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Abstract

Over 20 years into the ever-worsening AIDS pandemic, genetic variation remains the greatest obstacle for treating and preventing HIV-1
infection. Mutation rate assays for HIV-1 have been reported; however, none measure directly the forward mutation rate during replication
of the virus in cell culture while still retaining the ability to propagate and further study mutant proviruses. Therefore, the objective of
the current study was to develop such a phenotypic cell-based assay for measuring the forward mutation rate of HIV-1. Conventional
recombinant DNA techniques and polymerase chain reaction were used to create a replication defective HIV-1 vectak uldk4; 8vhich
is based on the NL4-3 strain and contains the thymidine kinase gene from human herpes virus type 1 as the mutational target. A series
of transfection and infection steps were used to introduce the vector into 143B cells, which are negative for thymidine kinase function,
and produce vector virus for a single cycle of replication. Viral titers were measured by counting the number of drug resistant colonies
on the assay plates, and forward mutation rates were calculated from the viral titers. Mutant proviruses were sequenced to determine the
types of genetic alterations that occurred. The average forward mutation rate for HIV-1 wa$@® 2mutations/base/cycle. The majority
of mutations were base substitutions, including high frequencies-ef\Cand G— A transitions. Single adenosine insertions were also
observed frequently. The new assay is economical and provides a direct measurement of the mutation rate during a single cycle of viral
replication. Target cells containing mutant proviruses survive the drug selection process and may be propagated for further analysis. The new
assay is novel and has many advantages over previous mutation rate assays and thus will be very useful in future studies on genetic variation
of HIV-1.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Early in the AIDS epidemic, measurements of the HIV-1
mutation rate were performed in cell-free studies using
A high degree of genetic variation is associated with artificial templates and purified enzyme and substrates
HIV-1 during the course of infection. This variation en- (hereafter referred to as in vitro studies). These in vitro
ables the virus to escape the host immune response, usetudies predicted the mutation rate for HIV-1 to be on the
multiple cell surface proteins for viral entry, become more order of 10“ mutations/base/replication cycl®@dbenek
pathogenic, mount resistance to antiretroviral drugs, andet al., 1989; Preston et al., 1988; Roberts et al., 198ther
prevent effective vaccination. in vitro studies followed these initial reports using various
- assays to characterize the types of mutations such as base
* Eor:e_lspgf;?ing ;Uthnm- Tel'-i g9r3_7hz75d 495[’)356\;\(/1 +|1 9377753391.  gybstitutions, insertions, and deletions that are associated
- | WN. W WIrI . P . H H H R H
1 Pres:ntilddreessss:ali)eparct)r?ﬁsr):t of M?)Ieceulgr(Genetigs, ?%chemistry, and with the high RT mUtatlon rat@(ebe.nek etal., 1993; Ji and
Loeb, 1994; Perrino et al., 1989n vitro systems, however,

Microbiology, University of Cincinnati College of Medicine, Cincinnati, OH . ; . i
45221, USA. may not duplicate accurately the physiologic conditions of
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a replicating virus. For examplé/arela-Echavaia et al. 2. Materials and methods
(1992) were the first to show that retroviral mutation rates
are higher in vitro as compared to rates measured during2.1. Sources of molecular constructs
replication of the virus in cells (hereafter referred to as
cell-based studies). Other researchers have reported that in The full-length HIV-1 genome that served as the basis for
vitro systems can generate reverse transcription productsthe HIV-1 vector Fig. 1, top) and the p83-10 plasmid that
that are not found naturally, such as extended minus-strandcontains the ‘3half of HIV-1y4-3 were obtained through the
strong stop DNA$wanstrom et al., 198 and non-templated  AIDS Research and Reference Reagent Program, Division
base additionsGhen and Patton, 2001; DeStefano et al., of AIDS, NIAID, NIH: pNL4-3 from Dr. Malcolm Martin
2000; Patel and Preston, 1994; Peliska and Benkovic, (Adachi et al., 1988 p83-10 from Dr. Ronald Desrosiers
1992. (Gibbs et al., 1991 The helper plasmids, pCMNR8.2 and
In 1995, the first cell-based assay for measuring the muta-pMD.G, were generously provided by Dr. Didier Trono, Uni-
tion rate of HIV-1 was reportedansky and Temin, 1995 versity of Geneva, Switzerland. Plasmid pCMR8.2 en-
This assay measures the mutation rate indirectly because icodes structural proteins Gag and Pol, in addition to all of
does not detect mutant proviruses in the target cell. The muta-the HIV-1 regulatory and accessory proteingldini et al.,
tionaltarget sequence, tlaeZo peptide gene, isexcised from  1996. This Gag-Pol helper expresses sequences derived from
the provirus and introduced into a bacterial system, where both the HXB2D Ratner et al., 1985and NL4-3 @Adachi
screening and sequencing of mutations takes place. Colonie®t al., 1986 strains of HIV-1 (Naldini et al., 199% How-
of target cells are pooled after a single cycle of viral replica- ever, the reverse transcriptase portion of pCARB.2 was
tion, resulting in a sampling type of measurement as opposedderived completely from NL4-3 (accessionno. M19921). The
to a direct measurement. Because the cells are pooled, ther@MD.G helper plasmid expresses G glycoprotein of vesicu-
is no way to know whether identical mutants are independent, lar stomatitis virus (VSV.G) and confers broad tropism via
and the total numbers of viruses screened and mutants depseudotyping of the HIV-1 vector virusléldini et al., 199%
tected cannot be determined. This assay can be used to staiBoth of the helper plasmids express genes from heterol-
target cells directly with X-gal, but the ability to propagate ogous promoters. The pIREShyg2 plasmid was purchased
and further study mutant proviruses is lost after the staining from Clontech, a division of BD Biosciences, Palo Alto, CA.
processilansky et al., 2003; Weiss et al., 2Q0FhelacZo The gene for thymidine kinasék] was cloned from plas-
peptide gene is small (280 bp) and the viral titers produced in mid pKOS17B2, generously provided by Dr. Donald Coen,
this assay are low. These two features decrease the frequenciarvard Medical School, Boston, MA.
by which mutants are detected and increase the number
of infections that must be performed. In order to achieve 2.2. Molecular biology
sufficient viral titers, this assay relies on co-cultivation of
target cells with initiator cells that have been treated with ~ General molecular biology procedures, including re-
the mutagenic antibiotic mitomycin @¢lzan and Bianchi,  striction enzyme digestion, agarose gel electrophoresis,
2001. DNA ligation, and bacterial transformation were performed
Recently, another cell-based assay was reported to detectising standard published procedurdsigubel et al., 1995;
unselected mutations across the whole HIV-1 genoGeo( Sambrook et al., 1999All enzymes were purchased from
et al., 2004. An enwvdeleted HIV-1 genome, containing a New England Biolabs Inc., Beverly, MA, unless otherwise
selectable marker, is transfected along with a heterologousnoted.
env construct to produce vector virus for a single cycle
of replication. A major problem with this assay is that 2.3. Construction of the HIV-1 vector, pNL&A3cass
initiator cells, containing a stably integrated provirus, are
not established and characterized. For this reason, mutations To create the pNL4-8+cass vectorHig. 1, top), deletions
and rearrangements resulting from transfectiBuatfer and were made in thgag pol, andenvgenes of pNL4-3, and a
Lo, 1986; Heartlein et al., 1988; Murnane et al., 1p8fe mutational cassette, encoding the human herpes virus type
counted as occurring during the single cycle of replication. 1 tk and hygromycin phosphotransferaswyd) genes, was
Multiple copies of these potentially mutant genomes may be inserted at the location of trenvdeletion.
present in the same producer cell, which could result in the  The deletion ingagpol (corresponding to nucleotides
co-packaging of different RNA molecules, compounding mu- 1340-3716 of the original NL4-3 sequence, accession no.
tation rates with recombination rates. As noted by the authors,M19921) was created by digesting pNL4-3 wi8wa |
the mutation rate is measured in the absence of viral proteinsand purifying and ligating the 12,503 bp fragment, which
Vpr and Vpu, which may impact the mutation rakéansky, contained the plasmid backbone and theypol-deleted
1996. HIV-1 genome. This intermediate construct was named
For the above reasons, itis clear that a new and improvedpNL4-3Aswa.
cell-based assay is needed to measure the mutation rate of The deletion in env (corresponding to nucleotides
HIV-1. Such an assay is described in this report. 6401-7252 of the original NL4-3 sequence, accession no.



K.J. Huang, D.P. Wooley / Journal of Virological Methods 124 (2005) 95-104 97

HIV-1 Vector (pNL4-3A+cass)
vif

[ o —>F
Mfenv cMv [t [IRES| hyg [p(A) denv | nef

vpr vpu

1 lTransfect, Select, & Clone

& ThgH ]
Helper Plasmids

143B Cells

EH gar | |r&agenes|—@
pol

ZLTransfect 4+
B E]

3 Llnfect, Select, & Clone

Helper Plasmids
Initiator Cells (IC)

@4 939 r&a genes @
pol

4LTransfect —
EEH e 1

One Cycle of Replication
[ )
[ ]
[ ]

L | T H

Target Cells

6 LSelem & Clone

Forward Mutation Frequency = Hyg + BrdU Titer / Hyg Titer

Fig. 1. HIV-1 vector and flow chart for the forward mutation rate assay. The HIV-1 vector, pM+&ss, is shown at the toftepl: The vector is stably
transfected into rige 143B cells. The cells are placed under selection with hygromycin B (Hyg) and ciStegu2: The 143B cell clones containing an
integrated HIV-1 vector are transiently transfected with HIV-1 helper plasmids to produce vectoStep3: Vector virus is used to infect fresh 143B cells.

The cells are placed under selection with Hyg and cloSgep4: The 143B cell clones containing an integrated HIV-1 vector are transiently transfected with
HIV-1 helper plasmids to produce vector virus (same as step 2 except cells are infected, not tranSkegfedyector virus is used to infect fresh 143B cells.

Step6: Parallel infections are placed under selection with Hyg alone and Hyg plus BrdU. Viral titers are calculated by counting the number of drug resistan
colonies. The forward mutation frequency is calculated as shown. Cells are cloned for further analysis.

M19921) was created in p83-10 (6253 bp), which contains isolate a fragment from p83-10MCS that containedehe

the 3 half of the HIV-1 genome. Working with the’ Balf deletion. This fragment was then used to replace the corre-
of the HIV-1 genome allowed the use of restriction enzymes sponding fragment in pNL4-8swa that contained the intact
that were not unique in the full-length pNL4-3 plasmid. Plas- envsequence. These cloning steps created intermediate con-
mid p83-10 was digested witddel and Nhel; the 5402 bp struct pNL4-3.

fragment, which contained the plasmid backbone andrire The mutational cassette was created by using pIREShyg2
deleted 3half of HIV-1, was purified and ligated with com-  from Clontech. Thetk sequence was amplified by poly-
plementary oligonucleotides that inserted a multiple cloning merase chain reaction (PCR) from plasmid pKOS17B2 us-
site (MCS), creating intermediate construct p83-10MCS. The ing a set of primers containingsiG | and BsiW | sites at
sequences of the oligonucleotides are as follows: MCS1 5 the B and 3 ends, respectivelytk was inserted into the
TAT GGG CGC GCC ACG CGT CCC GGG G-and MCS2 MCS of pIREShyg2 using these sites after intermediary
5-GCT AGC CCC GGG ACG CGT GGC GCG CCC ATA cloning in a TOPO TA vector (Invitrogen, Carlsbad, CA),
TG-3. Restriction enzyme$al | and Xho | were used to creating intermediate construct pTKIREShyg. The sequence
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encompassing the CMV promotdk, IRES, andchygwas then
amplified from pTKIREShyg using a set of primers contain-
ing Mlu | andNhel sites at the 5and 3 ends, respectively.
Following intermediary cloning in a TOPO TA vector, these
restriction sites were used to insert the CMMRES-hyg
mutational cassette into pNL4A3to create the final vector,
pNL4-3A+cass.

2.4. Polymerase chain reaction

For cloning into the mutational cassette, thgene was
amplified usingTaq DNA polymerase in a 100l reaction,
according to the manufacturer's protocol (Invitrogen).
Twenty-five nanograms of plasmid pKOS17B2 was used in
the reaction, along with 20 pmol of each of the following
primers: TK1 5-GCT ATG TAC AGC CAC CAT GCC
CAC GCT ACT GCG GGT-83 and TK2 3-GTA CCG
TAC GTC AGT TAG CCT CCC CCA TCT-3 The TK1
primer encodes 8sIG | site near the '5end followed by
a Kozak sequence. The TK2 primer encodes then@l of
tk, followed by aBs\W | site. Twenty-five cycles of the
following program were performed: 15s at 94, 15s at
60°C, and 1 min at 72C. TaqDNA polymerase was added
to the reaction after an initial heating step at'@4for 5 min,
and a final extension step was performed &t@2or 10 min.

For cloning into the HIV-1 vector, the CMYk-IRES-hyg
mutational cassette was amplified usiReuTurb® poly-
merase (Stratagene, La Jolla, CA) in g80@eaction, accord-
ing to the manufacturer’s protocol. Twenty-five hanograms
of plasmid pTKIREShyg were used in the reaction, along
with 10 pmol of each of the following primers: CMVCAS
1 5-GAT CAC GCG TCG CGT TAC ATA ACT TAC GGT
A-3' and CMVCAS 2 5GTC AGC TAG CTT CCT TTG
CCC TCG GAC GAG-3 CMVCAS 1 encodes Mlu | re-
striction enzyme site prior to the CMV promoter sequence,
and CMVCAS 2 encodes thé 8nd ofhyg followed by a
Nhel restriction enzyme site. Twenty-five cycles of the fol-
lowing program were performed: 1 min at 95, 1 min at
58°C, and 4 min at 72C. An initial heating step at 98C
for 3 min and a final extension step at°@for 10 min were
performed.

For verification of the initiator cells, the CMtk region
(1600 bp) was amplified from genomic DNA (from step 3,
Fig. 1) usingTag DNA polymerase (Invitrogen) in a 1Q4
reaction, according to the manufacturer’s protocol. Two hun-
dred nanograms of genomic DNA were used in the reaction,
along with 20 pmol of primers CMVCAS 1 and TK2. Twenty-
five cycles of the following program were performed: 30 s at
94°C, 30sat58C, and 2 min at 72C. TagDNA polymerase
was added to the reaction after an initial heating step &€94
for 5min, and a final extension step was performed at72
for 10 min.

For sequencing of the final mutants, thegene was
amplified from genomic DNA isolated from the Target Cells
(final stepFig. 1) using AccupriméM TagDNA polymerase
(Invitrogen) in a 1Qul reaction, according to the manufac-
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turer’s protocol. Three hundred nanograms of genomic DNA
were used in the reaction, along with 20 pmol of each of the
following primers: TKA1 3-TCA CTA TAG GGA GAC
CCA AGC-3 and TKA2 B-CCC TCG CAG ACA GCG
AAT TAA-3’. Twenty-five cycles of the following program
were performed: 45s at 9€, 45s at 58C, and 1 min at
72°C. An initial heating step at 94C for 2 min and a final
extension step at 7Z for 10 min were performed. Primers
and excess nucleotides were inactivated by adding 1.9U
Exonuclease | and 0.38U Shrimp Alkaline Phosphatase
(Amersham Biosciences, Piscataway, NJ) to the PCR
reaction. The final reaction volume was adjusted to 2.5
using ultrapure water. The reaction was incubated a37
for 30 min, and enzymes were heat inactivated at@for

20 min.

All PCR reactions were performed on a Peltier Thermal
Cycler 200 (MJ Research, Reno, NV) with the exception
of the final amplification otk from the Target Cells, which
was performed on a GeneAmp PCR System 9600 (Applied
Biosystems, Foster City, CA).

2.5. Genomic DNA isolation

The DNeasy Tissue Kit (Qiagen) was used to isolate the
genomic DNA from cultured cells per manufacturer’s proto-
col.

2.6. Cell culture

The 143B cell line was purchased from the American
Type Culture Collection, Manassas, VA. This cell line is a
derivative of the human osteosarcoma cell line, HOS, and
is negative for thymidine kinase (TK) functioB&cchetti
and Graham, 19737 The cells were maintained in minimal
essential medium (MEM) with Earl’'s BSS (Mediatech, Hern-
don, VA) supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 100 U/ml penicillin, 10Qg/ml streptomycin
(Invitrogen). Cells were passaged twice per week and were
grown at 37C and 5% CQ.

For selection of drug resistant colonies, cells were cultured
for 2 weeks in medium containing the appropriate agent. The
final concentration for each agent was determined empirically
using 143B cells. The antibiotic hygromycin B (Invitrogen)
was used at 0.27 mg/ml. The nucleoside analog bromod-
eoxyuridine (BrdU; Sigma—Aldrich Co., St. Louis, MO) was
used at 0.12mg/ml. The final concentrations of hypoxan-
thine, aminopterin, and thymine (HAT; Sigma—Aldrich) were
5x107°M, 2 x 10" M, and 8x 10-% M, respectively.

Cells were cloned by choosing well-isolated colonies from
plates receiving the highest dilutions of DNA or virus (steps 1
and 3, respectivel¥ig. 1) or plates in the linear range of the
titration (step 6Fig. 1). A sterile 5mm Bel-Art cloning disk
(Fisher Scientific, Pittsburgh, PA) treated with trypsin~EDTA
(0.25%, Invitrogen) was placed onto the colony, incubated
for 3.5min, and transferred into the well of a 24-well plate
containing medium.
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2.7. Transfections

Stable and transient transfections (steps 1 and 2,
Fig. 1) were performed by the dimethyl sulfoxide
(DMSO)/polybrene methodK@wai and Nishizawa, 1984
For step 1, serial five-fold dilutions of DNA, starting
with 5ug, were transfected onto 143B cells plated at 2
10° cells/60 mm dish, 24h pre-transfection. For step 2,
9ug of pPCMVARS8.2 and 3.g of pMD.G were trans-
fected onto cell clones (isolated from step 1) plated at
2 x 10° cells/60 mm dish, 24 h pre-transfection. After 6 h of
incubation with DNA, cells were shocked with 25% DMSO

99
2.10. Calculation of mutations

Forward mutation frequencies and rates were calculated
using simple mathematical formulas; the total number of mu-
tants was divided by the total number of viruses (Hyg + BrdU
titer/Hyg titer;Fig. 1LandTable ). The forward mutation rate
was calculated by dividing the forward mutation frequency
by the number of bases tk (996 bases).

2.11. Sequencing

Purified PCR products were reduced to a concentration

for 3.5 min and were placed in appropriate selective media atof 50 ngful by centrifugation under vacuum, and 200 ng of

24 h post-transfection.

Transient transfection (step Big. 1) was performed us-
ing LipofectAMINE™ 2000 per manufacturer’s protocol
(Invitrogen). Three micrograms of pCMMR8.2 and Jug
of pMD.G were transfected onto ICs (isolated from step 3)
plated at 2« 10° cells/60 mm dish, 24 h pre-transfection. The
medium was replaced 24 h after transfection.

2.8. Infections

Virus stock was harvested at 62 h post-transfection by cen-

trifugation of cell supernatant fluid at 1430g for 10 min

at room temperature. The 62 h time point was chosen em-

pirically based on transduction efficiencies with the HIV-1-
based vector pHRMV-GFP, which encodes the gene for
green fluorescent protein, and helper plasmids pQiWR3.2
and pMD.G. The pHREMV-GFP vector was generously pro-
vided by Dr. Didier TronoBlomer et al., 199).

Infections were carried out with fresh virus stock and poly-
brene (§.g/ml) in a final volume of 2 ml with cells plated
24 h pre-infection at a density of>210° cells/60 mm dish.
Cells were incubated with virus for 3h, at which time the
viral supernatant was replaced with fresh medium. At 24 h
post-infection, the medium was replaced with fresh medium

each sample was sent to Lark Technologies Inc., Houston,
TX for sequencing. The following two primers were used:
FORWARD-TK 5-TAC CTT ATG GGC AGC ATG ACC-

3 and REVERSE-TK 5CTG CAG ATA CCG CAC CGT
ATT-3'. The sequencing results were aligned and analyzed for
non-synonymous base substitutions, insertions, and deletions
using MacVectotM software version 6.5.3 (Accelrys, San
Diego, CA).

3. Results
3.1. Successful construction of the HIV-1 vector

A replication-defective HIV-1 vector was constructed
based on the NL4-3 strain of HIV-F{(g. 1, top). The vector
contains all of thecis-acting sequences necessary for repli-
cation, plus a complete set of intact regulatory and accessory
genesfor HIV-1. Deletions were made in teg, pol, andenv
genes to render the vector replication defective, as described
in Section2. Structural gene products, Gag, Pol, and Env,
were suppliedn trans by helper plasmids, as described in
Section2. In place ofeny a mutational cassette was inserted
that contained the human CMV promoter driving expression

containing the appropriate selective agent. Selective mediaof tk, which provided the mutational target sequence for the

was replaced twice a week for 2 weeks. Serial 10-fold dilu-
tions of virus were used to determine viral titers, which were

assay. A functionak gene renders cells resistant to medium
containing HAT and susceptible to medium containing BrdU.

measured by counting the number of drug-resistant coloniesAn IRES sequence followingk allowed for expression of

in the linear range of the titration. Viral titers are reported as
the number of colony forming units per milliliter (cfu/ml).

2.9. Southern blotting

Southern blotting was carried out using standard published
procedures Ausubel et al., 1995; Sambrook et al., 1989
Briefly, 15ug of genomic DNA was digested witBcoR |

hyg which provided a selectable marker via resistance to the
antibiotic hygromycin B.

The final HIV-1 vector, named pNL4/8+cass, was veri-
fied by restriction enzyme analysis, sequencing, and pheno-
typic testing in 143B cells. All plasmid constructs leading up
to the final vector were digested with restriction enzymes to
verify the cloning process. The final vector was digested with
six restriction enzyme\l 11, Hind Ill, Kpnl, Pstl, Sad, and

and separated in a 1% agarose gel. DNA was transferred viaXmnl) and showed only bands of the predicted sizes, indi-

capillary action onto a Hybond-Nmembrane (Amersham).
The membrane was hybridized with a radiolabeled fragment
complementary to the’ Bialf of the HIV-1 genome (a 422 bp
BanH | to Xho| fragment, specific for the Rev-responsive
element andat gene). Results were visualized by autoradio-
graphy using Kodak X-OMAT AR2 film (Fisher Scientific).

cating that no major rearrangements, insertions, or deletions
had occurred during the cloning process (data not shown).
Sequencing revealed that tegene had no mutational de-
fects. The final vector was transfected intdueal43B cells,
which are negative for TK function. The transfected cells
were resistant to medium containing HAT and susceptible to
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Table 1
Mutation data for individual initiator clones (IC)

IC2 IC3 IC4 Total
Number of mutants detected 142 53 154 349
Number of viruses screened 5265 3375 7290 15,930
Forward mutation frequen@y x 10-2 mutations/cycle) z 16 21 22
Forward mutation rafe(x 10-° mutations/base/cycle) 2 16 21 22

2 Forward mutation frequency = number of mutants detected/number of viruses screened.
b Forward mutation rate = forward mutation frequency/number of basigjiene (996 bases).

medium containing BrdU, indicating th#t was functional. A radiolabeled probe specific for thi$ Bgion of the virus
The transfected cells were also resistant to medium contain-was used to detect a single band in eachF{g.(28). The
ing hygromycin B, indicating thalhyg was functional. Fi-  bands for each IC were different sizes, confirming that each
nally, transfection of rize 143B cells with pNL4-A+cass IC was an independent cell clonBig. 2B). Each IC was

plus helper plasmids yielded virus, as indicated by success-challenged for a 2-week period of selection with medium
ful transduction of thek andhyggenes into fresh 143B cells  containing BrdU. The BrdU selection resulted in the com-

(data not shown). plete death of ICs 2—4, indicating functioriklexpression in
these cell clones. These ICs were chosen for the assay and

3.2. Successful construction of the forward mutation theirtk genes were sequenced and found to be identical to the

rate assay tk sequence from the original pNL4A3-cass vector. Tran-

sient transfection of helper plasmids into the ICs produced
The forward mutation rate assay is outline&ig. 1 Serial
dilutions of HIV-1 vector DNA were transfected into 143B M 12 3 4 56 C
cells, which were placed in medium containing hygromycin
B to select for resistant cells. Hygromycin B-resistant cells
were cloned by picking well-isolated colonies from plates
receiving the highest dilutions of DNA (step Eig. 1). In
order to remove mutations that may have occurred during
transfection Butner and Lo, 1986; Heartlein et al., 1988;
Murnane et al., 1990and to improve the probability for
isolating clones that contained only one provirus vector per 1.6 kb »
cell, a subsequent infection step was performed. The 143B
clones containing the HIV-1 vector were transiently trans-
fected with HIV-1 helper plasmids for transient production
of vector virus (step 2Fig. 1). Serial dilutions of this virus
were then used to infect fresh 143B cells, which were placed
in medium containing hygromycin B to select for resistant
cells. Hygromycin B-resistant cells were cloned by picking 94kbp
well-isolated colonies from plates receiving the highest dilu-
. . . . 6.6 kb »
tions of virus (step 3Fig. 1). The resulting cell clones were
called the initiator cells (ICs) and served as the basis for the
single cycle of replication assay. 4.4 kb »
The ICs generated in step Big. 1, were characterized
rigorously by molecular and phenotypic analyses to ensure
a successful and accurate forward mutation rate assay. Poly-
merase chain reaction was performed with the genomic DNA
of each IC to detect the presence of the provirus vector using (B)
primers specific for the sequence that spans CMV through _. _ - .
tk. The same PCR was carried out with the genomic DNA of Fig. 2. Analysis of the |n|t|atqr clones (ICs). (A) Agarose ggl showing PCR
" - ) results performed on genomic DNA of ICs 1-6 and genomic DNA of 143B
naive 143B cells as a negative control. The predicted PCR celis. The 1.6kb band is specific for the HIV-1 vector sequence spanning
product of 1600 bp in length was detected in all ICs and not CMV throughtk. Lane M is a 1 kb marker. The predicted 1.6 kb PCR product
in the nave 143B cells Fig. 2A). A Southern blot analysis was detected in all ICs but not in 143B genomic DNA, as expected. (B)
was performed on the genomic DNA of each IC to ensure Southern plot analysis of_ ICs 1-5. Lane C represents thg 143B genomic
that each IC contained only one HIV-1 vector sequence. The DNA peggtlve c_ontrol. A high mol_ecular weight marker was included on the
. . - gel with sizes listed on the left side. Only one band was detected for each
cellular DNA was digested witkEcoR |, which generated a ¢, indicating one provirus per cell. In addition, the bands for each IC were
3 fragment of the viral genome with adjacent cellular DNA. different sizes, indicating that the ICs were independent cell clones.

(A)
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viral titers in the range of #3-10* cfu/ml, which provided = derance of G>U (21%) and G- A (14%) mutations.
a sufficient number of mutants from a practical number of One G— A and one G- A hypermutant were observed,
infections. as defined by nonconsecutive but repetitive substitution
Once the ICs were established, they were transiently trans-0f adenosines. In this case, the hypermutation was not
fected with the HIV-1 helper plasmids to generate virus for €xtensive; only two or three substitutions were observed in
the single cycle of replication (step Big. 1). HIV-1 vector each hypermutant. Insertions were observed approximately
virus was harvested from the ICs and used to infect fresh 143Btwice as often as deletions (23% and 12%, respectively).
cells (step 5Fig. 1). Steps 4 and 5 constitute the single cycle Among the insertions, a predominance of single adenosine
of replication (from provirus to provirus, IC to target cell). Fi- ~additions was observed.
nally, parallel sets of infections were placed under two types
of drug selection: hygromycin B plus BrdU (Hyg + BrdU)
and hygromycin B alone (Hyg) (step Big. 1). Mock in-
fections, performed in parallel as a negative control, showed
no colony formation under Hyg + BrdU selection. Viral titers The successful development of a unique HIV-1 vector and
were determined by counting the number of drug-resistant cell-based assay for measuring the forward mutation rate of
colonies in the linear range of the titration. The Hyg+BrdU HIV-1 is described in this report. Using this assay, it was
titer revealed the number of mutants, while the Hyg titer re- determined that the average forward mutation rate for HIV-1

4. Discussion

vealed the number of viruses screened. The forward mutationwas 2.2x 10~° mutations/base/cycle, which translates th a

frequency was calculated by dividing the total number of mu-
tants detected by the total number of viruses screened (finaltable 2
step,Fig. LandTable J).

Types of mutations observed

Type of mutatioft
3.3. Forward mutation rate of HIV-1

No. of mutations observed (%)

New assay Previous as§ay
. . Substitutions
Forward mutation rates were calculated from 27 in- <_ 9(21) 6 (15)
dependent infections initiated from each of the three ICs *G—A 6 (14) 13 (33)
(81 total infectionsiFigs. 1 and 3Table 1. The rate was U—A 4(9) 1(3)
calculated by dividing the forward mutation frequency 2”2 21(52) %
(Table J) by the size of thék sequence, which was 996 bases G: U 1 éz)) 0
from start to stop codon. The average rate for HIV-1 was j_, g 0 13)
2.2 x 10-° mutations/base/cycle of replicatiofaple 7). Uu—cC 0 2(5)
G — A hypermutarft 1 [+2 bases] (5) 2 [+2 bases] (10)
- T C— A hypermutartt 1 [+3 bases] (7) 0
3.4. Mutation distribution Total 28 (65) 27 (68)
Twenty-seven of 349 mutants were randomly selected for '”Sfr“"”s 6 (14) 1)
sequencing in order to determine the types of mutations that 5 102) 0
resulted in loss of function for TKTable 2. The majority +U 3(7) 1(3)
of mutations (65%) were base substitutions with a prepon- “Total 10 (23) 2 (5)
Deletions
45 A33 0 1(3)
10 A21 0 1(3)
T All 1(2) 0
2% 35 A10 1(2) 0
T2 30 A8 0 13)
Sa 1 A5 1(2) 0
g2 28 A2 1(2) 0
2% 20 AL 1(2) 7(18)
§‘=E‘s 18 Total 5(12) 10 (25)
‘u.:u:? 1.0 Deletion with insertion
L3 A4, +15 0 1(3)
0.5 ]
6 n=27 n=27 Total mutations 43 (100) 40 (100)

Total mutants screened
Ic2 IC3 Ic4

27 [26,892 bases]

38 [10,640 bases]

@ The asterisk indicates statistically significant differences between the
Fig. 3. Forward mutation rate of HIV-1. The forward mutation rate for HIV-1 ~ new and previous assays, as determined using a one-tailed Fisher's exact

was measured from three independentinitiator cell clones (ICs). The numbertest.

of infections is listed inside the column for each IC. The error bars represent  ° Mansky and Temin (1995)

1 standard deviation from the mean.

¢ Each mutation counted separately toward the total number of mutations.
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inactivation rate of 2.2% per kbp per cycle and extrapolates to Table 3 _
one mutation for every 4.5 genomes per cycle. The new assaycomparison of mutation data between assays

has many advantages and improvements over previous as- New assay Previous assay
says (3ao et al., 2004; Mansky and Temin, 1995is easier, Number of mutants detected 349 b3g
cheaper, and faster to perform. It provides a direct measure-Number of viruses screened 15,930 8678
ment of the forward mutation rate, a known number of mu- Forward mutation frequenéy 22 0.44

: 2 mutati
tants detected, and a known number of viruses screened. Th;e:o(rjvi?; mnllt’;":‘itc')?]nztcgde) - a5

new assay incorporates a larger target sequence that yields (, 10-5 mytations/base/cycle)
higher forward mutat|on frequenclles._ Selective aggnts a2\ ansky and Temin (1995)
added after the single cycle of replication, thus avoiding any b |pterpreted from the number of mutant bacterial colonies.
potential mutagenic or undesired effects. Mutants survive the ¢ Interpreted from the total number of bacterial colonies.
selection process and can be further studied. Lastly, the new 9 Forward mutation frequency = number of mutants detected/number of
assay has the potential for mechanization. viruses screened. . _

The mutation rate of 2.2 10-5 mutations/base/cycle is . ta;oer;/vsag;jug:(t:aenon rate =forward mutation frequency/number of bases
a conservative measurement because the dhtsequence
(996 bp) was used in the calculation, and some mutant
proviruses had more than one mutation. Although every basein the current study were base substitutions, while the major-
inthetk gene is subject to a potential deletion or insertion, not ity of mutations in the MoMLV study were labeled as “gross
every base is subject to a non-synonymous base change. Farearrangements” (deletions, deletions with insertions, dupli-
tk, the probability of whether a base substitution will result cations, and complex hypermutations). The majority of gross
in an amino acid replacement is 74%. That is, if random mu- rearrangements in the MoMLV study were found at locations
tations occurred throughout the gene, 737 out of the 996 basecorresponding to open regions of RNA: hairpin loops, inter-
changes would result in an amino acid change, but not all nal loops, and bulges. This underscores the importance of
amino acid substitutions would result in loss of function for sequence context in interpreting patterns of mutations. The
TK. Amino acid substitutions that do not knock out TK func- different patterns of mutation observed between MoMLV (a
tion would be susceptible to selection by BudR and would gammaretrovirus) and HIV-1 (a lentivirus) also emphasizes
not be detected in the assay. There are no reports on saturathe caution that must be exercised when extrapolating results
tion mutagenesis ak. Therefore, a comprehensive catalog from one retroviral genus to another.
of inactivatingtk mutations is not available. If the rate in this The average forward mutation rate reported in this study
study had been calculated using 737 instead of 996 bases fois 1.6-fold lower than the rate reported for the previous
tk, then the rate would be 3:010~° mutations/base/cycle.  study, which was 3.% 10~° mutations/base/cycld#ble 3
The decision to include all 996 bases in the calculation con- Mansky and Temin, 1995This previous rate was based on
siders all types of mutations: deletions, insertions, and sub-a lower frequency of forward mutation detecticrable 3,
stitutions. Mutant proviruses were counted as one in the ratewhich may be due, at least in part, to the smaller mutational
calculation, even though some mutants contained multiple target sequence that was used. The previous assay used the
genetic alterationslTable 2shows that there were 43 muta- lacZo peptide sequence, which is 3.6 times smaller than the
tions among 27 mutants screened. The decision to count thek sequence used in the current study. The number of viruses
mutants as one considers the possibility that each mutation,screened cannot be directly compared because this number
on its own, may not have inactivatekl If all of the muta- is unknown for this previous assay. A total number of 15,930
tions were inactivating mutations and the rate was adjustedviruses were screened in the current study, while a total num-
to account for these multiple mutations, then the rate would ber of 8678 bacterial colonies were screened in the previous
be 3.5x 10> mutations/base/cycle. Thus, as stated, the for- assay.
ward mutation rate reported for this study is a conservative  Differences were found in the types of forward mutations
one and could be as much as 1.6-fold higher. observed inthe new assay versus this previous a$ahyg(2

The overall forward mutation rate reported in the current Mansky and Temin, 1995In both assays, the majority of for-
study was slightly higher and thtl inactivation rate was  ward mutations were base substitutions. However, there were
slightly lower in comparisonto a cell-based study on Moloney significantly less G A transitions observed in the new as-
murine leukemia virus (MoMLV), in whichk was part of a say as compared to the previous asgay@.04). There were
larger mutational target sequen&afthasarathietal.,, 1995  significantly more insertions observed in the new assay as
In the MoMLV study, an overall forward mutation rate of compared to the previous assay(0.02). There were signif-
1.6 x 10~° mutations/base/cycle andkinactivation rate of icantly less single nucleotide deletions observed in the new
3.0% per kbp were reported, based on calculations similarassay as compared to the previous asgay((02). Lastly,
to those in the current study (the gene inactivation frequency there were significantly less transition mutations, and con-
was divided by the total number of bases in the target se-versely more transversion mutations, observed in the new
quence). One striking difference between the two studies isassay as compared to the previous aspay0(01). Frequen-
the types of mutations observed. The majority of mutations cies were used in a one-tailed Fisher’s exact test to determine
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the statistical significance with an alpha level of 0.05. For Al057164 and by a Research Challenge Grant from the state
some categories of mutants, the numbers were too small forof Ohio.
statistical analyses. These differences in the types of muta-
tions could be explained by procedural differences between
the two assays or sequence context of the target genes. References
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