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Human immunodeficiency virus (HIV) isolates with reduced sensitivity to zidovudine
(3’-azido-3'-deoxythymidine, AZT) from individuals with acquired immunodeficiency
syndrome (AIDS) or AIDS-related complex were studied to determine the genetic
basis of their resistance. Most were sequential isolates obtained at the initiation of and
during therapy. Comparative nucleotide sequence analysis of the reverse transcriptase
(RT) coding region from five pairs of sensitive and resistant isolates identified three
predicted amino acid substitutions common to all the resistant strains (Asp®’ — Asn,
Lys” — Arg, Thr**®* - Phe or Tyr) plus a fourth in three isolates (Lys*'® — Gln).
Partially resistant isolates had combinations of these four changes. An infectious
molecular clone constructed with these four mutations in RT yielded highly resistant
HIV after transfection of T cells. The reproducible nature of these mutations should
make it possible to develop rapid assays to predict zidovudine resistance by performing
polymerase chain reaction amplification of nucleic acid from peripheral blood lympho-
cytes, thereby circumventing current lengthy HIV isolation and sensitivity testing.

THE CLINICAL USE OF ZIDOVUDINE
has become widespread since the
demonstration that it is of benefit for
the treatment of patients with AIDS and
advanced AIDS-related complex (ARC) (1).
In these individuals with underlying im-
mune deficiency, long-term continuous zi-
dovudine therapy is required to suppress
chronic HIV infection. However, we have
shown that most isolates from patients with
AIDS or ARC who were treated for 6
months or more showed reduced sensitivity
to zidovudine, whereas isolates from un-
treated individuals and those treated for less
than 6 months showed uniform sensitivity
to the drug (2). The relatively small numbers
of patients in this study made it difficult to
assess the clinical significance of these obser-
vations, although a substantial decline in
long-term survival of zidovudine-treated in-
dividuals with AIDS or ARC has been
observed after 15 to 18 months of therapy in
a large group of patients (3). To determine
whether this decline is related to zidovudine
resistance and to assess the possibility of
transmission of resistant virus, large num-
bers of individuals need to be studied. This
is relatively difficult because conventional
methods for HIV isolation and sensitivity
testing are labor-intensive and involve
lengthy culture procedures. Furthermore,
the procedures we used to isolate virus
suitable for accurate sensitivity testing re-
sulted in only a 30% virus isolation rate
from patients (2). It would thus be desirable
to develop a rapid drug sensitivity assay that
could be applied to large numbers of infect-
ed individuals.
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Zidovudine is believed to inhibit HIV
replication by virtue of the ability of its
triphosphate form (AZT-TP) to bind to
HIV RT and cause chain-termination of
viral DNA synthesis (4). We thus reasoned
that resistance was most likely due to muta-
tion in the RT gene and decided initially to
examine a number of resistant isolates for
mutation in RT. The complete RT coding
region (1.7 kb) was obtained from sensitive
and resistant isolates by polymerase chain
reaction (PCR) amplification of infected cell
DNA (5), and was inserted into an M13-

based vector (mptacl8.1) (6) (Fig. 1).
Clones able to express functional RT en-
zyme (7) were sequenced by the dideoxynu-
cleotide chain-termination method (8). The
complete sequence of six RT clones was
obtained (sensitive and resistant isolate pairs
from three individuals), and partial sequence
data were obtained from additional isolates
(Table 1).

Comparison of predicted complete amino
acid RT sequences from sensitive and resist-
ant isolate pairs obtained from the same
individuals (patients A012, AO018, and
P022) revealed differences of between 14
and 17 residues. In each case, however, we
identified amino acid changes at four resi-
dues (Asp®” — Asn, Lys" — Arg, Thr*!* —
Phe or Tyr, and Lys*'® — GIn) in the highly
resistant isolates not seen in the sensitive
counterparts (Fig. 2). Analysis of sensitive
and highly resistant isolate pairs from a
further two individuals (patients A036 and
P026) revealed the same mutations at posi-
tions 67, 70, and 215, while the wild-type
Lys at residue 219 was retained (Fig. 2). In
cases where multiple M13 clones were se-
quenced from an isolate, only minor se-
quence variation was seen. Published HIV
type 1 (HIV-1) RT sequences showed abso-
lute conservation of all four residues in every
strain (9), strongly implicating these muta-
tions in zidovudine resistance.

To test whether multiple mutations in the
RT gene could account for high-level resist-
ance, we constructed an infectious molecular

Table 1. Properties of HIV isolates and M13 RT clones derived from them. HIV isolates derived from
untreated and treated individuals are shown with duration of therapy at the time they were obtained and
the zidovudine sensitivity. Where multiple isolates were obtained from the same individual, isolates are
lettered in temporal order. The IDs, values were obtained by plaque-reduction assay with HT4-6C cell
monolayers (2, 16). Some of the sensitivity values were taken from a previous report (2). The relative
RT activity expressed by a representative M13 RT clone is shown for each virus isolate (RT was
expressed in E. coli, strain SKCPolA"F'). Values are percentage of control RT activity that was derived
in each experiment by using the clone mpRT4, which expresses wild-type HIV-1 RT (7). RT assays
were performed with [*H]TTP and poly(rA) - oligo (dT),s as described (7). The amino acid residues at
four positions in RT that are important for zidovudine resistance are illustrated for HIV isolates. Wild-
type residues at the positions of interest are as follows: Asp®’, Lys™, Thr?'®, and Lys?!®. Residues in
italics represent mutations. Isolation of M13 RT clones and nucleotide sequence analysis are described
in the legends to Figs. 1 and 2.

. . . RT activity of i i i i
HIV Duration Zidovudine MI3 clone Amino acid residues in RT
. of therapy sensitivity
isolate th D (percentage
(months) (IDso pM) of control) 67 70 215 219
AOI12B 2 0.01 20 Asp Lys Thr Lys
A012D 26 2 85 Asn Arg Phe Gln
AOI8A 0 0.01 62 Asp Lys Thr Lys
A018C 14 2.3 79 Asn Arg Tyr Gln
A036B 2 0.01 47 Asp Lys Thr Lys
A036C 11 0.6 52 Asp Lys Tyr  Lys
A036D 20 5.6 46 Asn Arg Tyr Lys
P022A 1 0.01 20 Asp Lys Thr Lys
P022C 16 1.4 67 Asn Arg Phe Gln
P026A 0 0.01 76 Asp Lys  Thr  Lys
P026B 11 2.8 78 Asn Arg Tyr Lys
PO35A 6 0.56 55 Asp Lys Tyr Lys
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clone of HIV containing only the four mu-
tations described above (in isolate A012D)
and assessed the sensitivity of virus pro-
duced from this clone by transfection of T
cells. A 2.55-kb fragment of the HIV pol
gene from infectious clone HXB2-D (10),
inserted into the M13 vector mpl9, was
used as a target for site-directed mutagenesis
(11, 12). Specific nucleotide changes were
simultaneously introduced into the RT gene
by using two synthetic oligonucleotides, and
mutations were confirmed by nucleotide
sequencing (8). To reconstruct the full-
length clone, a 1.9-kb Bal I restriction frag-
ment containing the mutations in RT was
removed from the pol gene M13 clone and
transferred into HXB2-D (11). DNA pre-

pared from wild-type and mutant infectious
clones was then used to transfect the T cell
lymphoblastoid line, MT-4 (13), by electro-
poration (14). Virus-induced cytopathic ef-
fect was observed in each culture at similar
times (after 2 to 4 days), and virus stocks
were prepared 6 to 7 days after transfection
(15). Wild-type and mutant HIV isolates
(HXB2-D and HIVRTMC, respectively)
were titrated by plaque assay in the HeLa-
CD4" cell line HT4-6C and then tested for
sensitivity to zidovudine by plaque-reduc-
tion assay in HT4-6C cells (2, 16). The
results of these experiments (Table 2) dem-
onstrated that the mutant virus constructed
by site-directed mutagenesis was highly re-
sistant to zidovudine. The median inhibi-

HIV pol gene Fig. 1. A diagrammatic representa-
Primer 1 tion of the scheme used to amplify
. — HIV and clone HIV RT. Total DNA
-.._PRO| RY l_ INT 1. bna was extracted from cells infected
Primer 2 with HIV isolates, and the entire
1.7-kb fragment of the RT coding
i. PCR region was obtained by PCR (5).
ii. EcoRIand XbaI digest After digestion with Eco RI and
iii. Isolate 1.7- kb fragment Xba I, whose recognition sites were
Eco RI built into the 5’ and 3’ ends by the
| PCR primers, fragments were puri-
1.7-kb RT fied from agarose gels. The frag-
T o ments were ligated with the replica-
Xba I tive form of M13mptac18.1, which
had previously been digested with
i. Ligate into mptac18.1 Eco RI and Xba I (6). Recombi-
ii. Isolate RT expressing recombinants nant clones containing a 1.7-kb
fragment were assessed for abili
Pra EcoRI Xoal  HindTII to %xprcss active RT by inductiotr}:
T }——‘--" M13 RT clone of M1l3-infected Escherichia coli
o (strain 5KCPolAF’) with isopro-
| ! pyl Bp-thiogalactopyranoside and
Asn Ser Pro Phe Leu Glu Ser Thr " measurement of RT activity in E.
5'-ATG] AAT TCT CCC-3'  &'-TTT CTA GAG TCG ACC [TGA-3'  (oli lysates (7). The resulting RT
Eco RI Xba I clones were predicted to produce

RT with two additional amino ac-

ids at the NH,-terminus (Asn-Ser) and five additional residues at the COOH-terminus (Phe-Leu-Glu-
Ser-Thr). Single-stranded DNA made from these recombinant M13 clones was used for nucleotide
sequencing. Abbreviations: P,,,, fac promoter; PRO, protease; and INT, integrase.

67 70
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P022C P022C
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Fig. 2. Mutations in HIV RT that
confer zidovudine resistance. The
two areas of amino acid sequence
from HIV-1 RT containing resi-
dues significant for zidovudine
resistance are illustrated (residues
65 to 72 and 213 to 220). RT gene
fragments were amplified by PCR
from infected cell DNA, and the
entire coding region of each isolate
(1.7 kb) was cloned into the M13
vector mptacl8.1 (5, 6). Nucleo-
tide sequencing was performed by
the dideoxynucleotide chain-termi-
nation procedure (8) with the use
of single-stranded DNA from these
clones and a set of ten specific
oligonucleotide primers homolo-
gous to HIV-1 RT. The boxed

Lys —COOH

amino acids depict wild-type residues and mutant residues derived from those that were common to all
highly resistant isolates sequenced. Shown below the boxed amino acids are each of the resistant HIV
isolates found to contain these specific mutations. All residues in the two areas illustrated are invariant
in wild-type HIV-1 isolates except residue 214, being a Leu or Phe (9). Amino acid sequence numbers

are relative to the NH,-terminal proline of RT (9).
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tory dose (IDsg) value for HIVRTMC in-
creased about 100-fold compared to wild-
type virus, and the magnitude of resistance
was similar to that of naturally occurring
HIV isolates containing similar mutations in
the RT gene (Table 2).

Nucleotide sequence data were also ob-
tained from RT genes cloned from isolates
of intermediate sensitivity, focusing on
those regions containing mutations affecting
zidovudine resistance. One of these
(A036C) was part of a temporal sequence
from the same patient from whom sensitive
and highly resistant isolates were also se-
quenced for RT. In this case, and also for
isolate PO35A, only a single substitution at
Thr?"S (to Tyr) was observed (Table 1),
suggesting partial resistance was conferred
initially by this change. However, the situa-
tion was less clear when RT clones from
other partially resistant isolates were se-
quenced, as these had combinations of all
four amino acid changes found previously in
highly resistant strains (17). Further exten-
sive sequence analysis will be required to
assess the extent of variation in these iso-
lates, which most likely comprise mixed
populations. However, since the changes
observed at Thr?" (to Phe or Tyr) in resist-
ant strains required the rare occurrence of
two nucleotide transitions (ACC — TTC,
or ACC — TAC), mutation at Thr*!® might
be the most critical precursor to develop-

Table 2. Zidovudine sensitivity of HIV variant
created by site-directed mutagenesis. The infec-
tious molecular clone pHIVRTMC was con-
structed with mutations in the RT gene that give
rise to four amino acid changes identical to the
zidovudine-resistant isolate AO12D (Table 1 and
Fig. 2). Transfection of MT-4 cells with
pHIVRTMC resulted in the HIV variant
HIVRTMC, which was tested for susceptibility
to zidovudine by plaque-reduction assay in the
HeLa-CD4™ cell line HT4-6C (2, 16). Control
virus (HXB2-D) was obtained from MT-4 cells
transfected with wild-type infectious clone
HXB2-D (10). Multiplicity of infection for each
virus was controlled by plaque titration in HT4-
6C cells (16). In plaque-reduction assays, similar
plaque-forming units were added to HT4-6C
cells, and IDsq values were derived from plots of
plaque reduction versus zidovudine concentra-
tion. The zidovudine-sensitive and zidovudine-
resistant clinical isolates, A012B and A012D,
respectively, were used as additional controls in
these assays. Results of three separate plaque
reduction assays (with each virus isolate) were
used to derive the mean IDs, values (SD values
are in parentheses).

HIV Zidovudine Fold
isolate ty increase
(mean IDsq pM)
HXB2-D 0.013 (0.005) 1
HIVRTMC 1.28 (0.24) 98
AO012B 0.013 (0.005) 1
A012D 2.56 (1.03) 197
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ment of high-level resistance. Construction
of infectious clones with different combina-
tions of mutations would define those con-
ferring a partially resistant phenotype. Simi-
larly, the significance of mutation at Lys*'
for high-level resistance could also be tested
by this strategy (as the highly resistant iso-
lates A036D and P026B did not have this
change). Multiple mutations are required to
confer high-level zidovudine resistance,
which might explain why attempts to isolate
resistant virus in culture have been unsuc-
cessful (11, 18). Furthermore, this is differ-
ent from the situation with herpes simplex
virus, as only single amino acid changes in
the viral thymidine kinase or DNA polymer-
ase are sufficient to confer drug resistance
(19).

The four amino acid residues discussed
(Asp?, Lys”, Thr*'®, and Lys?") are locat-
ed in the NH,-terminal domain of RT,
which is believed to be responsible for nu-
cleotide recognition and polymerase func-
tion (20). Although these residues are not
found precisely within highly conserved re-
gions A to F, previously examined by site-
directed mutagenesis (11, 21), Asp®’ and
Lys’® are adjacent to region A, and Thr?"
and Lys?" lie between regions E and F. In
view of the narrow cross-resistance profile of
zidovudine-resistant isolates, restricted to
3’-azido—containing nucleoside analogs (2),
these residues might be involved in accom-
modating the 3'-azido group and recogniz-
ing the authentic 3'-OH group of nucleo-
tides.

We demonstrate here that specific
changes in the RT gene cause zidovudine
resistance, although the actual biochemical
basis for this phenotype is still obscure. We
previously showed that virion-associated RT
from these resistant isolates was as suscepti-
ble to inhibition by AZT-TP as RT derived
from sensitive isolates (2). The Michaelis
constant (Kp) value for thymidine triphos-
phate (TTP) and inhibition constant (Kj)
for AZT-TP were also similar when purified
RT cloned from a sensitive and resistant
isolate pair were compared (22). In addition,
experiments designed to assess ability of
recombinant RT to incorporate AZT-TP
into DNA revealed no differences between
the same resistant and sensitive isolates (23).
However, our previous studies, in which
single amino acid substitutions were created
in conserved domains of the HIV RT poly-
peptide, showed that the phenotype of RT
cannot reliably predict the phenotype of
HIV containing such mutations (11). Two
RT mutants created by site-directed muta-
genesis had reduced sensitivity to inhibition
by AZT-TP, although viruses constructed
from infectious molecular clones containing
these mutations displayed hypersensitivity
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to zidovudine, not resistance, when tested in
culture (11). Further experiments examining
the phosphorylation and incorporation of
zidovudine nucleotides into DNA in cells
infected with sensitive and resistant isolates
might help to explain the resistance mecha-
nism.

Additional questions relating to the
pathogenic potential of resistant isolates and
their ability to replicate in vivo in the pres-
ence of zidovudine could be addressed, as it
may now be possible to construct zidovu-
dine-resistant animal retrovirus mutants.
For example, the RT gene of a simian
immunodeficiency virus (SIVp,c) has ami-
no acid residues similar or identical to those
of sensitive HIV-1 strains (9, 24) at the
positions associated with resistance. Thus,
mutation of these residues in an infectious
molecular SIV ,¢ clone might create resist-
ant SIV. The residue in SIV .. and HIV-2
RT that is seemingly equivalent to Thr*'® in
HIV-1 in both cases is a conservative substi-
tution to a serine (24). The Thr?!*> — Phe or
Tyr changes in HIV-1 RT could both be
achieved by initial mutation to a Ser residue
that might not alter sensitivity to zidovu-
dine.

In summary, we have identified common
mutations that occur in the RT gene of
zidovudine-resistant HIV isolates. Acquisi-
tion of a fully resistant phenotype appears to
require accumulation of multiple mutations
at specific amino acid residues. In view of
the unusually high error rate of HIV RT
and rapid genetic variation of the virus (25),
the time period observed before fully resist-
ant isolates appear seems relatively long (6
months or more of therapy). In part, this
might be because one of the amino acid
substitutions  requires two nucleotide
changes within the same codon, which
would occur infrequently. The specific and
seemingly predictable nature of these muta-
tions should allow rapid assays based on
PCR to be developed that would circum-
vent the need to culture virus and would
enable large numbers of patients to be
screened for resistance. Such studies might
allow correlations to be made between
emergence of resistance and clinical status.
In addition, surveys could be initiated to
determine whether transmission of resistant
strains to untreated individuals is occurring.
Finally, it may be possible with the use of
these sequence data to construct zidovu-
dine-resistant animal retrovirus isolates for
pathogenicity studies.
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1,25-Dihydro

xyvitamin D—Responsive Element and

Glucocorticoid Repression in the Osteocalcin Gene

NIGEL A. MORRISON,* JOHN SHINE, JEAN-CHARLES FRAGONAS,
VERONIK VERKEST, M. LYNNE MCMENEMY, JOHN A. EISMAN

The active hormonal form of vitamin D3, 1,25-dihydroxyvitamin D;[1,25(OH), which
regulates cellular replication and function in many tissues and has a role in bone and
calcium homeostasis, acts through a hormone receptor homologous with other steroid
and thyroid hormone receptors. A 1,25(OH),Ds-responsive element (VDRE), which
is within the promoter for osteocalcin [a bone protein induced by 1,25(0OH),D;] is
unresponsive to other steroid hormones, can function in a heterologous promoter, and
contains a doubly palindromic DNA sequence (TTGGTGACTCACCGGGTGAAC;
—513 to —493 bp), with nucleotide sequence homology to other hormone responsive
elements. The potent glucocorticoid repression of 1,25(OH),D; induction and of basal
activity of this promoter acts through a region between —196 and +34 bp, distinct

from the VDRE.

HE IN VIVO EFFECTS OF STEROID

and steroid-like hormones are medi-

ated by specific receptors, which be-
long to a superfamily of trans-acting “zinc
finger” proteins. After binding of the specif-
ic ligand, these receptor proteins influence
gene expression via association with specific
DNA elements known as hormone-respon-
sive elements (HRESs) (1, 2). Specific HREs
are known for estrogen-, thyroid hormone—,
progesterone-, and glucocorticoid-respon-
sive genes (1). The estrogen-responsive ele-
ment (ERE) is similar to, but distinct from,
the  glucocorticoid-responsive  element
(GRE) and the thyroid hormone-respon-
sive element (T3RE) (3-5). The progester-
one- and glucocorticoid-responsive elements
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are so similar as to be functionally identical
(1, 6). 1,25(OH),D; affects cellular replica-
tion and function in many cells and tissues
through a typical steroidal hormone recep-
tor (7) and is also thought to exert its effects
through a vitamin D-responsive element
(VDRE). It is not clear whether opposing
effects on gene expression by different ste-
roidal hormones are elicited through the
same or different HRE:s.

Osteocalcin is the major noncollagenous
bone protein, and its expression is stimulat-
ed by 1,25(OH),D; and inhibited by gluco-
corticoids (8). We have therefore used pro-
moter expression constructs of the human
osteocalcin gene to investigate the influence
of 1,25(OH),Dj3 and glucocorticoids on the
activity of the osteocalcin promoter. We
developed transient and stable transfection
systems in a rat osteoblastic sarcoma cell
line, ROS 17/2.8, which has an osteoblast

(bone-forming cell) phenotype, expresses
osteocalcin, and mineralizes in vitro (9). The
promoter construct pPOSCAT1 was made by
exchanging the thymidine kinase (TK) pro-
moter (10) of pTKCAT (4) for the —344- to
+34-bp region of the osteocalcin gene (Fig.
1A), such that the osteocalcin promoter
drives the bacterial chloramphenicol acetyl
transferase (CAT) gene (Fig. 1B) (11). In
ROS 17/2.8 cells, the promoter activity of
pOSCAT1 was comparable to that of
pTKCAT under the same conditions, that
is, 30 times greater than background level as
measured with a nonchromatographic CAT
assay (12). This result demonstrated that the
—344-bp region of the promoter was capa-
ble of directing significant CAT activity in
the transfection system. However, pOS-
CATI1-derived CAT activity was not in-
duced by 1,25(OH),D3, estrogen, synthetic
progestin [Org 2058 (Organon Internation-
al)], or thyroid hormones, but was repressed
by 20 to 40% by 107°M dexamethasone.
Dexamethasone had no effect on CAT activ-
ity derived from pTKCAT under the same
conditions, indicating that the repression of
pOSCAT1 by glucocorticoids is specific to
the osteocalcin promoter and not an attri-
bute of the parent plasmid.

In contrast to the lack of induction of
pOSCAT1 by 1,25(OH),Ds, the longer
construct pPOSCAT?2, which contains an ex-
tra 1.0 kilobase pairs (kb) of further up-
stream sequences (Fig. 1B), showed a
marked induction when transfected cells
were treated with 1,25(0H),D; at 1077M.
This induction was fivefold (5.0 £ 0.8) in
the ROS 17/2.8 cells and up to 40-fold in
the SAOS-2 human osteosarcoma cell line
(13). Recently other workers, who have
suggested that an equivalent 600- to 1000-
bp region in the rat osteocalcin gene pro-
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