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ABSTRACT The traditional classification of nucleic acid
polymerases as either DNA or RNA polymerases is based, in
large part, on their fundamental preference for the incorpo-
ration of either deoxyribonucleotides or ribonucleotides dur-
ing chain elongation. The refined structure determination of
Moloney murine leukemia virus reverse transcriptase, a strict
DNA polymerase, recently allowed the prediction that a single
amino acid residue at the active site might be responsible for
the discrimination against the 2’OH group of an incoming
ribonucleotide. Mutation of this residue resulted in a variant
enzyme now capable of acting as an RNA polymerase. In
marked contrast to the wild-type enzyme, the K, of the mutant
enzyme for ribonucleotides was comparable to that for de-
oxyribonucleotides. The results are consistent with proposals
of a common evolutionary origin for both classes of enzymes
and support models of a common mechanism of nucleic acid
synthesis underlying catalysis by all such polymerases.

A key characteristic of nucleic acid polymerases is their
traditional classification as either DNA or RNA polymerases,
which is determined by a given enzyme’s ability to selectively
use either deoxyribonucleotides (ANTPs) or ribonucleotides
(rNTPs) as substrates for incorporation into a growing chain
(1, 2). This classification, however, may not be as fundamental
as originally thought (3-5). Crystallographic studies have
demonstrated that DNA and RNA polymerases have remark-
able structural similarities (refs. 6-15; reviewed in ref. 16),
even though they lack extensive primary sequence homology.
Both have a characteristic protein fold forming a nucleic acid
binding cleft and a trio of carboxylic acid residues thought to
participate directly in catalysis through two bound divalent
metal ions. Steady-state analyses further support the notion of
a common stepwise polymerization mechanism (17, 18). These
observations suggest that it might be possible to convert a
DNA polymerase into an RNA polymerase by relatively minor
alterations in its structure.

Reverse transcriptases (RTs), encoded by all retroviruses,
play a defining role in the retroviral life cycle (refs. 19 and 20;
for reviews see ref. 21). The enzyme is responsible for the
synthesis of a double-stranded linear DNA copy of the RNA
genome, which is subsequently inserted into the host genome
to form the integrated proviral DNA.The reverse transcription
reaction is complex, requiring RNA-dependent DNA poly-
merase activity, DNA-dependent DNA polymerase activity,
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and an associated RNase activity specific for RNA in
RNA:DNA hybrid form (22). Although the enzyme can copy
either RNA or DNA templates, RT, like all DNA polymerases,
can only use deoxyribonucleotides, and not ribonucleotides, as
substrates. Studies of the HIV-1 RT have permitted modeling
of the position of the incoming nucleotide at the active site (23,
24), with a-helices C and E and B-sheet strands 6 and 9-11,
setting the major topology of the dNTP binding site. A recently
determined crystal structure of a catalytic fragment of Molo-
ney murine leukemia virus (MMLV) RT at 1.8-A resolution
has made it possible to visualize how such selectivity for
deoxyribonucleotides might be achieved: the enzyme is pro-
posed to discriminate against ribonucleotides through an un-
favorable interaction between the aromatic ring of Phe-155
and the 2'OH of the incoming rNTP (ref. 14; Fig. 1). Here we
report that substitution of this residue by valine, as predicted,
does indeed render the enzyme capable of incorporating
ribonucleotide substrates into products.

MATERIALS AND METHODS

Construction of RT Mutants. The RNase H-defective
MMLYV reverse transcriptase construct (RT-WT-H) has been
described previously (25). RT-F155V-H was constructed by
replacing a Kpnl-Sall fragment of RT-WT-H (nucleotides
261-1108) with Kpnl-AflI1 and AfIII-Sall PCR-derived
MMLYV RT fragments. Primer F155V-sense (5'-ATATAGCT-
TAAGGATGCCGTTTTCTGCCTGAGACTCCAC-3"),
bearing the mutant valine codon (in boldface type; nucleotides
463-465) and silent mutations creating an AfIII site (under-
lined), and a downstream primer were used to generate the
0.2-kb Afl1I-Sall PCR fragment, while the F155V-antisense
primer (5'-ATATAGCTTAAGATCAAGCACAGTG-
TACCA-3"), bearing silent mutations to create an AfIII site
(underlined), and an upstream primer were used to generate
the 0.6-kb KpnI-AfIII PCR fragment. RT-F155Y-H, in which
Phe-155 was substituted by tyrosine, was constructed by re-
placing the 0.2-kb AfIII-Sall fragment of RT-F155V-H with a
0.2-kb AfIII-Sall PCR fragment containing a TAT tyrosine
codon and an Af/II site introduced by the sense primer.

Enzyme Purification. Recombinant RT enzymes were ex-
pressed in Escherichia coli DH5« and partially purified with
DES2 resin as described (26) for use in homopolymer assays.
For all other assays, enzymes were purified to near-
homogeneity by chromatography on DE52 cellulose (What-
man), P11 phosphocellulose (Whatman), and MonoS (Phar-
macia) fast protein liquid chromatography (FPLC).

Abbreviations: RT, reverse transcriptase; MMLV, Moloney murine
leukemia virus.
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FiG. 1. Modeling of interactions between the MMLV RT, DNA, and rATP at the polymerase active site. A ball-and-stick representation of
the minor groove hydrogen-bonding interactions is shown for the modeled ternary complex. Residues 189191 are shown in red, residues 153, 154,
and 156 in yellow, F155 in magenta, rATP in orange, and dT in green. F155 is shown directly below the 2'OH of rATP, serving to discriminate

between ribose- and deoxyribose-containing nucleotides.

Homopolymer Substrate Assays. Typical assays were per-
formed using ~40 ng of enzyme (as determined by immuno-
blot comparison with pure RT standards) in 50 ul of RT
reaction buffer (27) containing 60 mM Tris-HCI (pH 8.0), 75
mM NaCl, 0.7 mM MnCl,, 5 mM DTT, 12 ug/ml homopoly-
mer template, 6 ug/ml oligonucleotide primer, 10 uCi/ml (1
Ci = 37 GBq) 3?P-labeled nucleotide, and 12 uM unlabeled
nucleotide substrate.

Measurement of Enzyme Kinetics. Purified enzyme was
added to substrates in reaction buffer to initiate the reaction.
At each time point, 10 ul of reaction solution was removed and
stopped by addition of EDTA. Samples were spotted on DE81
paper (Whatman) and washed with 2X standard saline citrate,
followed by scintillation counting. Radioactivity retained on
the paper, in comparison with total radioactivity in each
sample, was used to determine the amount of dTTP incorpo-
rated into the product. Parameters were determined by double
reciprocal plot.

Single Nucleotide Extension Assay. Oligonucleotide C14
(5"-GGTTCCTACCGGCC-3") was end labeled with
[v-*?P]ATP using polynucleotide kinase (New England Bio-
labs) according to the manufacturer’s specifications. The ra-
diolabeled product oligonucleotide (*C14) was purified by G25
spin column (Boehringer Mannheim) and annealed to G17
(3'-CCAAGGATGGCCGGATC-5") at room temperature for
0.5 hr. Primer extension was initiated by adding 3 ug of purified
enzyme to 60 ul of reaction buffer containing 60 mM TrisHCl
(pH 8.0), 75 mM NaCl, 0.7 mM MnCl,, 5 mM DTT, 0.1 uM
*C14/G17, and unlabeled nucleotide substrate at the indicated
concentration. At each time point, 10 ul of the reaction was
taken out and mixed with 10 ul of stop solution (80%
formamide, 0.1% xylene cyanole, 0.1% bromophenol blue, and
0.1 M EDTA). The extension products were resolved by
electrophoresis on a 23% urea polyacrylamide gel and de-
tected by autoradiography.

Ribonucleotide Incorporation by RT-F155V-H Using Het-
eropolymeric Templates. A 0.3-kb PCR fragment, generated
by the F155V-antisense primer and the upstream primer, was
cloned into pBluescript (Stratagene) by blunt-end ligation,
oriented such that the antisense primer sequence was near the

T7 promotor in the vector. The plasmid was linearized and
transcribed to generate a 0.32-kb RNA fragment by in vitro
run-off transcription using T7 RNA polymerase (Boehringer
Mannheim) according to the manufacturer’s instructions. A
0.3-kb single strand DNA was generated by asymmetric PCR
using an excess of the F155V antisense primer. The upstream
primer was annealed to either template, at concentrations of
40 nM primer and 50 nM template, and extended by 3 ug of
purified enzyme for 30 min at 37°C in 60 ul of reaction buffer
containing 60 mM Tris-HCI (pH 8.0), 75 mM NaCl, 7.5 mM
MgCl,, 5 mM DTT, 500 uM dNTPs, 1 unit/ml RNasin, and 50
pCi of[*?P]rNTP. The extended products were precipitated,
resuspended in 10 wl of stop solution, and resolved by elec-
trophoresis on a 5% urea polyacrylamide gel, followed by
autoradiography.

RNA Synthesis by RT-F155V-H. Primer oligonucleotide P17
(5'-AAGCCCCACATACAGAG-3") was end labeled and an-
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poly(rA)/oligo(dT) daTrTP
poly(rA)/oligo(dT) ruTpP
poly(dC)/oligo(dG) dGTP
poly(dC)/oligo(dG) rGTP

FiG. 2. RT-F155V-H can incorporate rUTP or rGTP into prod-
ucts, using poly(rA)/oligo(dT) or poly(dC)/oligo(dG) as template/
primer. Reactions were performed with the indicated template/
primer, enzymes, and labeled substrates, and elongated products were
assayed by spotting on DE81 paper, washing, and autoradiography.
Mutant RT-F155V-H was uniquely able to incorporate ribonucleo-
tides.



Biochemistry: Gao et al.

Proc. Natl. Acad. Sci. USA 94 (1997) 409

a b. c.

2.2 10 512
2 20 RT-F155V-H 29 =
£ E g | RTFISSVH et
£ 138 % g€ £
E 7 cg 8
T 16 T EE
£ 1.4 1 g 6 T 6 RT-F155V-H
i 35 RT-WT-H 5o
T 12 T4 £t
LGIRY D= anlie : 7 3 , T ) , :

0.00 0.02 0.04 0.06 0.08 0.100.12 0.0 0.2 0.3 % .> 0.0 0.1 0.2 0.3
[(dT)12'1](nM’1) [dTTP-1](uM™) o [rUTP-11(uM-1X10)

e [(UTP1 ] (pMT)

FiG. 3. Kinetic analysis of RT-WT-H and RT-F155V-H. (a) Various concentrations of oligo(dT)1» primer were annealed to 15 ug/ml poly(rA)
template in a reaction buffer containing 60 mM Tris-HCI (pH 8.0), 75 mM NaCl, 0.7 mM MgCl,, 5 mM DTT, 100 uM dTTP, and 20 nCi/ml
[3?P]dTTP. Reactions were initiated by adding 800 ng/ml purified enzyme. Data points were taken at 20-sec intervals. (b) Reactions were performed
in the presence of 15 ug/ml poly(rA), 7.5 ug/ml oligo(dT), 800 ng/ml enzyme, and various concentrations of dTTP and [32P]dTTP. Data points
were taken at 20-sec intervals. (c) Reactions were performed in the presence of 15 ug/ml poly(rA), 7.5 ug/ml oligo(dT), 8 pg/ml enzyme, and
various concentrations of rtUTP and [3?P]rUTP. Data points were taken at intervals of 2 min (for RT-WT-H) or 20 sec (for RT-F155V-H).

nealed to template oligonucleotide T28 (3'-TTCGGGGTG-
TATGTCTCTGACAACCTGG-5") as described above. The
primer (0.1 uM) was extended by 3 ug of RT-F155V-H per 60
wl using four dNTPs (500 uM each) or tNTPs (500 uM each)
as substrates. Products were processed and analyzed as de-
scribed above.

RESULTS AND DISCUSSION

Examination of the active site of a high-resolution structure of
the MMLV RT and modeling of template-primer and sub-
strate into the structure resulted in a strong prediction that the
2'0OH of an incoming rfNTP would overlap with the bulky
sidegroup of Phe-155 (14). To test the structural prediction, a
mutant MMLV RT was constructed carrying a substitution of
Phe-155 with valine in the hope that the smaller side chain
would open the “door” of the enzyme to ribonucleotides (see
Methods). As a control, a mutant was also generated in which
Phe-155 was replaced by tyrosine, found at the corresponding
position in HIV-RT and thought to play the same role as the
phenylalanine in MMLV-RT. In anticipation of potential
cleavages of the RNA products by the RNase H activity in
MMLV-RT, the substitutions were introduced into an RNase
H-defective MMLV-RT backbone (designated RT-WT-H),
which contains a mutation from Asp-524 to Asn (28). RT-
WT-H lacks almost all RNase H activity but retains DNA
polymerase activity comparable to the wild-type MMLV-RT
(28). Each mutant enzyme was expressed in bacteria, partially
purified, and assayed on homopolymer templates with various
substrates. As predicted, the substitution of Phe-155 with
valine rendered the enzyme (designated RT-F155V-H) capa-
ble of incorporating ribonucleotides into the products from
two different templates (Fig. 2). The wild-type enzyme was
unable to use ribonucleotides, and the tyrosine substitution
(designated RT-F155Y-H) did not alter the enzyme’s behav-
ior. Of 20 substitution mutants with changes of unrelated
residues also located near the active site, none showed similar
effects (data not shown).

The effect of valine substitution was further analyzed by
kinetic measurements of the enzyme activity using purified

Table 1. Summary of kinetic parameters

RTs and poly(rA)/oligo(dT) as template/primer (Fig. 3). The
results are summarized in Table 1. RT-F155V-H was similar to
RT-WT-H with respect to rate constants (Kp,) for oligo(dT)
and dTTP, as well as maximum velocity (Vmax) using dTTP as
a substrate. These similarities between RT-WT-H and RT-
F155V-H in these parameters, along with their comparable
enzymatic activities on various template/primers under dif-
ferent conditions (data not shown), indicate that the overall
structure of RT-F155V-H was hardly, if at all, changed by the
substitution. However, the affinity of RT-F155V-H for rUTP
was dramatically increased. Whereas the Ky, of the wild-type
enzyme for rtUTP was almost 50-fold higher than for dTTP,
mutant RT-F155V-H displayed comparable Ky, values for
rUTP and dTTP (Table 1). These results strongly imply that
Phe-155 is a key amino acid that dictates the selective binding
of deoxyribonucleotides to the enzyme. Interestingly, the Viax
of RT-F155V-H for rUTP was only marginally changed com-
pared with the wild-type, remaining ~100-fold less than for
dTTP.

The lower catalytic rate of RT-F155V-H for ribonucleotide
substrates could be accounted for by either an inherently lower
ribonucleotide incorporation rate or a lower extension rate of
a ribonucleotide-containing primer, or both. To distinguish
between these possibilities, a single nucleotide extension assay
was performed. As shown in Fig. 4a, the mutant extended
~75% of the primer by addition of dT TP within 0.5 min, while
even after 15 min, only ~50% of the primer was extended by
rUTP. In comparison, RT-WT-H incorporated barely detect-
able amount of rUTP, even at a concentration as high as 200
uM (Fig. 4b). Furthermore, the incorporation of rUTP slowed
the catalysis of the following nucleotide, either JATP or rATP,
~5-fold (Fig. 4c). We note that products with a 3’ terminal
ribonucleotide migrated slightly more slowly than those with a
deoxyribonucleotide.

To expand these kinetics analysis results, RT-WT-H and
RT-F155V-H were used to copy single-stranded DNA or RNA
templates using dNTPs or rNTPs as substrates (Fig. 5).
RT-F155V-H incorporated all four ribonucleotides into long
products from a mixture of INTPs and dNTPs, using either
DNA (Fig. 5a) or RNA (Fig. 5b) as a template. In contrast,

(dT)12 dTTP rUTP
Enzyme Vmax, wmol'min~!-mg~1 K, nM Vmax, mol-min~l-mg~1 K, uM Vmax, nmol'min~!-mg~! Km, uM
RT-WT-H 1.02 = 0.05 527 £1.95 0.38 = 0.07 92 *+34 1.17 = 0.51 443 + 221
RT-F155V-H 0.81 = 0.06 8.27 + 3.44 0.41 = 0.04 13.6 = 2.4 5.45 = 0.53 434 +1.71
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Fi6. 4. Both incorporation and extension of incorporated ribo-
nucleotides by RT-F155V-H are slower than for deoxyribonucleotides.
5" end radiolabeled 14-mer DNA primer was annealed to a 17-mer
DNA template at a 1:1 ratio. (¢) The primer was extended by
RT-F155V-H using either 10 uM dTTP or rUTP as a substrate. At the
indicated time points, an aliquot of the reaction was removed and
analyzed by gel electrophoresis. (b) The primer was extended by
RT-WT-H in the presence of 10 uM dTTP, 10 uM rUTP, or 200 uM
rUTP. (c) The 14-mer primer was first extended by either 10 uM dTTP
or 10 uM rUTP to completion. The extended 15-mer primers were
then further extended by adding either 10 uM dATP or 10 uM rATP
to the reaction. Markers were generated by extending *Cl4 with
ddTTP (ntl5) or dTTP plus ddATP (nt16). Products with ribonucle-
otides at the 3’ terminus migrated more slowly than those with
deoxyribonucleotides at the terminus. The bands migrating at the
position of ntl7 (lanes 5-8 and 15-17) presumably resulted from
untemplated extension of dATP at the last nucleotide of the template.

RT-WT-H could barely incorporate detectable ribonucleoti-
des into the product, though it could synthesize DNA products
efficiently. That RT-F155V-H had little preference for any
particular ribonucleotide substrate supports the specific func-
tion of Phe-155 to distinguish ribonucleotides from deoxyri-
bonucleotides.

To further evaluate the ability of the enzyme to synthesize
RNA, we used only ribonucleotides as substrates (Fig. 5¢).
Despite the slow ribonucleotide polymerization rate, which is
consistent with the kinetics results, RT-F155V-H was able to
make an extended product of pure RNA of at least 6 nt under
the given conditions. It is worth noting again that the ribonu-
cleotide products migrated slower than the corresponding
deoxyribonucleotide ones, indicating that the ribonucleotide
products did not come from possible ANTPs contamination in
the rINTP preparations.

The results presented above provide direct evidence sup-
porting the common stepwise mechanism of nucleic acid
polymerization underlying all nucleotide polymerases cataly-
sis. Such a common catalysis mechanism, along with structural
similarities among the polymerases (3, 11, 29), suggests that all
nucleotide polymerases might have evolved from the same
ancestor. Indeed, this notion is supported by the observation
that point mutations in T7 RNA polymerase can result in the
reciprocal change in specificity to that observed here; these
mutations rendered the enzyme, normally specific for ribo-
nucleotides, capable of incorporating deoxyribonucleotides
(16, 30). The mechanism by which these mutations act is
unknown. Our results also provide insight into how a DNA
polymerase selectively uses deoxyribonucleotides as opposed
to ribonucleotides as substrates. Multiple devices are em-

Proc. Natl. Acad. Sci. USA 94 (1997)
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Fic. 5. RT-F155V-H incorporates ribonucleotides into products.
(a) A short primer was extended by RT-WT-H (lanes 1, 3, 5, 7, and 9)
or RT-F155V-H (lanes 2, 4, 6, 8, and 10) on a long single-stranded
RNA template in the presence of a mixture of four dNTPs and
radiolabeled nucleotides as indicated. (b) Similar experiment on a
single-stranded DNA template. (¢) End-labeled P17 oligonucleotide
primer was extended by RT-F155V-H on T28 oligonucleotide template
using either four dNTPs or tfNTPs as substrates.

ployed by the enzyme to prevent incorporation of ribonucle-
otides, which might be lethal to organisms. In MMLV RT,
Phe-155 serves as a door to preclude ribonucleotides’ binding
to the enzyme; and ribonucleotides, once bound to the enzyme,
are further discriminated against by catalytic machinery for
both incorporation and extension. It would be interesting to
identify sequences governing the catalytic rate of the enzyme
to use ribonucleotide substrates, by structure-based mutagen-
esis or by colony screening following random mutagenesis (31).
RT-F155V-H may prove to be a powerful tool to serve this
purpose.
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