers and pET-28a-RT51 as the templa8)( The Hindlll fragment of pKK-RT66136-13°was subcloned in the
upstream primer having the sequence: TAT GGGGSC pET-28a-RT66 expression cassette. A unifag site was
ATA TG C CCA TTA GCC CTA TTG contained a unique introduced into pKK-RT66 at codon 440. Deletion of the
Ndd site which provided the ATG start codon. The [S7—/8 loop in p51 was carried out by removing the 360 bp
downstream primer sequences corresponding to codons 144 fragment from pKK-RT66'361%° py restriction digestion
131 were 5ATA TCT AAT CCC TGG TGC CGC AGC with Sad followed by ligation of the vector ends to generate
GGCAAC ACT AGG TAT GGT-3, substituting four wild- pKK-RT514136-139 The deletion mutants in the pET and pKK
type codons (positions 136L.39) for alanine (shown in bold  vectors were introduced inté. coli BL-21(DE3)pLysS and
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E. coliJM109, respectively, for expression. Induction of the dNTPs (100uM each). Reactions were initiated by the
enzyme protein was carried out as described previously foraddition of the enzyme and terminated by the addition of

wild-type HIV-1 RT (24, 25). The enzyme with the His tag
was purified from bacterial lysates by immobilized metal
affinity chromatography9), while a conventional column

chromatography protocol was used to purify the non-His-

tagged enzyme2).

equal volume of Sanger’s gel loading dys8). The reaction
products were analyzed by denaturing polyacrylamigdea
gel electrophoresis followed by phosphorimaging.

Gel Shift Assay Used To Determine the Extent of Forma-
tion of Enzyme Template Primer Binary CompleWe used

Preparation of the Heterodimeric Enzyme with Subunit the 49-mer U5-PBS DNA template primed with the32P-

Specific Alanine Substitution or Deletiohhe p51 subunit

labeled 17-mer PBS primer for the binding studies. The gel

with the His tag and the p66 subunit without the His tag shift incubation mixture contained 5 nM labeled TP,4.5

were used to generate the heterodimers containing alaninej 8,M wild-type HIV-1 RT or its mutant derivative, 50 mM
substitution or deletion in either or both subunits. For each Tris-HCI (pH 7.8), 5 mM MgC}, and 10% glycerol in a

set of heterodimers, 260y of p51 was mixed with 66Qg
of p66 in the binding buffer containing 40 mM Tris-HCI

total volume of 1QuL. The mixture was incubated at 3T
for 30 min and loaded onto a 6% polyacrylamide gel in Tris-

(pH 8.0) and 500 mM NaCl. The rationale for using a 1:3 glycine buffer [25 mM Tris and 162 mM glycine (pH 8.4)].
ratio of p51 to p66 was to saturate the His-tagged p51 with The gel was run at 150 V and°€ for 4 h, and the shift in
p66 in the column. The mixture was incubated for 16 h at 4 the DNA band due to the formation of the-HP binary

°C and applied to a Ri-iminodiacetic-Sepharose (IDA-

complex was detected by phosphorimaging (Molecular

Sepharose) column (0.5 mL) pre-equilibrated with the Dynamics).

binding buffer. The column was washed with 15 mL of the

same buffer to remove the excess p66 that was not dimerizedof
with p51 bound to the IDA-Sepharose column. The hetero-

dimeric RT was then eluted from the column with 250 mM

imidazole in the same buffer. Fractions (0.5 mL) were

collected, and an aliquot of each was analyzed by SDS

PAGE followed by Coomassie blue staining. The fractions
containing approximately equal p66 and p51 band intensities

were dialyzed against a buffer containing 50 mM Tris-HCI

Glycerol Gradient UltracentrifugationFifty micrograms

the enzyme protein in Tris-NaCl buffer [50 mM Tris-
HCI (pH 8.0) and 400 mM NaCl] was carefully loaded onto
5 mL of 10 to 30% glycerol gradients prepared in the same
buffer. Gradients were centrifuged in an SW48 rotor at
48 000 rpm for 22 h and were fractionated from the bottom
(29). Fractions were subjected to SBBolyacrylamide gel
electrophoresis to determine the protein peak in the fraction.

(pH 7.0), 200 mM NaCl, and 50% glycerol. We repeated ResyLTS

the experiment in those sets, which yielded lower band

intensity of the p66 subunit as compared to the p51 intensity, Deletion and Alanine Substitution in ti#&—A38 Loop of

by increasing the molar ratio of p66 to p51 to 4:1 in the

incubation mixture prior to application onto IDA-Sepharose.

DNA Polymerase Assayhe polymerase activities of the

the Indiidual Subunits of HIV-1 RThe amino acid residues
spanning codons 136139 in the 57—/8 loop of the
individual subunits of HIV-1 RT were chosen for deletion

wild-type (WT) and mutant enzymes were assayed on threeor alanine substitution. As described in Materials and

different template primers, poly(rA)dT).s, U5-PBS HIV-1
RNA, and 49-mer U5-PBS DNA templates primed with the
17-mer PBS primer. Assays were carried out in auh0
volume containing 50 mM Tris-HCI (pH 8.0), 1Q0y/mL
bovine serum albumin, 2 mM Mgg&l1l mM dithiothreitol,
60 mM KCI, 200 nM TP, dNTPs (5@M each), and 21 nM
enzyme. With the homopolymeric (rA¥T);s template
primer, the reaction mixture contained &M 32P-labeled
dTTP (0.4uCi/nmol). For heteropolymeric template primers,
each of the four dNTPs (50M) was included with one of
them being®?P-labeled (0.2:Ci/nmol of dNTP). Reaction
mixtures were incubated at 3T for 3 min, and reactions

Methods, deletion and alanine substitutions were performed
by the two-step PCR megaprimer method using three
oligonucleotide primers, one of which was the mutant primer
corresponding to codons 14431. For deletion, the mutant
primer contained the uniqudpal and Stu sites at codons
136 and 140, respectively. Following screening of the
positive clones, deletion in th&/—/38 loop was carried out
by removing theStu and Hpal fragment corresponding to
codons 136-139. Alanine substitution and deletion in the
p7—p8 loop of the individual subunits were screened by
DNA sequencing. The positive recombinant clones in the
PET expression vector were expressetticoli BL-21(DE3)

were terminated by the addition of ice-cold 5% trichloroacetic pLysS, while pKK-based clones were expressedtircoli

acid containing 5 mM inorganic pyrophosphate. The samples JIM10Q The mutant enzymes were induced and purified from
were filtered on Whatman GF/B filters. The filters were dried the cell lysate either by metal affinity column chromatog-

and counted for radioactivity in a liquid scintillation counter.

Gel Analysis of RNA- and DNA-Dependent DNA Polym-

erase Actiities. The natural U5-PBS HIV-1 RNA and DNA
templates primed with '5?P labeled 17-mer PBS primer

raphy (9, 20, 30) or by the conventional procedur2g),
depending upon the presence or absence of His tag sequences
at the N-terminus. The enzyme preparations were found to
be greater than 95% pure as judged by Sp8lyacrylamide

were used to assess the polymerase activity of the mutantgel electrophoresis. The level of protein expression, solubil-
and wild-type enzymes. The primers werddbeled using ity, and yield were similar to those of the wild-type enzyme,
[y-*2P]JATP and T, polynucleotide kinase according to the suggesting that alteration in tif—;38 loop did not cause
standard protocol 27). Primer extension reactions were any perturbation in the folding of the enzymes. The
carried out by incubating 2.5 nM template primer with 50 chromatographic parameters used for the purification of the
nM wild-type HIV-1 RT or its mutant derivative in a total mutant enzymes were essentially similar to those of the wild-
reaction volume of 6L containing 25 mM Tris-HCI (pH type enzyme, although a change in the sedimentation profile
7.8), 10 mM DTT, 100ug/mL BSA, 2 mM MgC}, and upon glycerol gradient analysis was noted.
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Table 1: Polymerase Activity of the Wild-Type HIV-1 RT and Its
Mutant Derivatives Carrying Subunit Specific Deletion or Alanine
Substitution in thgs7—£8 Loo?

A

U5-PES 48 mer DNA
template A7 mer DNA primer

49- =

Pandey et al.

U5-PBS RNA
template A7 mer DN A primer

percent of wild-type polymerase activity

U5-PBS RNA/  U5-PBS DNA/ 1Ty z® -
enzyme species  poly(rApT)s 17-mer 17-mer s == Saaa _=Se= o
p6ENT/p5INT 100 (584) 100 (97) 100 (114) 1T Cr ) 2 e MMM SN 17T
66MT/p6ENT 97 92 96 121212121212 12121 212121212 mer
p66//p66Y 25 9.5 105 E:35:F BEEZEEG
E66A/BSlA 10.2 9.0 8.0 Ees®iy TLTiiig
pP66Ya/p6EYa 3.8 10.0 11.0 b s F %
p66Ya/p51Aa 0.8 12.6 10.6
P66/ p5INT 96.0 116.0 94 c D
p66Y/p510186A 104.0 98.0 96.0 Sepas o e D
., B2 wmp o R e
p66YT/p512 45.0 59.4 55.0
p66"T/p51/ia 40.0 51.0 48.0 M
2The polymerase activities of the wild-type HIV-1 RT and its mutant 22:=% = S5
derivatives were determined with the indicated template primers at ETe® SI:=-Z a===
saturated dNTP concentrations as described in Materials and Methods — 17:mer-B & & S S — SLalaBendild & 7mer
The values expressed as a percentage of the wild-type enzyme activity e 21212121212 12 Is_z 12121212
represent the averages of three sets of experiments. Values shown ir B E % 4 % 4 Ex 3151
parentheses are total picomoles of acid-insoluble dNMP incorporated g % F7F %; % 4 3 i %
into primer DNA by the wild-type enzyme in 3 min at 3T. © Tt kB g 8 = ©

Ficure 1. Primer extension reactions catalyzed by the wild-type
HIV-1 RT and its mutant derivatives carrying deletion or alanine
substitution in thgg7—/8 loop of the individual subunit. The primer
extension reactions catalyzed by the enzyme species carrying
deletion (A and B) or alanine substitution (C and D) in the
individual subunits were carried out on U5-PBS HIV-1 DNA and
U5-PBS HIV-1 RNA templates primed with thé-%P-labeled 17-

; ; _ _4mer PBS primer. Each set of reactions was carried out for 30 (lane
primer as well as heteropolymeric natural US-PBS HIV-1 1) and 60 s (lane 2) at 28C and quenched by the addition of an

RNA and DNA templates primed with the 17-mer PBS gqual volume of Sanger's gel loading dye. The reaction products
primer. The results shown in Table 1 indicate that the HIV-1 were resolved on an 8% polyacrylamide M urea gel and
RT mutants carrying either deletion or alanine substitution subjected to phosphorimager analysis.
in both the subunits display -110% of the wild-type
polymerase activity. The polymerase activity of the mutant polyacrylamide-urea gel (Figure 1). Reactions were carried
enzymes was restored to near-wild-type levels when theout for 30 and 60 s on RNA and DNA templates primed
mutant p66 was dimerized with wild-type p51 (PéB1VT, with the 532P-labeled 17-mer PBS primer. As seen in Figure
p66"2/51WT). Similar results were obtained when the mutant 1, deletion or alanine substitution in ti&—/8 loop of both
p66 was dimerized with p51 harboring an Asp Ala the subunits resulted in significant impairment of the primer
mutation at position 186 in the catalytically crucial YMDD  extension ability of the mutant enzymes. The enzyme species
motif, but having an intac87—/8 loop. The rationale for ~ carrying deletion in both the subunits (#$666* and p66/
using the p52!8A mutant was to inactivate the residual p51*) were nearly inactive on the DNA template (Figure
catalytic activity of wild-type p51. Thus, the restoration of 1A), while trace amounts of primer extension activity were
polymerase activity of mutant p66 dimerized with wild-type noted on RNA templates (Figure 1B). The levels of reduction
p51 or with p5P18A (p66~/51VT, p66Y2/51WT, p66*/51P186A in the primer extension ability of p68/p66*2 and p66'3/
p6642/51P1864) may be attributed to the intaB7—/A8 loop p5242 species were similar on both RNA and DNA templates
in the p51 subunit. These results imply that deletion or (Figure 1C,D). As expected, the mutant p66 subunit dimer-
alanine substitution in thg87—A8 loop of the p66 has no ized with the wild-type p51 subunit (p6&1VT, p66Y3/51WT)
impact on the polymerase activity of HIV-1 RT as judged displayed near-wild-type polymerase activity on both RNA
by the wild-type activity levels observed with the mutant and DNA templates. Similar results were obtained when
p66 dimerized with the p51 subunit carrying the intdét- mutant p66 was dimerized with another mutant p51 with the
/38 loop. However, we were rather intrigued by the observa- intact 57—£38 loop but carrying a mutation in the YMDD
tion that the wild-type p66 dimerized with the mutant p51 motif.
(p66"7/51%) exhibited approximately 4660% of the wild- These results suggest that impairment of the polymerase
type polymerase activity. We speculated that the mutant pS1fynction of the p66/66°, p66'/514, p663/6622, or p66\a/
carrying deletion or alanine substitution in tfig—f38 loop 5142 enzyme species is via mutation in the second subunit.
may form an unstable dimer with wild-type p66. In such a However, like the results shown in Table 1, the wild-type
case, wild-type p66 in the p8E/51* or p66'T/51%% prepara- 66 dimerized with the mutant p51 (366514, p6eT/5142)
tion may tend to dimerize with itself, thus accounting for exnibited approximately 4660% of the wild-type activity
the 50% decrease in polymerase activity. on both templates. In keeping with our earlier suggestion,
A similar pattern of template primer utilization was also this result may be explained by a possible dimerization defect
obtained when reaction products were analyzed on an 8%between the wild-type p66 and the mutant p51. In this

DNA Polymerase Adtities of HIV-1 RT Carrying Deletion
or Alanine Substitution in th87—38 Loop.The polymerase
activity of HIV-1 RT and its mutant derivatives carrying
deletion or alanine substitution in th&7—/£8 loop was
examined using the homopolymeric poly(F&)T).s template
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Ficure 2: Glycerol gradient ultracentrifugation analyses of the - '

wild-type HIV-1 RT and its mutant derivatives carrying alanine

substitution or deletion in th&7—/8 loop of the individual subunits.

The wild-type HIV-1 RT and its mutant derivatives were individu- GRADIENT FRACTIONS

ally resolved via 10 to 30% linear glycerol gradient ultracentrifu- (Bottom to Top)

gation analysis at 48 000 rpm in an SW 50.1 rotor for-2@ h.

Gradients were fractionated from the bottom and subjected to-SDS FIGURE 3: Polymerase activity profile of the glycerol gradient

polyacrylamide gel electrophoresis. The protein peak in the fraction fractions of the wild-type p66/p66 as well as p66WT/p5ind

was visualized by Coomassie blue staining of the gel. p66~MT/p51~2 enzyme species. Every third fraction between fractions
10 and 37 of the glycerol gradient (Figure 2) of the wild-type p66

: o~ i . homodimer (p687/p66VT) as well as the p66'/p51* and p66WT/
scenario, the wild-type p66 may self-dimerize to form p51*'2 enzyme species was diluted 10-fold and analyzed for its

catalytically active enzyme species. This postulation is polymerase activity on poly(rAJdT);s The reaction mixture
strengthened by the sedimentation analysis data (see Figuresontaining the wild-type enzyme was incubated for 30 s, while the
2 and 3) where glycerol gradient ultracentrifugation analysis mutants were incubated for 5 min at 3C.
of the p66'7/51* and p66'T/5142 species yielded two protein
peaks corresponding to homodimeric wild-type p66/p66 and fractions 19 and 25 (panel F). In contrast, the mutant p66
monomeric p51. dimerized with the wild-type p51 (p66/p51VT) sedimented
Glycerol Gradient Ultracentrifugation Analysis of Wild- asa heterodmenc Species, implying that _the infiice 58
Type and Mutant HIV-1 RTThe dimeric and monomeric loop of_ p51_ is essential for the formation of a stable
conformation of mutant and wild-type enzyme species was Netérodimeric enzyme (panel G).
analyzed by 10 to 30% glycerol gradient ultracentrifugation. ~ As in the sedimentation profile of the alanine substitution
The gradients were fractionated from the bottom, and an mutant, the enzyme species carrying deletion in both the
aliquot of each fraction was subjected to SB®lyacryl- subunits (p66/p66A) sedimented at the monomeric position
amide gel electrophoresis followed by Coomassie blue between fractions 19 and 25 (panel H), suggesting their
staining. The results shown in Figure 2 indicate that both unstable dimerization. Interestingly, while pgg51"" sedi-
the wild-type homodimeric (p66/p66) and heterodimeric mented as a heterodimeric protein (panel J), the"pgi 14
(p66/p51) enzyme species sedimented as sharp peaks bedimer yielded two sedimentation peaks (panel I) correspond-
tween fractions 13 and 19 of the gradient (panels A and B), ing to homodimeric p66/66 (fractions +d9) and mono-
while the wild-type p51 species alone sedimented as americ p52 (fractions 22-28). This indicates that wild-type
monomeric protein between fractions 22 and 28 (panel C). p66 in the p68T/p51* species does not form a stable
The sedimentation peak of the mutant f&p66Y2 was heterodimer with the mutant pS1Analysis of the polym-
between fractions 19 and 22 of the gradient (panel D). A erase activity profile of the gradient fractions of ¥66
clearer picture emerged from the gradient profile of 46  p66"T, p66"7/514, and p66'7/5142 enzyme species demon-
p5142, where both p682 and p51'2 sedimented separately  strated that the fractions between 13 and 19 corresponding
between fractions 19 and 25 and between fractions 22 andto the homodimeric p66/p66 species exhibited major enzy-
28, respectively (panel E). These gradient profiles indicate matic activity (Figure 3). The wild-type enzyme exhibited
that the putative enzyme species carrying alanine substitutionnear-equivalent activity in fractions 13 and 16. Although this
in both the subunits may exist as unstable dimers in solution does not exactly correlate with the protein band intensity
which resolve into monomers upon ultracentrifugation. As seen in Figure 2, the activity profile is in agreement with
per our speculation, the mutant p51 does not dimerize readilythe sedimentation profile of the homodimeric enzyme (p66/
with the wild-type p66 (p687/p514%). This is evident from p66). These results support the contention that@@o of
its gradient profile, where the p#6 sedimented as a the polymerase activity noted with the p6g514 and
homodimeric species between fractions 13 and 19 while the p66"7/5142 enzyme species (Figure 1) may be due to self-
mutant p51'2 sedimented as a monomeric species betweendimerization of the wild-type p66 in forming the catalytically

¥
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complexes with one additional enzyme molecule, since this

band disappeared upon addition of excess TP (results not

shown). As expected, the wild-type p51 subunit alone was
J not able to form any detectable-HP complex under the

662664

66w/512

- 66251

66215641
66/51 A1

B ecusy

51t

E-TP standard assay conditions (lane 8). Taken together, these
Complex

. ‘ s

results suggest that the intg®—,38 loop of p51 is essential
for the productive DNA binding function of p66.

DISCUSSION

The monomeric form of p66 is proposed to exist in a
closed conformation topologically similar to p51 and assumes
p an open conformation upon dimerization with the second
ﬂ“’*. —he subunit 81). In this paper, we propose that tié—/8 loop
123 456867 8 motif of p51 is one of the important regions responsible for
FiGURE 4: Gel shift analysis aimed at evaluation of the formation dimerization and conferring catalytic capability to p66. Our

of the enzyme-TP binary complex by the wild-type HIV-1 RT  earlier studies have shown that the p51 subunit facilitates

and its mutant derivatives carrying alanine substitution or deletion i ; i
in the 57—/38 loop of the individual subunits. Each enzyme protein the loading of p66 onto the template primer, after which the

(1.5 M) was incubated with 5 nM 49-mer U5-PBS DNA of-5 sma}ller subunit can be physi_cally dissociated without af-
%p 17-mer PBS primer at 37C for 15 min, and the ETP fecting the polymerase function of the TP-bound larger
complexes that formed were resolved by nondenaturing polyacryl- subunit (8). We now demonstrate that the intg¢1—/8
amide gel electrophoresis as described in Materials and Methods.Joop of p51 is essential for the catalytic functions of p66.
Deletion or alanine substitution of four amino acids from
active enzyme species. It may be noted that in the HIV-1 thjs loop selectively in the p66 subunit had no significant
virion, RT exists as a heterodimer of p66/p51. In vitro, p66 jmpact on the dimer formation, DNA binding ability, and
exists as an active homodimer where one of the p66 SUbUnit%(ﬂymerase function of the enzyme. However, mutational
assumes the catalytic role while the second subunit assumeghanges in this loop specifically in the p51 subunit resulted
the role of p51. Thus, the role of the second p66 subunit in jn unstable dimer formation, reduction in DNA binding
the p66/p66 homodimer is analogous to the role of pS1 in apjlity, and subsequent loss of polymerase activity of the
the heterodimeric enzyme. enzyme. The importance of thé7—/38 loop of the p51
Formation of E-TP Binary Complexes by the Mutants subunit in the dimerization process is substantiated by the
and Wild-Type EnzymeGlycerol gradient sedimentation sedimentation pattern of the various RT mutants carrying
analysis revealed that the loss of polymerase activity of the deletion or substitution in this loop region either in the p51
mutant enzymes might be due to dimerization defects. Sincesubunit alone or in both subunits. These results imply that
the open conformation of the polymerase cleft of the p66 the 57—/£8 loop of p51 may be positioned such that any
subunit is dependent upon the formation of stable dimers perturbation in this loop directly influences the conformation
with the second subunit, it is reasonable to presume that anyof the polymerase domain of the larger subunit.
perturbation in this dimerization process due to alteration in  In the three-dimensional crystal structure of HIV-1 RT
the f7—/8 loop would in turn affect the DNA binding (32, 33), the57—/38 loop of the individual subunits of HIV-1
capacity of the enzyme. To ascertain this, we analyzed theRT is positioned differently (Figure 5A). In the p66 subunit,
TP binding ability of these various mutant RT species by it is part of the finger subdomain located away from the
gel shift assay. The enzymes were incubated with a labeledpolymerase cleft. In the p51 subunit, this loop is seen
49—-17-mer TP and analyzed by electrophoresis on a non- protruding prominently in the floor of the polymerase cleft
denaturing polyacrylamide gel (Figure 4). A variable pattern of the p66 subunit. It is interesting to note that the region of
of the retarded complexes indicated qualitative differences p66 where the37—£8 loop of p51 interacts exists as a
in the binding affinities of the various enzymes for the disordered structure spanning residues 836 (Figure 5B).
template primer. A complete absence of any shift in the The corresponding regio8§ andaE) in murine leukemia
position of the labeled template primer in the case of the virus reverse transcriptase (MuLV RT) exists as an ordered
mutant enzymes carrying deletion or alanine substitution structure (Figure 5C). The polymerase domain of MuLV RT
either in both subunits (lanes 2 and 5) or in the p51 subunit (34) and HIV-1 RT @2, 33) are approximately 85%
alone (lanes 3 and 6) clearly indicated a drastic reduction in structurally similar, in contrast to their sequences being 29%
their affinity for the nucleic acid. In contrast, the retarded identical 34). The56 andoE region of MuLV RT is not at
bands seen with the complexes of RTs in which the mutant all similar in structure or sequence to the corresponding
p66 carrying deletion or alanine substitution was dimerized equivalent motif (residues 83L06) of HIV-1 RT. The
with the wild-type p51 subunit (lanes 4 and 7) suggest that presence of an ordered structure in the palm subdomain of
their DNA binding ability was not significantly affected. MuLV RT may be structurally important in providing an
Interestingly, two distinct retarded bands were seen with the open conformation to its polymerase domain. In contrast,
wild-type heterodimeric RT and the mutant RT in which the the existence of a disordered region in the floor of the
p66 (deletion) is dimerized with the wild-type p51 subunit polymerase cleft of HIV-1 RT may necessitate interaction
(lanes 1 and 4). The faster-migrating retarded band mayof the p51 subunit with this region for maintenance of the
represent the expected species that contains one moleculstability of the cleft in the open conformation.
of enzyme bound to the’-8erminus of the template primer, There are six amino acid residues (SINNET) in the loop
whereas the slower-migrating retarded band may reflect situated between two prolines at positions 133 and 140.



Role of the7—/8 Loop of p51 in HIV-1 RT Biochemistry, Vol. 40, No. 32, 20008511

B7-£8 loop
of p66

p7-p8 Loop

Disordered N
region of of p51 Ordered structure
HIV-1 RT(Residue 83-106) of MuLV RT

Ficure 5: Structural organization in the floor of the polymerase cleft of p66 interacting witf7hes8 loop of p51. (A) Three-dimensional

crystal structure of HIV-1 RT showing the spatial location of fiYe-38 loop in the p66 and p51 subunits. The backbone structure of the
HIV-1 RT-DNA—dNTP ternary complex was taken from Huang et @B)((B) The57—/8 loop of p51 (red) is shown interacting with

the disordered region in the floor of the polymerase cleft of p66 (boxed). For clarity, only the structure of the palm and finger subdomains
of the catalytic p66 subunit is shown. (C) For comparison, the crystal structure of the palm and finger subdomains of a representative

monomeric RT enzyme, MuLV RT3@), is shown in royal blue. It may be noted that the corresponding regiémE, residues 121146)
in the floor of the polymerase cleft (boxed) of MuLV RT is an ordered structure.

99

/g6

1382

V381

FIGURE 6: Interaction of thgg7—[8 loop residues of p51 with the
residues in the polymerase cleft of p66. The interacting residues
of p66 (green) withi 4 A of the37—58 loop residues of p51 (blue)
are shown. Hydrogen bonding interactions are shown as dotted lines.

Besides lle 135, all the other amino acids of this loop have
polar side chains. The integrity of the loop is maintained by
hydrogen bonding between the side chains of Ser 134 and
Thr 139 (Figure 6). Four of the six amino acid residues in
the loop at positions 136139 of the p51 subunit are seen
interacting prominently with residues of the p66 subunit. The
side chain of Asn 136 interacts with the backbone of His
96, while a backbone to backbone interaction is seen with
Pro 95, Val 381, and lle 382. The amide of Asn 137 is also
within interacting distance of the side chain carbon of Pro
95 and backbone of Gly 93. Among these, Gly 93, Pro 95,
and His 96 are part of the disordered region on the floor of
the palm subdomain of p66 (Figure 5B). Mutational studies
have shown that Gly> Ala and Pro— Gly substitutions at
positions 93 and 95, respectively, of HIV-1 RT result in
complete loss of polymerase function of the enzyi88).(
Glu 138 and Thr 139 of p51 seem to provide significant
interactions with a number of residues in the catalytic cleft
of p66. A multiple backbone to backbone interaction of Glu

138 with Tyr 181 and Asp 186 and side chain interaction
with Val 179 of p66 are seen. Among these, Asp 186 is the
catalytic residue of p6630). A non-nucleoside inhibitor,
TSAO, has been shown to inactivate the enzyme by
interacting selectively with Glu 138 of this loop in the p51
subunit 3). Our earlier studies demonstrating dissociation
of the heterodimeric HIV-1 RT into inactive monomers
following interaction of the bulky TSAO with thg7—(8
loop of p51 (L8) support the notion that this loop may play
a direct role in the formation of the functionally active
dimeric enzyme.

REFERENCES

1. Giloba, E., Mitra, S. W., Goff, S., and Baltimore, D. (1979)

Cell 18 93-100.

Levine, J. G., Hatfield, D., Oroszlan, S., and Rein, A. (1993)

in Reverse TranscriptaséSkalka, A. M., and Goff, S. P., Eds.)

Cold Spring Harbor Laboratory Press, Plainview, NY.

.Varmus, H., and Swantrom, R. (1984 RNA Tumor Virus

(Weiss, R., Teich, N., Varmus, H., and Coffin, J., Eds.) pp

369-512, Cold Spring Harbor Laboratory Press, Plainview,

NY.

4. Molling, K., Bolognesi, D. P., Bauer, H., Busen, W., Plass-

mann, H. W., and Hausen, P. (19Mature 234 240-243.

Keller, W., and Crouch, R. (197Proc. Natl. Acad. Sci. U.S.A.

69, 3360-3364.

. Leis, J. P., Berkower, I., and Hurwitz, J. (193)oc. Natl.

Acad. Sci. U.S.A. 70466—-470.

. Davies, J. F., Il, Hostomska, Z., Hostomsky, Z., Jordan, S.

R., and Mathews, D. A. (19913cience 25288—95.

. North, T. W., Cronn, R. C., Remington, K. M., Tandberg, R

T., and Judd, R. C. (199Q). Biol. Chem 265 5121-5128.

Le Grice, S. F. J., Ette, J. R., Mills, J., and Mous, J. (1989)

Biol. Chem 264, 14902-14908.

Mous, J., Heimer, E. P., and Le Grice, S. F. J. (1988)rol.

62, 1433-1436.

Hostomsky, Z., Hostomska, Z., Fu, T. B., and Taylor, J. (1992)

J. Virol. 66, 3179-3182.

12. LeGrice, S. F. J., Nass, T., Wohlgensinger, B., and Schatz,
0. (1991)EMBO J 10, 3905-3911.

2.

5.

9.

10.

11.



9512 Biochemistry, Vol. 40, No. 32, 2001 Pandey et al.

13.

14.

15

16.
17.
18.
19.

20.

21.
22.
23.

24.

25.

Jonckheere, H., Taymans, J. M., Balzarini, J., Velazquez, S., 26. Hsieh, J. C., Zinnen, S., and Modrich, P. (1993iol. Chem
Camarasa, M. J., Desmyter, J., De Clercq, E., and Anne, J. 268 24607-24613.

(1994)J. Biol. Chem 269, 25255-25258. 27. Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D.,
Jacques, P. S., Wohrl, B. M., Howard, K. J., and Le Grice, S. Seidman, J. S., Smith, J. A., and Struhl, K. (19&€0rrent
F. J. (1994)J. Biol. Chem. 2691388-1393. Protocols in Molecular BiologyGreene Publishing Associates
. Arts, E. J., Ghosh, M., Jacques, P. S., Eshresmann, B., and and Wiley-Intersciences, John Wiley & Sons, New York.
Le Grice, S. F. J. (1996). Biol. Chem. 27,19054-9061. 28. Sanger, F., Nicklen, S., and Coulson, A. R. (19c. Natl.
Hottiger, M., Podust, V. N., Thimmig, R. L., McHenry, C., Acad. Sci. U.S.A. 756463-5467.
and Hubscher, U. (1994). Biol. Chem 269, 986-991. 29. Misra, H. S., Pandey, P. K., and Pandey, V. N. (1908iol.
Loya, S., Gao, H. Q., Avidan, O., Boyer, P. L., Hughes, S. Chem 273 9785-9789.
H., and Hizi, A. (1997)J. Virol. 71, 5668-5672. 30. Kaushik, N., Rege, N., Sarafianos, S. G., Yadav, P. N. S.,
Harris, D., Lee, R., Misra, H. S., Pandey, P. K., and Pandey, Modak, M. J., and Pandey, V. N. (1998jochemistry 35
V. N. (1998) Biochemistry 375903-5908. 11536-11546.
Pandey, V. N., Kaushik, N., Rege, N., Sarafianos, S. G., Yadav, 31. wang, J., Smerdon, S. J., Jager, J., Kohlstaedt, L. A., Rice, P.
P. N. S., and Modak, M. J. (199@iochemistry 352168~ A., and Friedman, J. M. (1998roc. Natl. Acad. Sci. U.S.A.
2179. , 91, 7242-7246.
Kaushik, N., Harris, D., Rege, N., Modak, M. J., Yadav, P. 32 jacobo-Molina, A., Ding, J., Nanni, R. G., Clark, A. D., Lu,
N. S., and Pandey, V. N. (199Biochemistry 3614430~ X., Tantillo, C., Williams, R. L., Kamer, G., Ferris, A. L.,
14438. _ Clark, P., Hizi, A., Hughes, S. H., and Arnold, E. (1993pc.
Chowdhury, K., Kaushik, N., Pandey, V. N., and Modak, M. Natl. Acad. Sci. U.S.200, 6320-6324.
J. (1996)Biochemistry 3516616-16620. _ 33. Huang, H., Chopra, R., Verdine, G. L., and Harrison, S. (1998)
Arts, E. J., Li, X., Gu, Z., Kleiman, L., Parniak, M., and Science 2821669-1675.
Wainberg, M. A. (1994)]. Biol. Chem. 26914672-14680. 34. Georgiadis, M. M., Jassen, S. M., Ogata, C. M., Telesnitsky,
Saiki, R. K., Scharf, S. J., Faloona, Mullis, K. B., Horn, G. A., Goff, S. P., and Hendrickson, W. A. (199S}ructure 3
T., Ehrlich, H. A., and Arnheim, N. (198%cience 2301350~ 879-892.
1354. ; ; "
Sarafianos, S. G., Pandey, V. N., Kaushik, N., and Modak, > Sove"y ™ 1artlo, =, Jaco00-Molina, B oo i o
M. J. (1995)J. Biol. Chem 270, 19729-19735. Acad. Sci. U.S.A. 914882-4886. e
Sarafianos, S. G., Pandey, V. N., Kaushik, N., and Modak, ' T '

M. J. (1995)Biochemistry 347207-7216. B1002872J



