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ABSTRACT. Based on the projected three-dimensional equivalence of conserved amino acids in the catalytic
domains of DNA polymerases, we propose Arg 110 of MuLV RT to be an important participant in the
catalytic mechanism of MuLV RT. In order to obtain evidence to support this proposition and to assess
the functional importance of Arg 110, we carried out site directed mutagenesis of Arg 110 and replaced
it with Lys, Ala, and Glu. The mutant enzymes were characterized with respect to their kinetic parameters,
ability to bind template-primers, and the mode of DNA synthesis. All the three substitutions at 110
position resulted in severe loss of polymerase activity without any significant effect on the RNase H
function. In spite of an approximately 1000-fold reductiorkin of polymerase activity with three mutant
enzymes, no significant reduction in the affinities for either template-primer or dNTP substrates was
apparent. Mutant enzymes also did not exhibit significant sulfur elemental effect, implying that the chemical
step, i.e., phosphodiester bond formation, was not defective. Examination of the mode of DNA synthesis
by the mutant enzymes indicated a shift from processive to the distributive mode of synthesis. The mutants
of R110 also displayed significant loss of pyrophosphorolysis activity. Furthermore, the time course of
primer extension with mutant enzymes indicated severe reduction in the rates of addition of the first
nucleotide and even further reduction in the addition of the second nucleotide. These results suggest that
the rate limiting step for the mutant enzymes may be before and after the phosphodiester bond formation.
Based on these results, we propose that Arg 110 of MuLV RT participates in the conformational change
steps prior to and after the chemical step of polymerase reaction.

Murine leukemia virus (MuL\j is a member of the as a probable participant in the dNTP binding function (Basu,
retrovirus family, and its reverse transcriptase (RT) has beenS., et al., 1988). Similarly, using a derivative of phenyl-
extensively characterized (Modak & Marcus 1977; Verma, glyoxal, Lys 329 was shown to be involved in the template-
1975). MuLV RT is a single subunit enzyme that possessesprimer binding function of MuLV RT (Nanduri & Modak,
both polymerase and RNase H activities. The gene coding1990). Photoaffinity labeling of MuLV RT with oligo(dT)
for the RT region of the proviral DNA has been cloned in was successfully used in the identification of three regions,
high expression vectors, which has permitted identification one in the polymerase domain and two in the RNase H
of domains responsible for the various catalytic functions domain (Tirumalai & Modak, 1991). This region has been
(Roth et al., 1985). For example, using pyridoxdt 5 suggested to participate in the binding of primer strand. Yet
phosphate as a substrate binding site directed reagentnother study with ferrate ion mediated oxidation of MuLV
(Modak, 1976; Basu, A., et al., 1988), Lys 103 was identified RT was used to specifically detect the amino acid residues
that are likely to interact with the template-primer nucleotides
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! Abbreviations: A, E, K, and R represent single letter codes for Ala, i ihi
Glu. Lys, and Arg, respectively: SDSPAGE, sodium dodecyl sulfate to Leu 103 with the result that the mutant enzyme exhibited

polyacrylamide gel electrophoresis; DTT, dithiothreitol; PMSF, phen- N0 polymerase activity (Basu et al., 1990). An investigation
ylmethanesulfonyl fluoride; IPTG, isopropito-thiogalactopyranoside;  of the role of Cys 90 by mutagenesis also revealed that it is
poly(rA)-(dThs, poly(riboadenylic acid) annealed with (oligodeoxy- g nonessential residue, in spite of the observation that its

thymidylic acid)s, poly(rC)-(dGs, poly(ribocytidylic acid) annealed S atioat : :
with (oligodeoxyguanylic acid), poly(dCy(dGhs poly(deoxycytidylic derivatization with bulky sulfhydryl reagent results in the

acid) annealed with (oligodeoxyguanylic agig)dNTP, deoxyribo-  10Ss of DNA binding and therefore the polymerase activity
nucleoside triphosphate; dATP, dGTP, dCTP, and dTTP representof the enzyme (Basu et al., 1993).

nucleoside triphosphate of deoxyadenosine, deoxyguanosine, deoxy- . . L .

cytidine, and deoxythymidine, respectively;Ppyrophosphate; RT, During the past five years, a significant shift in reverse
reverse transcriptase; HIV-1 RT, human immunodeficiency virus type transcriptase research has occurred in that the enzyme from
1 reverse transcriptase; IMAC, immobilized metal affinity chromatog- HIV-1 has been the major target of extensive investigation

raphy; IDA-Sepharose, iminodiacetic aciBepharose; MuLV, murine ¢4 the opvious reason. A number of structures of HIV-1
leukemia virus; pol IEscherichia colDNA polymerase |; PBS, primer

binding site; PSM, protein solubilizing medium; CD, circular dichroism; RT_apocrystal and cocrystal structure of DNA bound or
UV, ultraviolet. inhibitor bound enzyme have also been resolved (Kohlsteadt
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et al., 1992; Jacobo-Molina et al., 1993; Smerdon et al., 1994; Methods

Ding & Arnold 1995; Ding et al.,, 1995). Extensive . . .

mutagenesis analyses of HIV-1 RT have been carried out, Construction of Expression PlasmidsVe constructed
and amino acids responsible for catalytic functions, as well '€combinant plasmid containing the entire MuLV RT encod-
as other properties, and those responsible for drug resistancdd region with metal binding hexahistidine (His-Tag)
have been identified (Boyer et al., 1994a,b; Sarafianos etSeduences at the N-terminal region. The coding sequence
al., 1995a-c; Pandey et al., 1996; Kaushik et al., 1996a). In WasS derived from pB6B15.23 which contalns thg full coding
spite of these extensive studies, the mechanism of drugr€gion for MuLV RT (Roth et al., 1985; a kind gift from S.
resistance in HIV-1 RT remains to be clarified. Similarly, - GOff). The 2016 bp sequence coding for MuLV RT was
the relationship between the two subunits of HIV-1 RT, from amplified from pB6B15.23 using PCR (Saiki et al., 1985).
the catalytic view point, needs to be resolved. As far as the N the same step, we introduced Bidd restriction site at
mechanism of DNA synthesis is concerned, HIV-1 and the 3 end andEcoRL and a TAA stop codon at the 8nd
MuLV RTs share many common properties. Yet, MuLV of the RT_codlng sequence. Using these restriction sites,
RT is a single subunit enzyme that appears to be able tothe amplified fragment was ligated witNdel and EcoRL
carry out an identical biological function as that of HIv-1 digested pET-28a (His-Tag containing expression vector) to
RT. Itis therefore an attractive enzyme system to elucidate cOnstruct the pET-28a-MRT plasmid. Since cloned PCR
the similarities and differences in the mechanistic aspect of Product is known to contain nonspecific mutation, we
the two enzymes. In order to get an insight into the 'ePlaced the polymerase domain of pET-28a-MRT by
mechanistic similarity, it was essential to identify the Subcloning 847 biKpnl-Sall fragment from the original
catalytically important amino acids in MuLV RT. One clone (pB6B15.23). Prior to the cloning, t&all unique
reasonable approach was to utilize known sequences ofSite in the vectqr was abolished by blunt enq I|g_at|on. Th!s
MuLV RT and HIV-1 RT and choose the target for construct contains T7 promoter and meta_l bmdmg hexahis-
mutagenesis based on the knowledge of equivalent residuedidine (His-Tag) sequences at the N-terminal region.

in HIV-1 RT (Johnson et al., 1986; Delarue et al., 1990).  In Vitro Mutagenesis.TheKpnl and Sal fragment (847
Using the knowledge gained from the comparison of 3D bp) of pB6B15.23 encoding the polymerase domain of
structure of the Klenow fragment with that of HIV-1 RT MuLV RT was subcloned in bacteriophage M13 mp19 and
(Yadav et al., 1994), we were able to postulate some of theused as the template for site directed mutagenesis. The
functionally equivalent residues in MuLV RT. Thus, Arg protocol of Kunkel et al. (1987) utilizing deoxyuracil
110 and Lys 103 were projected to be functionally equivalent containing DNA template was used for mutagenesis. After
to Lys 758 and Arg 754 of Klenow fragment or that of Arg ascertaining the mutation in M13 by DNA sequencing, the
72 and Lys 65 of HIV-1 RT. Recent resolution of the crystal desired mutation was introduced into the MuLV RT expres-
structure of a fragment of MuLV RT containing this region sion cassette by subcloning tKg@nl—Sall fragment from
has confirmed our projection of spatial equivalence (Geor- M13 mp19. The recombinant plasmid (pET-28a-MRT) was
giadis et al., 1995). However, no experimental data exist then introduced intd. coli BL-21(DE3) for induction and

on the role of Arg 110 in MuLV RT. In this paper, we isolation of the enzyme protein.

describe the results of the site directed mutagenesis of Arg Expression and Isolation of MuLV RT and Its Mutant
110 and the enzymatic properties of the three mutant Derivatives. The growth ofE. coli BL-21 containing pET-
derivatives which permit deduction of a catalytic role for 28a-MRT, carrying the wild-type or its mutant derivatives,
this residue. Our studies have shown that Arg 110 is crucial and induction of the enzyme protein were carried out as
for the catalytic function of MuLV RT and is probably described for Klenow fragment and HIV-1 RT with slight
involved in the conformational change step in both the modification (Pandey et al., 1994a, 1996; Sarafianos et al.,

forward and the reverse reactions. 1995a,b). In brief, the cells were grown in Luria broth
containing kanamycin at 3@. The induction of the enzyme

MATERIALS AND METHODS was carried out by the addition of 1¢0 IPTG when the

Materials cell density reached an QB = 0.3. The incubation was

continued at 30°C for 5 h, and cells were harvested by
Restriction endonucleases and DNA-modifying enzymes centrifugation at 1200for 20 min at 4°C. The cell pellet
were from Promega or Boehringer Mannheim; Sequenaseobtained from a 400 mL batch was suspended in 8 mL of
and DNA sequencing reagents were from U.S. Biochemicals. lysis buffer (40 mM Tris-HCI, pH 8.0, 0.1% Nonidet P40, 1
HPLC-purified dNTPs were obtained from Boehringer mM PMSF, 500 mM NacCl, and 3 mg/mL lysozyme) and
Mannheim. Mutagen-M13n vitro mutagenesis kit was incubated on ice for 60 min. The suspension was briefly
purchased from Biorad laboratories. Expression vector pET- sonicated and centrifuged at 28@0f@r 45 min. The cell-
28a ancE. coliexpression strain BL21 (DE3) were obtained free extract was diluted 2.5-fold with buffer A (50 mM Tris-
from Novagen. All other reagents were of the highest purity HCI, pH 8.0, 1 mM PMSF, and 10% sucrose) and applied
grade and were purchased from Fisher, Millipore Corp., to a 5 mL DEAE-cellulose column pre-equilibrated with 0.1
Boehringer Mannheim, and Biorad. Fast flow chelating M NaCl in buffer A. The column was washed with 1 volume
Sepharose (iminodiacetic aci®epharose) for immobilized  of the equilibration buffer. The flow through and the buffer
metal affinity chromatography (IMAC) and synthetic template- wash containing RT protein were combined and applied to
primers were purchased from Pharmacia, &fittlabeled a Ni*—iminodiacetic acid-Sepharose (IDA-Sepharose)
dNTPs and ATP were the products of Dupont/New England column (2.5 mL) pre-equilibrated with buffer B (20 mM Tris-
Nuclear Corp. Sequencing primers and oligonucleotides HCI, pH 8, 500 mM NaCl, 5 mM imidazole) at a flow rate
containing the desired mutational changes were purchasedf 1.0 mL/min. The column was washed extensively with
from Midland Certified Reagent, Dallas, TX. buffer B until theA,g was reduced to a negligible level. A
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second wash (15 mL) with 75 mM imidazole in buffer B
removed most of the weakly bound contaminating proteins,
and finally MuLV RT was eluted from the column with 15
mL of 300 mM imidazole in buffer B. The individual
fractions were analyzed for enzyme purity and assayed for
RNA dependent DNA polymerase activity. The active peak
fractions were pooled and dialyzed against buffer C (20 mM
Tris-HCI, pH 7.0, 100 mM NaCl, 1 mM DTT, 1 mM EDTA,
and 50% glycerol). The isolated proteins were more than
98% pure, as judged by SBFAGE (Laemmli, 1970). The
protein preparations were stable for months-a0°C. The
protein concentrations were determined by using the Biorad
colorimetric kit and also by densitometric scanning of the

Chowdhury et al.

Chart 1: Oligomeric DNA Template-Primers Used
37 meric self-annealing TP

A
C
T

[o}
GCAGTCTTCTCC -3
CGTCAGAAGAGGATCCCTC -8

47/18 mer TP

5'-CTTCCATTCACACACTGC-3'
3'-GAAGGTAAGTGTGTGACGATGTCTGACCTTGTTTTTGTGACATTGAG

18/26 mer TP

5'-CCGGCTAGTAGTACTAGT-3'
3'-GGCCGATCATCATGATCATTGTCATC-5'

Coomassie blue stained protein band on the gel and compar-

ing the intensity with known amounts of BSA.

DNA Polymerase AssayThe composition of the reverse
transcriptase reaction mixture is described below; any
variation used in a specific experiment is as described in

the appropriate figure legends. Unless otherwise indicated,

all reactions were carried out at 2&. Reactions were
quenched either by the addition of equal volume of Sanger’s
gel loading solution (Sanger et. al., 1977) (for gel analysis)
or by the addition of ice cold 5% trichloroacetic acid. The

HIV primer binding sequence RNA template/DNA PBS primer

5'-GTCCCTGTTCGGGCGCCA-3'
3-'CAGGGACAAGCCCGCGGUGACGAUCUCUAAAAGGUGUGACUGAUUUUCC

CAGACUCCCUAGAGAUCAAUGGUCUCAGUGUGUUGUCUGCCCGUGUGUGAUGAC
UUCUGAGUUCCGUUCGAAAUAACUCCGAAUUCGUCACCCAAGGGAUCAUCGGUU
CUCGAUGGUCCGAGUCUAGA------------ 5' RNA sequence of HIV

inhibitory to the reverse reaction catalyzed by the WT
enzyme. The extent of pyrophosphorolysis products gener-

guenched reaction products were analyzed in some cases bated with the HIV-1 RT and Klenow fragment was also

polyacrylamide-urea denaturing gel or quantitated by col-
lecting the TCA-precipitable materials on Whatman GF/B
filters and counting for radioactivity in a liquid scintillation

reported to be significantly reduced at or above 2 mM-Mg
PR (Kaushik et al., 1996a,b). The reactions were carried
out at 25°C for 20, 40, and 60 min and quenched with an

counter, as described before (Pandey & Modak, 1987). Theequal volume of Sanger’s gel loading solution (Sanger et

reactions were carried out in a final volume of 100
containing 50 mM Tris-HCI, pH 8.0, 1 mM dithiothreitol,
0.1 ug/mL bovine serum albumin, 200 nM of the desired
template-primer, 5 mM MgGl(or 1 mM MnClk, for poly-
(rA)-(dT)1s extension reaction), and 44M tritiated dNTP
substrate corresponding to the homopolymeric template-
primers. With heteromeric template-primers 40 each
of the four dNTPs were present, with one of them being
radiolabeled. The molar ratio of the primer to template was
1:1 unless indicated otherwise. The concentrations of
template-primers are expressed in terms of thiky8roxyl
primer termini. RNase H activity assays were performed
essentially as described elsewhere (Basu et al., 1989).
Pyrophosphorolysis Acfity. In the pyrophosphorolysis
reaction, a terminal nucleotide from the primer terminus is
cleaved in the presence of RB generate dNTP. There are
two procedures to determine this activity. The first one
utilizes [F?P]PR and monitors the generation cPP]JdNTP

al.,1977). The samples were heated at 2Q0for 3 min
and resolved by electrophoresis on a 16% denaturing
polyacrylamide-urea gel, and the labeled products were
detected by autoradiography.

Cross-Linking of Enzyme to Template-Primai/e used
a self-annealing 37 meric template-primer and§{{dA1s)
as the DNA-DNA template-primer and poly(rAdiT).s as
the RNA-DNA template-primer for the binding studies (see
Chart 1). The 37 mer TP, dd, and d&s oligomers were
5'-labeled using #-*?PJATP and T, polynucleotide kinase
according to the standard protocol (Ausubel et al., 1987).
The labeled oligomers were purified on a NAP-10 column
(Pharmacia) and adjusted to the desired specific activity with
unlabeled oligomer. Poly(rA)5'3?P-dT)swas prepared by
mixing equimolar concentrations o¥P]dT;s and poly(rA)
in an annealing mixture containing 20 mM Tris-HCI, pH
7.5, 1 mM EDTA, and 100 mM NacCl, followed by heating
the mixture at 65°C for 10 min and then slow cooling at

(Srivastava & Modak, 1980). The second assay and the oneroom temperature. In the cross-linking experiments M2

adopted in this work monitors the reduction in the length of
5'-end-labeled primer. Pyrophosphorolysis activity associ-
ated with MuLV RT was estimated by analyzing the products
of the reaction on a 16% denaturing polyacrylamide gel. The
substrate was prepared by annealinig?B-18 mer DNA
primer with heteromeric RNA template at equimolar con-
centrations. The reaction mixture contained 50 mM Tris-
HCIl, pH 7.5, 1 mM DTT, 100ug of BSA/mL, 2.5 mM
MgCly, 2 nM of heteromeric RNA5-32P-18 mer template-
primer (1¢ Cerenkov cpm/pmol), 50aM pyrophosphate,
and 100 nM wild-type or 1.&kM mutant enzyme in a final
volume of 6uL. Since MgPR has a very high stability
constant (250 000 M; James & Morrison, 1966), we find
that by increasing the concentration of;P®& substantial
amount of MgPR is precipitated in the reaction. Further-
more, the higher concentration of MR (<2 mM) is

enzyme and 50 nM labeled TP (@ 10* cpm /pmol) were
incubated on ice for 10 min in a reaction mixture containing
50 mM Tris-HCI, pH 7.5, 1 mM DTT, 5 mM MgGl(or 1
mM MnCl,), and 5% glycerol in a final volume of 50L.
The mixture was exposed to 254 nm UV irradiation at 375
mJ/cn? in a Spectrolinker (Spectronic Corp.); TP cross-linked
enzyme species were resolved by electrophoresis on-SDS
polyacrylamide gel; the extent of cross-linking was quanti-
tated by excising the radioactive bands, and associated
radioactivity was measured as Cerenkov radiation.
Nucleotidyltransferase Aciity of E-TP Caalent Complex.
Nucleotidyltransferase activity of the enzyme, containing
covalently cross-linked template-primer, was carried out as
described previously (Pandey et al., 1994b). MuLV RT was
cross-linked to desired template-primer in a reaction mixture
containing 15 pmol of the enzyme, 25 pmol of the unlabeled
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TP, 50 mM Tris-HCI, pH 7.5, 1 mM DTT, and 5 mM Mggl
(or 1 mM MnC}) in a final volume of 5QuL as described

above. The nucleotidyltransferase reactions were then initi-

ated by the addition of 0.5 M NaCl together with Qi of
complementary d-3?P]dTTP with a final concentration of
0.5uM. The reaction mixture was incubated for 30 min at

Biochemistry, Vol. 35, No. 51, 19966613

gel loading solution (Sanger et al., 1977). The samples were
heated at 100C for 3 min, and the products were resolved
by electrophoresis on a 16% denaturing polyacrylamide
urea gel. The labeled products were detected by autorad-
iography.

Processiity Measurement.We have used heteromeric

room temperature and terminated by the addition of protein RNA-DNA template-primer for the measurement of proces-

solubilizing solution (Laemmli, 1970). An aliquot of the
reaction mixture was subjected to SBfolyacrylamide gel
electrophoresis followed by autoradiography. The radio-
activity associated with the E-TP covalent complex was

sivity of DNA synthesis by mutant and wild-type enzymes.
Five picomoles of gel purified 18 mer primer complementary
to PBS of HIV genome was 8abeled using)f-*?P]JATP and
polynucleotide kinase (Ausubel et al., 1987) and annealed

determined by Cerenkov counting after excising the radio- with 5 pmol of 496 base RNA template containing the primer

active band from the gel.

Reverse Transcription of HIV-1 PBS-RNA Templatén
HIV-RNA expression clone pHIV-PBS was a generous gift
from Dr. M. A. Wainberg (Arts et al., 1994). It was used
for the preparation of HIV-1 genomic RNA. This clone
contains 947 bp fragment of HIV-1 genome (frord 73 to
+1420) which includes the RNA in the PBS region. The
plasmid pHIV-PBS was linearized withCO and was

transcribed using T7 RNA polymerase. The enzyme, buffer,

and rNTPs were from Boehringer Mannheim. In brief, the
transcription reaction contained g of linearized pHIV-
PBS, 1 mM of each of four rNTPs, 40 mM Tris-HCI, pH
8.0, 6 mM MgC}, 10 mM DTT, 2 mM spermidine, 20 units
of RNasin, and 40 units of T7 RNA polymerase in a final
volume of 20uL. The reaction mixture was incubated at
37°C for 2 h. The reaction mixture was supplemented with

binding sequence of HIV genome. The enzyme was first
incubated with the labeled TP in an incubation mixture
containing 40 mM Tris-HCI, pH 7.5, 5 mM Mggl2 nM
primer termini and 100 nM of wild-type enzyme or 400 nM
of mutant enzyme in a total volume of BL. After
incubation for 1 min at room temperature, polymerase
reaction was initiated by the addition of a/& solution
containing 1 mM each of the four dNTPs and a 500-fold
excess of the nonradioactive heteromeric template-primer as
the trap (which quantitatively traps all of the free enzyme
or the enzyme dissociated from the template-primer during
the reaction). The reaction was allowed to continue at 25
°C, and 2.5uL sample was aliquoted at desired time points
and mixed with 2L of Sanger’s gel loading solution (Sanger

et al., 1977). Samples were kept frozen in dry ice until gel
analysis. The reaction products were analyzed on a denatur-

20 units of DNase | (RNase free) and incubated further for |ng 20% po|yacry|amide ge] Containing 7 M urea followed

15 min to remove the DNA. The reactions were then
terminated by heating at 68 for 5 min.

An aliquot of the transcribed primer binding sequence
RNA (496 base long) was annealed witi#%>-18 mer primer

complementary to the PBS (see Chart 1). The molar ratio

of RNA template to 18 mer DNA primer was approximately
3:1. The molarity of 3primer termini was considered as
the final molarity of annealed template-primer. Reverse
transcription reaction was carried out by incubating 2.5 nM
PBS-RNA/18 mer template-primer with 50 nM of WT
enzyme or 200 nM of mutant enzyme in a reaction mixture
containing 25 mM Tris-HCI, pH 7.5, 1 mM DTT, 100g/

mL BSA, 5 mM MgCh, and 1 mM of each dNTP in a final
volume of 5uL. Reaction was initiated by the addition of
enzyme and terminated at different time intervals by the
addition of equal volume of Sanger’s gel loading solution

by autoradiography of the gel.

RESULTS

Sequence Alignment To Locate Catalytically Important
Amino Acids in MuLV RTWe had eatrlier identified spatially
equivalent residues in the catalytic region of HIV-1 RT and
E. coli DNA pol | (Yadav et al., 1994). Extension of that
analysis to MuLV RT, in spite of the fact that no 3D structure
for it was available at that time, seemed possible since direct
comparison of selected region of primary sequence blocks
could be carried out. Using aspartate triad and YXDD motif
as a reference point, we were able to locate a number of
conserved residues that would qualify to be catalytically
important. In addition, secondary structure prediction of a
region containing the suspected residues in MuLV RT and

(Sanger et al., 1977). The reverse transcription products weretheir similarity to the corresponding region in HIV-1 RT have

resolved on 16% polyacrylamidgairea gel.

Effect of Thiophosphoryl Substitution at thePhosphoryl
Group of dNTPs on the Polymerase Adti. The ability to
utilize the thiophosphoryl substituted dNTP by Arg 110
mutants was determined with RNA-DNA [poly(rAYT).¢]
together with the deoxynucleosideG-(1-thiotriphosphate)
(TTPaS) substrate. The TTES analogs were puré,
diastereomer. The gel purified oligo(d§)primer was 5

enabled us to predict and tentatively propose the spatially
equivalent residues in MuLV RT. Table 1 lists these residues
together with their functional implication. Recently, a 3D

structure of a fragment of MuLV RT containing the catalytic

region has been resolved (Georgiadis et al., 1995); most of
our predictions seem valid in the 3D context. In the present
work, we are reporting the detailed analysis aimed at
resolving the role of one of these residues, namely, Arg 110

32p_labeled and annealed with a 5-fold excess of the poly- of MuLV RT.

(rA) template. A typical reaction mixture in a final volume
of 30 uL contained 2.5 nM labeled template-primer §10
Cerenkov cpm/pmol), 50 mM Tris-HCI, pH 7.5, 1 mM DTT,
100ug/mL BSA, 200uM of either TTP or its thiophosphoryl
(TTPaS) analog, and 25 nM of the WT enzyme or 200 nM
of the mutant enzyme. All reactions were carried out at 25
°C, and 5uL samples were removed at different time

Mutagenesis and Purification of Mutant EnzynidulLV
RT gene construct pET-28a-MRT encoding the wild-type
MuLV RT which contains sequences for hexahistidine at the
N-terminal region was constructed and used for the mu-
tagenesis studies reported here. The WT clone was con-
structed by PCR by amplifying the MuLV RT coding region
from pB6B15.23 clone encodingpE—MuLV RT fusion

intervals and quenched with an equal volume of Sanger’s protein (Roth et al., 1985). While amplifying the MuLV
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Table 1: Conserved and Spatially Equivalent Residues in the 15
Catalytic Domain of Klenow, HIV-1 RT, and MuLV RT
Klenow HIV-1  MuLV 10 4+
fragment RT RT proposed function
D705 D110 D150  metal binding 54

D710 D113 D153  dNTP binding

D882 D185 D224  «-P coordination @

E883 D186 D225  metal binding a

H881 M184 V223  fidelity, dNTP binding O

N845 Q151 Q190 fildelity

K758 R72 R110  Pbinding/conformational change

R841 R78 R116  template binding

R754 K103 dNTP binding

P680 P95 Y134  structural integrity

1679 194 N135  structural integrity

aUsing 3D structural equivalence, secondary structure prediction -15 + $ 4 +

schemes, and sequence homology analyses, tentative equivalent residues
in the catalytic domain of MuLV RT have been identified. The
comparative analysis of the amino acid sequences around the individual
residue listed above for HIV-1 RT and Klenow fragment with that of

the appropriate primary sequence alignment for MuLV RT (Delarue Ficure 1: Far-UV circular dichroism spectra of MuLV RT. The
et al., 1990; Boyer et al., 1992) has permitted the tentative postulation CD spectra of wild-typed), R110A (»), and R110E M) were
concerning the identity and function for spatially equivalent residues recorded on an Aviv 62DS spectropolarimeter &C0coupled with

of MuLV RT listed above. a microprocessor and a temperature control deviek C). The
data were corrected for buffer background using the software
. . . . . provided by Aviv Associates (Lakewood, NJ). All the spectra were
RT coding region, uniquéldel andEcoR1 restriction sites  recorded in 20 mM Hepes buffer containing 100 mM NaCl with a
were also introduced through upstream and downstreampath length of 0.1 cm. The final concentration of protein samples

primers, respectively. The amplification was carried out for was 0.1ug/uL. Each spectrum shown in this Figure is the average
only 10 cycles in the presence of high concentration of Of three replicates.

template DNA (1ug of pB.6815:23).an(_j at low (.jNTP both RNA dependent and DNA dependent polymerase
concentration (3@M) to achieve high fidelity of amplifica- o jyities but did retain RNase H activity. Using purified

tion. After cloning the PCR product in pET-28a vector to ; -

: enzymes, we determined the steady state kinetic parameters
construct the pET-28<'_;1-MRT, the 847 bp regltbfp(ll and for all the mutant species and compared these with the wild-
Sall fragment) encoding polymerase domain was replfF"Cedtype enzyme. As the enzyme utilizes two substrates, i.e.,
T\Dlonl:'vp5$51?'23fto ensure rt]hat the polymﬁrise .dﬁmham of dNTP and template-primer, pseudo-first-order conditions

u Is free from any other mutation which mighthave oo created for determining constants for one substrate,

been introduced during the PCR amplification. The same keepi .

! ping the second substrate at saturating level. Poly(rA)
847 bp fragment was also sqbcloned in M13mp19 .for (dT)1s or poly(dCy(dG)s were used as template-primers
mutagenesis. 'I_'he ollgonucle_oude directed mutage_ne3|s 0falong with dTTP or dGTP as the substrate dNTP. The initial
R110 was carried out on this su_bclone as de;crlbed _byvelocity of the reaction was determined by measuring the
Kunkel et al. (1987). Three mutations were carried out in rates of incorporation ai-3P- or®H-labeled dNTP into the

which A_rg was replac_ed. with Ala (neutral amino acid), Wi_th homopolymeric TP as a function of variable dNTP substrate
Lys (which displays similar charge as that of Arg), and with concentrations. Thi,, values for dNTP substrate aia,

negatively charged Glu. Successful mutagenesis was con : e
firmed by_ DNA sequence analysis of the coding region. The -fF(;-:- F;?:)én:ﬁéa;euggf Z?]r;ycﬁgy\fvic:ebﬁé?eer%\liﬁéy &e, g:(lj'l\e/
mutggem;e_d 847 bp region was subcloned from M13 clone Hofstee plots of the initial velocity data (Figure 2). The
into its original cassette in pET-28a-MRT. results summarized in Table 2 show that the replacement of
The recombinant mutant clones were introduced into an Arg with either Ala (R110A) or Lys (R110K) causes
expression strairE. coli BL-21 (DE3), a1 DE3 lysogen  approximately 1000-fold reduction ik when poly(rA)
containing T7 RNA polymerase gene under the control of (dT),;was used as TP. The enzyme was found to be nearly
thelac UV5 promoter (Rosenberg et al., 1987). The mutant jnactive when positively charged side chain of Arg was
enzymes were induced by IPTG and purified from the cell replaced with negatively charged side chain of Glu. Most
|ysate as described in the Materials and Methods. The interesting|y, the aff|n|ty for dNTP substrate was 0n|y
purified mutant enzymes were found to be homogeneous with marginally reduced as only-23-fold increase in th&m(anTe)
a purity of greater than 95%. The level of their expression, was observed. Similar results were also obtained with poly-
solubility, and chromatographic characteristics were identical (dC)-(dG),s template-primer (Table 2).
with those of the WT enzyme. All the mutants and the wild-  Effect of R110 Mutation on the Eormation of Enzyme
type enzymes were found to contain nearly equivalent Template-Primer Binary ComplexThe drastic reduction in
activity for RNase H (data not shown). The far-UV spectral the k. for polymerase reaction of all the three mutant
analysis of the wild-type and the mutant enzyme suggestsenzymes, without significant change in thg, for dNTP
that there is no change in the 3D structure of the protein sypstrate, suggested a possible defect in the TP binding
(Figure 1). function of the enzyme. To confirm this premise, the
Characterization of R110A, R110K, and R110E Mutant formation of E-TP complex with individual mutant enzyme
Enzymes During the early steps in purification, we noted was assessed by their photochemical cross-linking with RNA-
that all the three mutant enzymes were severely impaired inDNA and DNA-DNA template-primers. We used poly(rA)

200 210 220 230 240 250

Wavelength, nm
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Table 2: Kinetic Parameters of the WT MuLV RT and Its Mutant Derivafives

poly(rA)-(dTxe/TTP poly(dC)(dG)g/dGTP
enzyme Kmcrrey (uM) Keat (57) KeatKm (ST M™Y) KmeTe) (uM) Keat (57) KeatKm (s M™2)
WT 15.2 3.3 2.16x 10° 14.6 2.9 1.9 1P
R110A 49.3 3.5x 1073 71 43.2 2.5x 1073 58
R110K 46.0 6.8x 1073 147 48.42 5.7 1073 117
R110E 52.9 9.9 104 18 ND ND ND

2 The steady state kinetic parameters for the WT MuLV RT and mutant derivatives of R110 were measured with the indicated template-primers

and corresponding dNTP substrate as described in the Materials and Methods.
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VITIP 109 V/dGTP 109 Ficure 3: Effect of R— A, R — K and R— E substitution at the
110 position of MuLV RT on the formation of the E-TP complex.
1.2 uM of enzyme protein incubated with 50 nM of-%P-labeled
template-primer was cross-linked in the UV Spectrolinker and
subjected to SDSPAGE and autoradiography as described in the
text. The extent of E-TP covalent complex was estimated either
by Cerenkov cpm of excised radioactive gel piece or by densito-
"metric scanning of the autoradiogram. The E-TP complexes shown
in various panels are as follows: (A)-¥P-37 mer self-annealing
template-primer; (B) poly(r&(5’-32P-dT)g (C) (5-32P-dA)d

( T 18-

Ficure 2: Eadie-Hofstee plots of steady state kinetic data for wild-
type MuLV RT and its mutant derivatives. The measurement of
initial velocity (V) of the reaction was carried out using poly(rA)
(dT)15 (panel A) or poly(dCYdG)s (panel B) as the template-primer
and varying concentrations of the respective dNTP (TTP or dGTP)
substrates as described in Materials and Methods. Each point is a
average of two sets of experiment.

(dThs (dT)2e(dA)1s and a self-annealing 37 mer oligomeric
DNA as the template-primers in the cross-linking studies.
The oligomeric (dTys primer, (dT)s template, and 37 mer Catalytic Competence of EnzymBNA Caalent Com-
self-annealing template-primer were prelabeled ith at plexes. Since R110 mutants exhibited no significant change
the 8 position, which permitted detection of covalently cross- in their affinity for ANTP substrate as well as for RNA-DNA
linked E-TP complexes on SD$olyacrylamide gels. The and DNA-DNA template-primers, the possible catalytic
concentration of TP used in these studies was subsaturatingdefect in these mutant enzymes was thought to be at the
which was expected to reveal changes in the DNA binding chemical step involving phosphodiester bond formation. This
affinity of mutant enzymes, if any. Results show that the assumption seemed consistent with the extremely Kgyv
extent of cross-linking of all the mutant enzymes and that observed for these mutants with no apparent defect in the
of the wild-type enzyme to various TPs are quite similar, dNTP and template-primer binding. In order to obtain some
implying mutation at R110 does not change the binding evidence in support of this notion, we used the E-TP covalent
affinity for both DNA-DNA and RNA-DNA template- complex as the source of enzyme and determined the ability
primers (Figure 3 A-C). Furthermore, even under saturating of this complex to catalyze the addition of dNTP onto the
concentrations of TP, both the wild-type and the mutant immobilized template-primer. Previously, we had shown that
enzymes exhibited similar extents of cross-linking (data not the wild-type Klenow fragment as well as wild-type HIV-1
shown). The specificity of the cross-linking of the template- RT covalently cross-linked with template-primer can catalyze
primers to the mutants and the wild-type enzymes was furtheran addition of single nucleotide onto the@H terminus of
determined by measuring the extent of the cross-linking in the immobilized template-primer (Pandey et al., 1994b, 1996;
the presence of poly(dC), oligo(d)and poly(dCYdG)s. Sarafianos et al., 1995a,b). Since all three mutants of R110
The binding and cross-linking of labeled TP was not affected showed similar affinity for both dNTP and template-primers,
by either poly(dC) template or oligo(dT) primer alone when the ability of their E-TP covalent complexes to form the
added to the preincubation mixture before or after the binding productive ternary complex would indicate if the catalytic
step. However, the cross-linking of the labeled TP was step was indeed affected. Results depicted in Figure 4A,B
effectively competed out by poly(d&iiG)s, suggesting that  show that the enzyme template-primer covalent complexes
the binding of various TPs was specific (data not shown). of R110 mutant enzymes are inefficient in catalyzing
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FIGURE 4: Catalytic competence of-Htemplate-primer) covalent
complexes of R110 mutant enzymes. The WT MuLV RT and its
R110 mutant derivatives were cross-linked with (A) unlabeled 37
meric self-annealing template-primer or (B) poly(r&jT)is as
described in the Materials and Methods. The irradiated mixture
containing E-TP covalent complex was further incubated inl50

of reaction mixture containing 50 mM Tris-HCI, pH 7.8, 1 mM
DTT, 500 mM NaCl, and 1@Ci of [a-32P]dTTP. The presence of
0.5 M NaCl in the reaction mixture does not affect the catalytic
competence of E-TP complexes (Pandey et al..

the extent product synthesis was determined by Sp#yacryla-

mide gel electrophoresis followed by autoradiography as described

before.

nucleotide addition on both the immobilized template-primers
with the exception of E-TP complex of R110K which

Chowdhury et al.

dTTP S-dTTP

R110A R110K

Ficure 5: Incorporation of dNTP and dNTES on DNA-DNA
template-primer by R110 mutant derivatives of MuLV RT. 200
nM of individual mutant derivatives was incubated with 2.5 nM
poly(rA)-(dT).s template-primer in the presence of 2001 dTTP

or dTTRaS as described in the Materials and Methods. Aliquots
were withdrawn at indicated time points and subjected to denaturing
polyacrylamide-urea gel for product analysis. The left panels show
the incorporation of dTTP while the incorporation of dTaI® is
shown in the right panels.

translocation to the next template base following the
incorporation of the nucleotide. This would cause prolonged
pausing of the mutant enzyme following each cycle of
catalysis. To examine this possibility, an experiment was
carried out to determine processivity of DNA synthesis by
the wild-type enzyme and its mutant derivatives. The

1994a). Theprocessivity is the probability of translocation of the poly-
incubations were carried out at room temperature for 30 min, and

merase enzyme along the template and represents the average
number of cycles of nucleotide addition during a single
enzyme DNA encounter. The template-primer used in the
determination of processive mode of synthesis was a 496
base long heteromeric RNA template annealed witf/®-
labeled 18 mer DNA primer. Wild-type MuLV RT and its

appeared moderately active in catalyzing the addition of a mutant derivatives were incubated with the labeled template-

nucleotide particularly with DNA-DNA template-primer. The
fact that thek, Of all mutants for polymerase reaction under

primer to allow the formation of enzym€el'P complex. The
polymerization reaction was initiated by the addition of all

processive condition is reduced by approximately 1000-fold, four dNTPs and 500-fold excess of the nonradioactive
and yet the addition of the nucleotide (even though it is heteromeric RNA-DNA template-primer as the trap for free
restricted to the first nucleotide) onto the covalently linked enzyme as well as enzyme dissociated from the labeled TP.
primer terminus is reduced only to a smaller extent, suggestsThe presence of the trap at the binding step effectively masks
that R110 may or may not be directly involved in the the processive reaction by trapping all the free enzyme
chemical step of the reaction. molecules (Figure 6, lane B). In the absence of trap, the
Comparatve Utilization of dTTP and Its-Thio Analog labeled product ranging from 19 mer to 90 mer resulting
by the Mutant EnzymesDifferential utilization of deoxy-  from both processive and nonprocessive synthesis could be
nucleotide substrates with modification at thephosphate ~ seen (Figure 6, lane A).
position has been used to assess the participation of a As seen in Figure 6, the wild-type MuLV RT is highly
particular amino acid in the chemical step of the polymerase processive as 18 mer primer is effectively extended, yielding
reaction (Polesky et al., 1992; Pelletier et al., 1994; Kaushik labeled products ranging from 80 mer within 60 s of
et al. 1996a). A phosphorothioate analog of dNTP readily incubation at room temperature (Figure 6, lanesS1WT).
provides such a reagent, and its utilization in the polymerase The intensity of each labeled product remained the same even
reaction has been termed as the sulfur elemental effect. Thusupon 10 min incubation, suggesting that most of the enzyme
a significant difference in the utilization of normal versus molecules, after completing the synthesis ranging from 1 to
phosphorothioate analog of dNTP by the mutant enzymes72 nucleotide incorporation per processive cycle, have

would imply reactivity of R110 withte-phosphate of dNTP.
We, therefore, examined the ability of R110A and R110K
mutant enzymes to catalyze the incorporation of dTMP
versus 8-dTMP into poly(rA¥(dT)s. Figure 5 shows the
products formed with dTTP andoSdTTP as a function of
time with MuLV RT mutant derivatives. As seen from the
Figure, no sulfur elemental effect was evident with both

dissociated from the labeled TP and are effectively tied to
the trap. In contrast, all the mutant derivatives of R110
appeared to incorporate just one nucleotide onto the 18 mer
primer, resulting in the accumulation of 19 mer product for
up to 10 min (Figure 6, lanes13, R110A, R110K). These
results suggest that the mutant derivatives of R110 are unable
to carry out processive synthesis of DNA and have become

R110A and R110K mutant enzymes, as the extent of addition distributive. Alternatively, mutant enzymes may be defective

of dTTP and dTTRS remained the same, implying that the

chemical step per se is not affected by this mutation.
Mode of DNA Synthesis of Mutant Enzymé&xtremely

low ke 0f R110 mutants may result from the defect in the

in translocation and may therefore remain bound to the

template-primer after the addition of the first nucleotide.
Time Course of Incorporation of dNTP on Heteromeric

RNA-DNA Template-PrimerIn order to further probe the
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Ficure 6: Effect of R110A and R110K mutations on the mode of
DNA synthesis on heteromeric RNA-DNA template-primer. The
5'-32P-labeled 18 mer DNA primer annealed with the 496 base long FIGURE 7: Time course of incorporation of dNTP with heteromeric
heteromeric RNA template containing the PBS region of HIV RNA-DNA template-primer by R110A mutant. (A) The %P-
genome was used as the template-primer. Following incubation of labeled 18 mer PBS primer annealed with 496 base RNA template
the individual enzyme with the labeled TP, the reaction was initiated was used to assess the time course of extension of 18 mer to 19
by the addition of 1 mM each of the four ANTPs and excess of the mer and 20 mer by R110A mutant enzyme. The mutant enzyme
heteromeric RNA-DNA as the trap (see Materials and Methods). (200 nM) was incubated with 2.5 nM of the labeled template-primer
Each set represents experiments with the wild-type, R110A, or in the presence of 1 mM of each of 4 dNTPs as described in the
R110K mutant enzyme. In lanes 1, 2, and 3 of each set, the trapMaterials and Methods. Aliquots were withdrawn at the indicated
was added along with the dNTP substrates, and the product lengthtime points, and the reaction products were analyzed on denaturing
generated represents a single processive synthesis event during 1,6% polyacrylamide-urea gel followed by autoradiography on

5, and 10 min of the incubation, respectively. Lanes A and B show Kodak X-ray film. (B) The amount of starting labeled 18 mer primer
the effectiveness of the trap. Lane A represents DNA synthesis extended to 19 mer and above as seen in panel 7 A was quantitated
catalyzed by WT enzyme on the labeled template-primer for 10 by phosphoimager and plotted as a function of time.

min in the absence of trap. In lane B, the heteromeric RNA-DNA

trap was added to the labeled template-primer before the binding (forward or reverse) reaction. In the overall pyrophospho-
step. rolysis reaction, the primer is sequentially cleaved from the
defective stage in the catalytic abilities of the mutant 3 end in the presence of RPesulting in the generation of
enzymes, we carried out product analysis to identify whether dNTP. Since polymerase activity of mutant derivatives of
the rate limiting step of the reaction with these mutant residue R110 was severely impaired, the effect of these
enzymes precedes or follows the bond formation. Using the mutations on the reverse reaction (pyrophosphorolysis) was
RNA-DNA template-primer and excess of the mutant assessed to confirm the suspected participation of this residue
enzyme, a time course of nucleotide incorporation was in PR binding or stabilizing the transition state complex of
performed and the reaction products were analyzed onthe reverse reaction. It was expected that the residue
polyacrylamide-urea gel. We expected that the estimation involved in the conformation change of E-TP-dNTP ternary
of time required to catalyze addition of first and second complex to transition state complex in the forward poly-
nucleotide would indicate if the rate limiting step for these merase reaction should also be involved in a similar step in
mutants is before or after the bond formation. It was the reverse (pyrophosphorolysis) reaction. With this premise,
reasoned that if the rates of addition of the first and the we expected that mutants of residue R110, exhibiting no
second nucleotide differ significantly, then the rate limiting change in the affinity for dNTP and template-primer
step should be following the bond formation. Figure 7A substrates, should be defective in catalyzing the reverse
shows the time course of reaction products of R110A mutant reaction if R110 has a role in conformational change steps
enzyme. As can be seen from the figure, the extension ofin both directions. We used-8P-heteromeric 18 mer DNA
18 mer primer to 19 mer and that of 19 meric product to 20 primer annealed with a 496 base long heteromeric RNA
mer is linear with time. However, the rates of extension to template to assess the degradation'¢¥B-18 mer by these
20 mer product are significantly reduced (Figure 7B). mutants in the presence of PH he results depicted in Figure
Similar results were obtained for R110K and R110E mutant 8 clearly show that all the three mutants of R110 are defective
enzymes (data not shown), which suggests that the majorin pyrophosphorolysis activity as judged by the rather limited
rate limiting steps with these mutant enzymes are before asextent of pyrophosphorolysis reaction. In contrast, wild-type
well as after the point of phosphodiester bond formation. enzyme is capable of continued pyrophosphorolysis as
Pyrophosphorolysis Aatity of Mutant Dervatives of Arg evidenced by the production of 17, 16, 15, and 14 mer and
110. The pyrophosphorolysis activity may be considered lower products. Similar results were also obtained with
as reversal of polymerase reaction and therefore would R72A mutant of HIV-1 RT and K758A of Klenow fragment
require the participation of the residues at the same step of(Pandey et al., 1994a; Sarafianos et al., 1995b; Kaushik et
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+ PP, - PP, all the three mutant enzymes exhibited near-identical binding
affinity for both the template and primer strands as compared
§§ g to the WT enzyme. Yet theik was reduced by ap-
WT  RII0A RI10K RIIOE E 22 =

5 ME proximately 1000-fold. Such drastic reduction kg is
expected from mutants of those residue which are directly
involved in a crucial step in the reaction or those which are
essential for stabilizing the structural integrity of the enzyme.
The latter possibility was ruled out by examining the patterns
of heat inactivation, gel mobility, and the CD spectrum of
WT enzyme and its mutant derivatives (Figure 1). All the
parameters examined were nearly identical to the WT
enzyme, suggesting no influence on the folding pattern and
structural integrity of the enzyme by these mutations.
Involvement of Arg 110 in the dNTP binding function was
probed by measurement &, for ANTP using poly(rA)
(dT)s and poly(dC)(dG)s as the template-primers (Figure
2). Results shown in Table 2 indicated only a moderat8-2
fold increase inK,, for dTTP, suggesting no significant
change in the affinity for the dNTP substrate. A defect in
FiIGURE8: Pyrophosphorolysis activity of wild-type MuLV RT and  the binding of the template-primer by the mutant enzymes
its mutant derivatives. Heteromeric RNA-DNA was used as the was also ruled out by assessing the extent of photoaffinity
template-primer for this experiment. The BP-labeled 18 meric  labeling of wild-type and mutant enzymes with various RNA-
PBS primer annealed with the 496 base long heteromeric RNA pNA and DNA-DNA template-primers (Figure 3). A

template was incubated with WT enzyme or 1uM mutant T - -
enz)‘/)mes in the presence or agggwce @nﬁegr standgrtd corgiions  qualitative indication of a defect in the phosphodiester bond

as described in the Materials and Methods. Reactions were carriedfrmation step was indicated by limited ability of E-TP
out for indicated time points at 28C, and the products were  covalent complexes to catalyze the addition of a single

analyzed on 16% polyacrylamig@rea denaturing gel. nucleotide onto the immobilized primer (Figure 4). How-

) o ) . ever, the participation of R110 in the chemical step was
al., 1996b), suggestlng a similar role for residue R110 in subsequently ruled out based on the fact that mutant
the polymerase function of MuLV RT. derivatives of R110 do not exhibit any sulfur elemental effect

as judged by the rate of primer extension with dNEP

DISCUSSION (Figure 5). This is consistent with other DNA polymerases

The availability of the crystal structure HIV-1 RT has where the sulfur elemental effect was seen only with mutants
stimulated interest in structure/activity analyses of reverse of those carboxylate residues which have been implicated
transcriptases, and particularly the mechanism of drug in the chemical step, by virtue of their ability to effectively
resistance through the mutations. The knowledge availablecoordinate the divalent metal ions with dNTP and DNA
about the Klenow fragment and striking similarities of its substrates (Polesky et al., 1992; Pelletier et al., 1994; Kaushik
3D structure with HIV-1 RT has enabled this laboratory to et al., 1996a). Therefore, the possible defect observed with
locate some of the highly conserved residues in the catalyticmutants of R110 appeared to be at a step where the
domain of HIV-1 RT which are at spatially equivalent conformational change of the ternary complex (E-DNA-
positions in the Klenow fragment (Yadav et al., 1994). Using dNTP) to a transition state complex (E*-DNA-dNTP) is
3D structural equivalence, secondary structure prediction necessary for the catalysis. Drastic reductiokciwithout
schemes, and sequence homology analyses, we have tentaignificant change in the affinity for ANTP and DNA and
tively identified equivalent residues in the catalytic domain lack of sulfur elemental effect support this presumption.
of MuLV RT (Table 1). Thus, Arg 110 of MuLV RT was  Processivity analysis indicated that the mutant enzymes have
proposed to be analogous to Arg 72 of HIV-1 RT and Lys lost the ability to processively synthesize DNA (Figure 6).
758 of E. coli DNA polymerase |, which have been shown Time course experiments further suggest that the additions
to be involved in the PPbinding/removal function and of the first and second nucleotide under nonprocessive
possibly in crucial conformational change steps preceding conditions exhibit different rates of polymerization (Figure
and following phosphodiester bond formation in the catalysis 7A,B). The second nucleotide addition is decreased by at
of DNA synthesis (Sarafianos et al., 1995b; Kaushik et al., least 3-5-fold. This decrease is in addition to the severe
1996a). To obtain evidence in support of the proposed reduction seen in the first nucleotide. The delay in the
functional role for Arg 110 and to probe the nature of its addition of second nucleotide is indicative of a defect in
participation in the catalytic process, we carried out site release of the enzyme from the template-primer after the
directed mutagenesis at the 110 position. Three different chemical step. Such a defect conceivably results in delay
amino acid substitutions were introduced; in the first, the of the release of RRconcomitant with translocation and
positively charged Arg was replaced with uncharged alanine release of enzyme from the template-primer. This is
(R110A), the second was replaced with Lys which has similar consistent with the proposed second conformational change
charge (R110K), and the third replacement was with opposite of E*-DNAn+1-PR to E-DNA+1.PR (Dahlberg & Benkovick,
charge residue (R110E). Biochemical analysis of these 1991). The significant loss of pyrophosphorolysis activity
mutant enzymes indicated that most likely R110 is not of mutant derivatives of R110 supports the above interpreta-
required in the binding of either the template or the primer tion. Similar observations have been made with R72 of
strand of DNA-DNA and RNA-DNA template-primers since HIV-1 RT (Sarafianos et al., 1995b) and Lys 758 of Klenow

Time (min) 20 40 60 20 40 60 20 40 60 20 40 60 60 60 60 60
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fragment (Kaushik et al., 1996b), which have been postulatedindividual subunit, the so-called catalytically inert p51
as functionally analogous to R110 of MuLV RT (Table 1). subunit contains an intact dNTP binding pocket (Yadav et
It is also interesting to note that among the 3 mutants, Arg al., 1995). A report on possible dimer formation by MuLV
to Lys substitution shows some activity in both polymerase RT has also appeared (Telesnitsky and Goff, 1993). How-
and pyrophosphorolysis reactions, whereas Arg to Glu ever, independent confirmation of that report is still lacking.
substitution shows total lack of it, implying that the positive Our own efforts to demonstrate dimerization of MuLV RT
charge of guanidino group of Arg plays a minor role and monomers, during RNA or DNA directed DNA synthesis,
that geometry of this group is of prime importance in the have not been successful (to be published elsewhere). In
catalytic reaction. summary, in spite of many similarities in the catalytic
Recently, a high resolution crystal structure of 32 kDa domain, each polymerase class is likely to have some unique
fragment of MuLV RT representing palm and finger sub- feature which may result in conferring some unique property.
domain of the enzyme has been reported (Georgiadis et al.In the present study, we have identified and clarified the
1995). This N-terminal fragment spanning residues-10 catalytic role of Arg 110 in the reverse transcriptase class
278 was derived from a limited proteolytic cleavage of belonging to mammalian type C retrovirus and implicated
MuLV RT of 74.8 kDa molecular mass. In this structure, this residue in the catalytic process.
Arg 110 is located o5 sheet in the finger subdomain, and
its side chain is oriented toward the cleft. The location of ACKNOWLEDGMENT
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