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Casein kinase II (CKII) phosphorylates wild-type
WT) recombinant reverse transcriptase (RT) mainly
n the p66 subunit in vitro. Phosphorylation of T215F
T and D67N/K70R/T215F/K219Q RT (AZT-resistant
T) in vitro increases discrimination against AZTTP
.5- and 3.6-fold, respectively. This in vitro resistance
an be reversed by treatment of phosphorylated AZT-
esistant RT with phosphatase. Phosphorylation has
o effect on WT RT. Terminal transferase activity of
T is selectively suppressed on phosphorylated AZT-

esistant RT. Resistance to phosphonoformic acid
PFA, foscarnet) increases 3-fold upon phosphoryla-
ion of AZT-resistant RT. Although T215, the most im-
ortant residue for AZT-resistance, is part of a CKII
onsensus target site, serines are primarily phosphor-
lated relative to threonines. Mutational analysis
hows that phosphorylation can be reduced to 10%
hat of WT when amino-acid changes are introduced
oth in the “fingers” subdomain and motif D. These
esults suggest that phosphorylation of RT might be
ne factor involved in drug resistance in vivo. © 2000

cademic Press

Key Words: drug-resistance; AZT; mechanism; nucle-
tide analogue; polymerase.

Efficient chemotherapy directed against the hu-
an immunodeficiency virus (HIV) is impeded by the

radual loss of potency of nucleoside drugs. The es-
ential viral reverse transcriptase (RT), encoded by
he pol gene, is the target of such drugs. Mutations

Abbreviations used: CKII, casein kinase II; RT, reverse transcrip-
ase; AZT-TP, 39-deoxy 39-azido deoxythymidine 59-triphosphate;
ZT-MP, 39-deoxy 39-azido deoxythymidine 59-monophosphate; TLE,

hin layer electrophoresis.
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ble to confer a drug-resistant phenotype to a recom-
inant virus assayed in infected cells. However,
hen a purified variant RT is assayed in vitro, a loss
f affinity of this RT for the nucleotide analogue
oes not always account clearly for the observed
esistance. For example, when AZT is given as the
ole drug, HIV-1 genotypes show a typical pattern of
mino-acid substitutions involving 4 to 6 residues at
osition 41, 67, 70, 210, 215, and 219. Viruses car-
ying D67N/K70R/T215F/K219Q changes in RT are
100-fold resistant to AZT relative to wild-type vi-

uses. However, when the biochemical properties
f purified D67N/K70R/T215F/K219Q RT are exam-
ned in vitro, a single biochemical parameter cannot
nambiguously account for this .100-fold resistance
1– 4). Amongst distinct biochemical properties of
67N/K70R/T215F/K219Q RT are the discrimina-

ion of AZT-TP against the natural substrate dTTP
bout 1- to 4-fold relative to wild-type (1, 4 –7), an
ncreased processivity (8), and an increased bind-
ng to the AZT-MP terminated DNA primer (9)
onsistent with an increased pyrophosphorolytic/
olyphosphate-synthesis repair of the terminal ana-
ogue (7, 10).

Given that molecular mechanisms of RT-mediated
ZT-resistance might involve an uncharacterized
ellular factor (4), it was of interest to test if known
rotein kinases could phosphorylate RT in vitro and
odify or potentiate one of the biochemical proper-

ies listed above. During the course of this study,
hosphorylation of RT was reported in vitro and
sing cellular extracts, and found to stimulate RT
ctivity about 2-fold (11–14). Therefore, we investi-
ated the putative CKII phosphorylation sites in
T as well as whether or not this 2-fold stimula-

ion in RT activity could also be involved in AZT-
esistance.
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Construction of mutant pol genes. The plasmid p66RT7 was used
s a starting point to construct mutant pol genes as described (6).
riefly, synthetic oligonucleotides corresponding to the coding sense
nd antisense nucleotide sequence of a fragment of RT were designed
o as to introduce the desired mutation and carry ligatable ends
econstituting a silent restriction site. They were then phosphory-
ated using polynucleotide kinase and ATP, annealed one to each
ther, and ligated into digested and dephosphorylated p66RT7 DNA,
n RT expression vector (6). Introduction of the mutation was veri-
ed by nucleotide sequencing.

Purification of recombinant wild-type and variant RT. The plas-
id p66RT7 was used to express wild-type RT in E. coli XL1-Blue

ells. Recombinant RT (either wild-type of variant) carrying a (His)6

ag was purified using phosphocellulose chromatography followed by
ickel-Agarose chromatography (Qiagen) as described (6). The puri-
cation of RT that does not carry a (His)6 tag was as described (9).

Phosphorylation of RT by protein kinases in vitro. A panel a
mmunoprecipitated kinases was tested for their ability to phosphor-
late RT in vitro. Histone H1 was used as a positive control. Phos-
horylation of RT (10–50 mg) by CKII was performed using 10–100
nits of CKII and 15 to 150 mM g-32P-ATP during 1 h at 30°C. Control
xperiments showed that the maximal amount of radiolabel incor-
orated into RT was reached after 15 min incubation and stayed
onstant afterwards. To quantitate the amount of incorporated ra-
ioactivity, the gel was dried, and quantitation of band products was
chieved using photostimulatable plates and a FujiImager. Auto-
hosphorylated CKII served as an internal control for quantitation.
KII was from New England Biolabs.

Purification of phosphorylated RT. Phosphorylated RT (50 mg) in
he CKII/ATP reaction mixture was further separated from ATP and
KII by absorption onto Nickel-Agarose beads, elution using 0.2 M

midazole, and dialysis against the initial RT storage buffer (50%
lycerol, 25 mM KPO4 pH 7.4, 1 mM DTT, 0.5 mM EDTA). The final
ield was around 45%.

Phosphoamino-acid analysis. Phosphorylated proteins were sep-
rated by SDS-PAGE on 10% gels. Excised band were digested in gel
lices by 2 mg of trypsin (Promega) as described (15), yielding about
7% of the initial radioactivity of the band. The mixture was further
ydrolysed by 5.7 M HCl at 110°C for 90 min, dried under vacuum,
nd subjected to thin layer electrophoresis (TLE) using
hosphoamino-acid internal standards and cellulose plates (Merck,
0 3 20 cm, 0.1 mm). TLE was bidimensional as described (16). Dried
lates were developed using ninhydrin and autoradiography.

DNA polymerase assays. Reverse transcription was assayed as
escribed (6). DNA-dependent DNA polymerase assays were per-
ormed using a primer/template system made of a 21-primer (59-
TACTTTAACCATATGTACC-39) annealed to a 35-mer (59-GGTC-
GTTGCATGCGGATACATATGGTTAAAGTAT-39) DNA template.
he single template “A” specifying a single thymidine insertion site

our bases away from the 39-end of the primer is shown in bold. RT
50 nM) was absorbed onto the primer/template (100 nM) in RT
uffer, and reaction was initiated by the addition of nucleotide:
nhibitor:MgCl2 mix as described in figure legends. Reaction aliquots
ere quenched at indicated times by formamide-containing buffer,
nd the mixture was analysed by denaturing gel electrophoresis
ollowed by autoradiography. Quantitation of band products was
chieved using photostimulatable plates and a FujiImager.

ESULTS

Screening protein kinases for their ability to phos-
horylate RT in vitro. Since most in vitro studies of
T use an E. coli produced enzyme, such an enzyme
27
ight lack a post-transcriptional modification occuring
nly in eukaryotic cells. Phosphorylation on serine/
hreonine residues is such a modification. Therefore,
everal eukaryotic cellular kinases were tested for
heir ability to phosphorylate pure recombinant RT in
itro. CKII was found to incorporate radioactive phos-
hate from g-32P-ATP into the p66 subunit of RT (Fig.
, lane 4) while the p51 subunit alone was essentially
ntouched (Fig. 1, lane 1; lanes 5–8 are discussed
elow under “Mutational analysis of putative CKII
hosphorylation sites”). The level of incorporation of
adioactive phosphate into RT was independent from
he presence of the histidine tag in C-terminus (not
hown). None of the other tested kinases could phos-
horylate RT (cdc2, cdk1, 2, 4, 5, and 6, not shown).
his result is consistent with the report of Harada et
l. showing that CKII-phosphorylated RT stimulated
T activity (13). CKII is a serine/threonine kinase of
road specificity and tissue distribution. In order to
etermine if this stimulation is related to drug-
esistance, nucleotide selectivity was measured using
hosphorylated RT in comparison with their unphos-
horylated counterparts.

Discrimination against AZT-TP by phosphorylated
T. Two RT bearing the clinically relevant AZT-

esistance amino-acid changes T215F and D67N/
70R/T215F/K219Q were prepared. CKII-mediated
hosphorylation indicated that these two RTs could be

FIG. 1. Phosphorylation of RT by CKII in vitro. (A) 10% SDS-
AGE analysis of various purified RT (3 mg per lane). The gel was
tained using coomassie blue. Reactions in all lanes except lane 2
ontained CKII and radiolabeled ATP. Lane 1: p51 subunit; lane 2:
W markers (75, 45, and 30 kD); lane 3: histone H1; lane 4: WT-p66

ubunit; lane 5: T215F-p66 subunit; lane 6: control without RT; lane
: K220Q-p66 subunit; lane 8: D67N/K70R/T216F/K220Q-p66 sub-
nit. (B) Autoradiograph of the gel shown in panel A. The gel was
ried, exposed, and quantitated using an image plate and a Fuji-
mager.
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abelled at a level equal to about 2/3 that of WT RT
this is described later in Table 3). After phosphoryla-
ion by CKII in vitro, they were assayed for reverse
ranscription in the presence of dTTP and its compet-
tive inhibitor for chain-termination AZT-TP. The re-
ults are presented in Table 1. Phosphorylation of WT
T had no effect on AZT-TP discrimination, whereas
hosphorylation of T215F RT yielded a 2.5-fold in-
rease in IC50. The effect of phosphorylation was
ore pronounced for RT bearing the four amino-acid

hanges: phosphorylation of AZT-resistant RT en-
anced AZT-TP discrimination 3.6-fold as judged by
he increase in IC50 relative to the unphosphorylated
ZT-resistant RT. Treatment of phosphorylated AZT-

esistant RT with phosphatase reversed the discrimi-
ation back to the value observed with unphosphory-

ated AZT-resistant RT, indicating that the observed
ffect was indeed due to phosphorylation of RT by
KII. In total, the increase in IC50 from WT to phos-
horylated RT equaled 6.4-fold (from 18 nM to 115 nM,
able 1).
To confirm these results, the effects of phosphoryla-

ion of RT were also assayed using a 32P-labelled
rimer extension and gel assay. In this type of exper-
ment, DNA polymerization by RT is allowed to proceed
n the presence of dA, dG, dC nucleotides and a mixture
f dTTP and AZT-TP. When a “dA” is present in the
emplate, RT inserts either a dT-MP or an AZT-MP
epending on the concentration ratio of the latter two
ucleotides. When AZT-MP is inserted, DNA polymer-

zation terminates. Analysis of the reaction products by
enaturing gel electrophoresis shows that a band prod-
ct shorter than full extension product and correspond-

ng to the AZT-MP terminated DNA chain appears on
he autoradiogram of the gel. The abundance of this
and product relative to extension products greater or

Inhibition of DNA Polymerization by Phosphorylated RT
Using AZT-TP

RT IC50 (nM)c

WT 18 6 0.7
WT-Pa 20 6 1
Fold increase 1
T215F 26 6 1.8
T215F-Pa 65 6 5.5
Fold increase 2.5
AZT-Res 31.5 6 1.5
AZT-Res-Pa 115 6 8
AZT-Res-P/CIAPb 30 6 2.5
Fold increase 3.6

a WT-P, T215F-P, and AZT-Res-P indicate the phosphorylated
orms of WT, T215, and AZT-res RT, respectively.

b AZT-Res-P/CIAP indicated phosphorylated RT that has been
reated with calf intestine alkaline phosphatase.

c Poly(rA)/oligo(dT)18–21 as the primer/template system.
28
ersely reflects the discrimination property of RT
gainst AZT-TP: the higher intensity the lower dis-
rimination against AZT-TP.
RTs bearing clinically relevant amino-acid changes
ere phosphorylated by CKII, and compared relative

o their unphosphorylated form using this AZT-TP dis-
rimination test. The results are shown in Fig. 2. WT
T discriminated AZT-TP to the same extend as phos-
horylated WT RT (Fig. 2A) as judged by the same
ntensity of both the “T” band product and the 35 and
6 mer band products. For phosphorylated AZT-
esistant RT, however, not only the intensity of the “T”
and product was lower but also the total intensity of
ll band products past the “T” band was higher than for
ts unphosphorylated counterpart (Fig. 2B). Phosphor-
mager analysis allowed to measure a 2-fold better
iscrimination of AZT-TP by phosphorylated AZT-
esistant RT than with its unphosphorylated counter-
art, a result consistent with our homopolymeric
emplate/primer assay. We conclude that phosphoryla-
ion of RT by CKII induces a modest change in AZT-TP
election relative to the natural substrate dTTP.
Additional unexpected information could be obtained

rom this gel assay. HIV RT is known to possess a
erminal transferase activity by which a nucleotide is
dded at the 39-terminus of a blunt double stranded
NA (17). This activity can be seen in Fig. 2 (and Fig.
, see below) where an additional dNMP is added in a
emplate-independent fashion, yielding a 36-mer prod-

FIG. 2. DNA polymerization by phosphorylated RT. A 59-32P-
abeled 21-primer was annealed to a 35-mer DNA template (100 nM)
pecifying a single thymidine insertion site (indicated “T”) four bases
way from the 39-end of the primer. Polymerization was initiated by
he addition of RT (50 nM), nucleotides (50 mM of each dATP, dCTP,
GTP, dTTP, and 50 mM AZT-TP) for 5 min. (odd lanes) and 20 min.
even lanes) at 37°C. Aliquots were withdrawn during the time
ourse of the reaction, and products analysed by denaturing gel
lectrophoresis. (A) WT-(lanes 1, 2) and phosphorylated WT RT
lanes 3, 4). (B) AZT-resistant (lanes 5, 6) and phosphorylated AZT-
esistant RT (lanes 7, 8).
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ad no effect on this terminal transferase activity,
hereas the latter was suppressed when AZT-resistant
T was used (compare lane 6 to lane 8 in both Fig. 2B
nd Fig. 3B). Interestingly, the suppression of the ter-
inal transferase activity indicates that other bio-

hemical properties of RT might also be altered by
hosphorylation. This prompted us to examine pyro-
hosphorolysis of AZT-MP terminated primers.

Pyrophosphorolytic repair of AZT-MP terminated
rimer by phosphorylated RT. AZT-resistance by
67N/K70R/T215F/K219Q RT is believed to be due in
art to an increased repair of the AZT-MP terminated
rimer by pyrophosphorolysis and/or ATP-mediated
nblocking mechanism (7, 9, 10, 18). Pyrophosphoroly-
is is the reversal of the polymerization reaction where
pyrophosphate (PPi) molecule attacks the AZT-MP

locked chain to yield AZT-TP and a free 39-OH group.
onsequently, PPi has an IC50 of about 1 mM on the
olymerization reaction by WT RT (7). When PPi inhi-
ition is tested using D67N/K70R/T215F/K219Q RT,
he IC50 decreases to 0.4 mM (7).

The same gel assay as for discrimination was used to
easure the influence of RT phosphorylation on pyro-

hosphorolysis. In this assay, an AZT-MP terminated
NA chain is first produced using RT and the same
rimer/template as described above. The pyrophospho-
olysis reaction is then started by the addition of pyro-
hosphate and dTTP. After binding PPi, RT removes
he terminal AZT-MP to yield AZT-TP and a free 39-OH
nd, and RT is able to use either AZT-TP to yield again

terminated product or dTTP to yield a extension
roduct greater in size than the AZT-MP terminated
NA chain. As a consequence, the band product corre-

ponding to “T” on the gel is disappearing over time
Fig. 3). The results are presented in Fig. 3. Whereas
hosphorylation had no effect on WT RT (Fig. 3A, lanes
–4), phosphorylated AZT-resistant RT was resistant
o PPi-mediated repair of the blocked DNA (Fig. 3B,
ompare lanes 5 and 6 with lanes 7 and 8: the intensity
f the “T” band product is much lower in lane 6 than in
ane 8).

Phosphonoformic acid (PFA) is an analogue of PPi
nd a potent inhibitor of several viral polymerases.
hen assayed on AZT-resistant RT, the IC50 of PFA

ecreases 2-fold relative to WT RT, a result that is
onsistent with the involvement of pyrophosphorolysis
n this type of drug-resistance (7, 18). It was thus of
nterest to determine if phosphorylation of RT by CKII
ould also influence PPi or PFA inhibition as it does
ith AZT-TP. The inhibition by PPi is difficult to assay
sing homopolymeric primer/template because of the
recipitation of PPi in the presence of Mg11. Therefore,
he IC50 of PFA was determined for non-phosphorylated
nd phosphorylated AZT-resistant RT as described
bove. Phosphorylation had no effects on the IC50 of
29
T RT (not shown). However, the IC50 of AZT-resistant
T was measured at 0.27 6 0.06 mM and increased up

o 0.9 6 0.17 mM when this RT was phosphorylated.
his 3-fold increase in IC50 for PFA is in agreement
ith results obtained using the gel assay shown above.
e conclude that phosphorylation of RT by CKII also

lters the traffic of pyrophosphate at the RT active site.

Phosphoamino-acid analysis of phosphorylated RT.
hosphorylation of RT by CKII alters biochemical
roperties related to DNA polymerization. Thus, we
xpected that serine/threonine residues in the vicinity
f the polymerase active site might be the target of
KII, and potential target sites were examined. WT RT
nd T215F were phosphorylated using CKII in vitro,
nd each mixture was separated using SDS-PAGE
lectrophoresis. After staining with coomassie blue,
he RT band was cut off the gel and subjected to pro-
ease digestion followed by total acid hydrolysis.
hosphoamino-acids were identified by bidimensional
hromatography and autoradiography (Fig. 4). Approx-
mately 95% of the radioactivity was found on a spot
orresponding to phosphoserine, and 5% on a spot cor-
esponding to phosphothreonine. T215F RT was con-
istently less phosphorylated than WT RT (see below),
nd this difference was tentatively attributed to serine
esidues. As shown in Fig. 4, the spot corresponding to
abelled phosphoserines is weaker for T215F RT than
or WT RT.

Mutational analysis of putative CKII phosphoryla-
ion sites. In order to assess how RT activity could be
odulated by phosphorylation, potential CKII phos-

FIG. 3. Pyrophosphorolytic repair of incorporated AZT-MP by
hosphorylated RT. Same experimental design as in Fig. 2, except
hat reactions were performed in the presence of 500 mM pyrophos-
hate. Over time, the amount of products larger than 25 nucleotides
ncreases in the presence of PPi with a concommitant decrease of the
T” band product due to pyrophosphorolytic repair of the analogue-
erminated DNA chain followed by DNA polymerization. (A) WT-
lanes 1, 2) and phosphorylated WT RT (lanes 3, 4). (B) AZT-resistant
lanes 5, 6) and phosphorylated AZT-resistant RT (lanes 7, 8).
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horylation sites were searched along the RT gene
sing the PROSCAN algorythm (19). Nine putative
ites were found. Their position, amino-acid sequence,
nd their spatial distribution on the RT crystal struc-
ure are reported in Table 2. We found that two of the
utative phosphorylation sites were in the vicinity
less than 3 amino-acids away) of residues involved in
ZT-resistance. They are T39 and T215 (Table 2). As
tated in the introduction, T215F/Y is a key mutation
nvolved in AZT-resistance. Examination of the RT
rystal structure (20) shows that T215 belongs to motif
, a short loop exposed to the solvent. Motif D encom-
asses amino-acids 213 to 223, and is located at the
ntrance of the nucleotide channel (6). It is thus of
nterest to determine if T215F eliminates a CKII phos-
horylation site either directly or indirectly. However,
s described above, T215F alone does not totally ac-

FIG. 4. Phosphoamino-acid analysis of phosphorylated RT. Bidi-
ensional TLE using radioactively labelled phosphoamino-acid, in-

ernal standards, and cellulose plates. The dried plate was developed
sing ninhydrin. This is an autoradiograph of the plate. Arrows at
ight angles indicate the 2 dimensions of migration. PT and PS
esignate phosphothreonine and phosphoserine, respectively. (A)
T RT. (B) T215F RT.

TABLE 2

Consensus Sequences for Phosphorylation by CKII in RT

Residues
in RT

Consensus:
S/T-X-X-D/E

AZT
resistancea

Exposition to
the solventb

S3 SPIE 2 6
T39 TEME 1 1
T107 TVLD 2 2
S191 SDLE 2 6
T200 TKIE 2 1
T215 TTPD 1 1
T253 TVND 2 1
S489 SGLE 2 2
S513 SESE 2 6

a Sites bearing at least one amino-acid change involved in AZT-
esistance are indicated with 1.

b Sites having both S/T and D/E exposed to the solvent are marked
, those having only one residue are marked 6, and buried sites are
arked 2.
30
ount for the increased AZT-TP discrimination: the
resence of all four mutations is required (Table 1).
To characterize the determinants of increased
ZT-TP discrimination induced by both phosphoryla-

ion and the four mutations, a series of RT genes mu-
ated in these regions was constructed (Table 3). The
orresponding RTs were purified and phosphorylated
y CKII using radiolabeled ATP. The reaction was
llowed to go to completion, the amount of total radio-
ctive phosphate incorporated into RT was measured
nd expressed relative to phosphorylated WT RT (Ta-
le 3). All RT bearing the amino-acid change T215F
ncorporated about one third less radioactive label
han WT RT. In particular, the AZT-resistant RT bear-
ng the four substitutions was not labelled to a lower
xtent than T215F RT. One straightforward explana-
ion was that T215F eliminated phosphorylation of
215, but this hypothesis is not consistent with the fact
hat phosphoamino-acid analysis pinpointed a differ-
nce in phosphoserine content between WT and T215F
T. Therefore, we conclude that T215F, located in mo-

if D of RT, has an indirect effect on the phosphoryla-
ion status of RT. In other words, T215F might alter
he general conformation of the RT active site in such
way that phosphorylation of other residues (mainly

erine as judged by the phosphoamino-acid analysis)
ould be altered.
To determine if the conformation of motif D is critical

or phosphorylation of RT, another series of RT genes
utated in motif D and its surrounding was con-

tructed (Table 3). K220Q and D218N greatly reduced
up to 50%) the degree of phosphorylation of RT, indi-
ating that motif D is indeed critical to the phosphor-
lation of RT by CKII (Table 3 and Fig. 1). In the
rystal structure of RT, motif D is facing the “fingers”
ubdomain made of b3/b4 strands. The latter strands
ncompass amino-acids 60 to 75 and thus carry the
67N and K70R AZT-resistance changes. D67N/K70R

Phosphorylation and Reverse Transcriptase Activity
of Variant Relative to WT RT

RT
Phosphorylation

relative to WTa (%)
RT activity

relative to WTb

T 100 11
215F 65 11
67N, K70R, T215F, K219Q 66 11
(AZT-Res)
67N, K70R 66 11
218N 52 11
220Q 49 11
67N, K70R, T216F, K220Q 10 1

a Mean of two independent experiments, values are less than 5%
ifferent.

b 11: 80 to 100% of WT; 1: 40 to 60% of WT, using poly(rA)/
ligo(dT)18–21 as the primer/template system.
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hosphate than WT RT, indicating that the conforma-
ion of the nucleotide binding site as a whole is indeed
ritical for phosphorylation by CKII. When changes
oncerning both b3/b4 strands and motif D such as
67N/K70R/T216F/K220Q were combined, the corre-

ponding RT could barely be phosphorylated by CKII
Fig. 1, lane 8). Although this RT is fully active upon
ingle nucleotide incorporation, its DNA synthesis spe-
ific activity is about 40% as that of wild-type under
rocessive conditions using homopolymeric primer/
emplates (Table 3, and not shown).

We also tested if the presence of a DNA-primed
NA- or DNA template bound to RT could influence

he pattern of phosphorylation of RT by CKII, but no
ifference was observed whether or not any primer/
emplate system was present in the reaction mixture.
lso, replacing T39 by either alanine or aspartate had
o effect either on the phosphorylation degree of RT or
n AZT-TP discrimination. Phosphothreonine or phos-
hoserine residues can often be replaced by an acidic
esidue that mimicks phosphorylation to yield a pro-
ein which is biochemically undistinguishable from the
uthentic phosphorylated protein. This was not the
ase here as T39D/D67N/K70R/T215F/K219Q was bio-
hemically undistinguishable in any respect from the
ZT-resistant D67N/K70R/T215F/K219Q RT (not
hown). The same experiment was performed with S3A
nd S513A but no difference was observed relative to
T RT. S513 is located close to the RNase H domain,

nd its phosphorylation could have an indirect effect on
he DNA polymerization properties of RT. However,
either phosphorylated or non-phosphorylated S513A
or S513D RTs showed any effect on reverse transcrip-
ion.

ISCUSSION

The mechanistic understanding of AZT-resistance
as been lagging behind the determination of the ge-
etic causes of this viral drug-resistance. Several au-
hors have reported that the high level of drug-
esistance observed in vivo (about 120-fold) does not
orrelate to drug-resistance observed using purified RT
n vitro (1- to 4-fold) (1, 4–7). The lack of correlation
as been tentatively attributed to an unknown cellular

actor. However, most studies have been conducted
sing RT expressed and purified from E. coli cultures.
t is well known that E. coli does not provide the same
ost-translational modifications to a recombinant pro-
ein as an eukaryotic cell does. Serine/threonine phos-
horylation is such a modification, and being present
n eukaryotic but not in E. coli cells, is indeed a good
andidate to account for the in vivo/in vitro discrep-
ncy. This observation lead us to assay various kinases
or their ability to phosphorylate RT, and we were
31
ble to stimulate RT activity (13).
The understanding of AZT-resistance in molecular

erms has been recently improved by the proposition
hat an increased pyrophosphorolytic repair of the
hain-terminating AZT-MP could be achieved by AZT-
esistant RT (9). Subsequently, Arion et al. found that
yrophosphorolytic repair is indeed involved (7, 18),
nd Meyer et al. found that the b and g phosphate of
TP could also provide the pyrophosphate moiety re-
uired to repair the AZT-MP terminated primer (10).
Our results show that phosphorylation of AZT-

esistant RT but not WT RT increases discrimination
gainst AZT-TP, a results consistent with phosphory-
ation being potentially the missing cellular factor.
owever, two results temperate this view. First, the

ffects of phosphorylation are modest (about 3-fold)
nd not sufficient to explain the remaining .40-fold
ifference between in vivo and in vitro data. Second,
hosphorylated AZT-resistant RT is less able to repair
n AZT-MP terminated primer than unphosphorylated
ZT-resistant RT. An increased pyrophosphorolysis
ctivity and/or ATP-mediated repair together with an
ncreased sensitivity to PFA are hallmarks of AZT-
esistance (7, 10, 18). It is shown here that the opposite
s observed, i.e., a decreased pyrophosphorolytic repair
nd hence a potential increase in AZT sensitivity when
ZT-resistant RT is phosphorylated. It would be inter-
sting to assay ATP-mediated repair using phosphor-
lated RT to see whether it is affected in the same
anner as pyrophosphorolytic repair. Nevertheless,

he effects observed here are interesting because they
re specific to AZT-resistant RT. For example, the sup-
ression of terminal transferase activity by CKII phos-
horylation might have a biological relevance yet to be
iscovered.
Although precise assignment of phosphorylated res-

dues remains to be done, our results indicate that it is
afe to propose that serine residues are involved that
o not belong to the consensus CKII target sequence
--D/E. It is tempting to speculate that phosphoryla-
ion of serine residues in the vicinity of the polymerase
ctive site would alter either the movement of the motif

loop whose structure is important for nucleotide
electivity (6), or the movement of the “fingers” subdo-
ain in which several drug-resistance mutation are

ound (3, 21). Alternately, partial or incomplete phos-
horylation of threonine residues up to 5% as found in
ur phosphoamino-acid analysis might be responsible
or the modest discriminational effect found here. This
ypothesis awaits the isolation and direct identifica-
ion of phosphorylated RT peptides, the mutational
limination of the phosphorylated residue, and the lack
f distinct biochemical properties brought by the cor-
esponding mutated RT.



ACKNOWLEDGMENTS

a
t
c

R

10. Meyer, P. R., Matsuura, S. E., Mian, A. M., So, A. G., and Scott,

1

1

1

1

1

1

1

1

1

2

2

Vol. 275, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
We thank Charles C. Richardson and Anne Debant for their help
nd encouragement, and Simon Sarfati and Catherine Gueirreiro for
he synthesis and purification of AZT-TP. We also thank “Ensemble
ontre le Sida” for financial support.

EFERENCES

1. Krebs, R., Immendorfer, U., Thrall, S. H., Wohrl, B. M., and
Goody, R. S. (1997) Biochemistry 36, 10292–10300.

2. Larder, B. A., and Kemp, S. D. (1989) Science 246, 1155–1158.
3. Larder, B. (1992) in Reverse Transcriptase (Skalka, A. M., and

Goff, S. P., Eds.), pp. 205–222, CSHL Press.
4. Lacey, S. F., Reardon, J. E., Furfine, E. S., Kunkel, T. A., Be-

benek, K., Eckert, K. A., Kemp, S. D., and Larder, B. A. (1992)
J. Biol. Chem. 267, 15789–15794.

5. Kerr, S. G., and Anderson, K. S. (1997) Biochemistry 36, 14064–
14070.

6. Canard, B., Chowdhury, K., Sarfati, R., Doublié, S., and Rich-
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