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Generation of Entire Human Papillomavirus 
Genomes by Long PCR: Frequency of Errors 

Produced During Amplification 
Ann-Charlotte M. Stewart, 1 Patti E. Gravitt, 2 Suzanne Cheng, 2 and Cosette M. Wheeler  1'3 

1University of New Mexico Cancer Research and Treatment Center, Department of Cell Biology, Albuquerque, New Mexico 
87131-5226; 2Department of Infectious Diseases (PEG) and Department of Human Genetics (SC), Roche Molecular Systems, 

Foster City, California 

Recently, several improvements of 
traditional PCR techniques have fa- 
c i l i tated the amplification of signifi- 
cantly longer DNA target sequences. 
Here we report an improved method 
for amplification of entire human 
papillomavirus (HPV) genomes. Us- 
ing rTth DNA polymerase, XL (Perkin- 
Elmer, Foster City, CA), and the ac- 
companying XL PCR buffer system, 
we have successfully amplified 8-kb 
genomes from -10  copies of input 
reference strain HPV16 DNA. This 
long PCR (LPCR) method was subse- 
quently used to amplify the entire 
HPV16 genome from clinical speci- 
mens. The fidelity with which the 
rTth DNA polymerase XL amplifies 
target sequences under our chosen 
amplification conditions was esti- 
mated by partial sequencing of 
cloned LPCR products generated 
from cloned reference strain HPV16 
genomes. A region spanning the 
HPV16 E6, E7, and part of the E1 
open reading frames (ORFs) was se- 
quenced in 29 clones. A total of 33 
nucleotide substitutions were ob- 
served in the 23.5 kb sequenced. This 
corresponds to an error frequency of 
-one error per 700 bases. Finally, 
LPCR methods were used to amplify 
entire, novel HPV genomes from clin- 
ical specimens. LPCR primer pairs 
were designed for amplification of 
seven potentially novel HPV types. 
Amplicons of -8  kb were generated 

from five of the seven HPV types tar- 
geted. One of the LPCR-generated 
novel genomes, CP141, was subse- 
quently cloned and a partial se- 
quence was determined. 

T h e  ability of PCR to produce large 
quantities of DNA from very small 
amounts of genetic material has revolu- 
tionized molecular biology. (1'2) The im- 
pact of PCR technology is probably best 
exemplified in genome mapping and se- 
quencing. (3) Although PCR can be per- 
formed with relative ease, the size of the 
amplification products that can reliably 
be generated have been generally lim- 
ited to -3-4  kb. (4) Recently, important 
alterations in amplification conditions 
have been identified that allow effective 
amplification of longer DNA targets. (s'6) 
The modified conditions for long PCR 
(LPCR) involve changes of the standard 
PCR buffer and cycling parameters to- 
gether with a two-polymerase system 
that includes a polymerase activity and a 
3'--~ 5' exonuclease activity. (s'6) Using 
LPCR protocols, ~<42 kb of the bacte- 
riophage k genome, 22 kb of human  ge- 
nomic DNA, and 16.3 kb of the human 
mitochondrial genome have been suc- 
cessfully amplified. (s-7) 

The use of a two-polymerase system 
including proofreading activity facili- 
tates the amplification of much longer 
targets but may additionally influence 

3Corresponding author. 
E-MAIL cwheeler@medusa.unm.edu; FAX (505) 277-8572. 

the fidelity of the amplification/s) The 
reaction conditions used and the result- 
ant fidelity during the amplification re- 
action are critical to determining the 
value of LPCR applications. As reviewed 
by Eckert and Kunkel, the observed error 
frequencies for Thermus aquaticus (Taq)- 
based PCR, in the absence of proofread- 
ing activity, can range from approxi- 
mately one error per 363 nucleotides 
(3x10 -3) to one error per 5411 nucle- 
otides (2x10-4), depending on the reac- 
tion conditions used. (8) 

Using LPCR technology we have re- 
cently developed a model system to al- 
low effective amplification of the entire 
7.9-kb human pappilomavirus type 16 
(HPV16) genome. (9) HPVs are implicated 
as one of the causative agents in the eti- 
ology of cervical dysplasia and cervical 
cancer. (1°-1z) The study of the natural 
history and the classification of HPVs 
has been hampered owing to the lack of 
efficient in vitro culture systems for 
these viruses. Utilization of LPCR tech- 
nology to study other papillomaviruses 
could greatly facilitate classification and 
characterization of known and poten- 
tially novel HPV genomes. 

Here we report improved amplifica- 
tion of HPV target genomes present in 
cloned and clinical material and demon- 
strate a rapid protocol for the cloning of 
LPCR products. Moreover, we present an 
assessment of the fidelity with which 
the rTth DNA polymerase XL system am- 
plifies its target sequences and, finally, 
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how LPCR technology can be used for 
the  isolation of entire, novel HPV ge- 
nomes.  

MATERIALS AND METHODS 

Samples and Preparation of DNA 

Cervicovaginal lavages (13A4) were 
screened previously for specific HPV 
DNA types. (is) Ten samples tha t  were 
strongly positive by HPV16 oligonucle- 
otide hybridization, and two HPV-nega- 
tive samples were chosen for LPCR anal- 
ysis. Crude digestion was performed as 
described previously/Is)  DNA was puri- 
fied further using a s tandard phenol /  
chloroform/isoamyl  alcohol method,  
wi th  mixing by inversion rather  t h a n  
vortexing to minimize DNA shearing. 

Clinical specimens (crude proteinase 
digests) screened previously for the pres- 
ence of potential ly novel HPV sequences 
were obtained from investigations per- 
forlned at the  University of New Mexico, 
Albuquerque. (~6) DNA from these speci- 
mens  was prepared as described previ- 
ously. O6'17) Specimens designated ISXX 
were all obtained f rom the recently 
reported Internat ional  Biological Study 
of Cervical Cancer (IBSCC). (18'19) Gen- 

Bank accession numbers  are as follows: 
IS039, U12481; CP6108, U12478; 
CP141, U12476; CP8061, U12479; 
MM9, U12491; MM7, U12489; MM4, 
U12488. 

Clone ppH16, the entire HPV16 ge- 
nome  cloned into a single B a m H I  site in 
a pBR322 vector, (2°,21) was generously 
provided by Dr. E.-M. de Villiers (DKFZ 
Papillomavirus Reference Center, Hei- 
delberg, Germany).  

PCR Primers and Amplification 

Abutt ing primers were designed juxta- 
posing the unique B a m H I  site for the 
HPV16 model  system. (9) For the poten- 
tial novel HPVs (16'18,z2), abut t ing prim- 
ers were designed juxtaposing restric- 
t ion endonuclease (RE) sites present in 
the  MY09/MY11 L1 fragments  (23'24) tha t  
would potential ly represent unique RE 
sites wi th in  the  complete genomes once 
isolated. The selection of RE sites and  
primer locations was facilitated by se- 
quence comparisons to other  closely re- 
lated HPV genomes.  All primers con- 
tained Y-terminal  sequences to permit  
regenerat ion of the juxtaposed RE site 
and  a " c l amp"  of two to five guanines at 

the extreme 5' end to facilitate subse- 
quent  RE digestion and cloning. Unique 
RE sites were included at the 5' end of 
the HPV16 model  system primers for di- 
rectional cloning. The lengths of the 
primers varied between 22 and 35 bases. 
Individual primer pairs were selected to 
have balanced melt ing temperatures 
(Tm) tha t  ranged between 65°C and 
79°C as determined with  Oligo 4.0 (Na- 
t ional Biosciences, Plymouth,  MN). Se- 
quences of all oligonucleotides used for 
LPCR amplification are shown in Table 1. 

Amplification reactions (50 or 100 ~tl) 
contained 1-1.1x rT th  DNA polymerase, 
XL buffer (Perldn-Elmer, Foster City, 
CA), 200 lXM of each dNTP, 0.15-0.4 [LM 
of primers, 1.0-1.2 mM Mg(OAc)2, and 
1-2 units of rT th  DNA polymerase, XL 
per 100 Ill reaction (Perkin-Elmer, Foster 
City, CA). 

The thermal  cycling condit ions in- 
cluded a manua l  hot  start (2s), which  en- 
tailed wi thhold ing  the  Mg(OAc)2 unti l  
the reaction mixture  had  reached 80°C; 
an initial denatura t ion  step at 94°C for 
10 sec; 35-40 cycles in which  each cycle 
consisted of 15 sec at 94°C, 1 min  at 
62°C, and 4-6 min  at 68°C; and  a final 
extension at 72°C for 10 min.  All ampli- 
fications were performed in a Perkin- 

TABLE 1 Sequences of Oligonucleotides used for LPCR Amplification of HPV Genomes  

Target 
sequence Primer Sequence a Length b Td c Tm c 

HPV 16 PEG07 5 
PEG12 5 

CP141 141BN 5 
141BP 5 

CP141 141HN 5 
141HP 5 

CP6108 6108BN 5 
6108BP 5 

CP8061 8061BN 5 
8061BP 5 
8061BglN 5 
8061BgiP 5 

IS039 IS39AN 5 
IS39AP 5 
IS39NN 5 
IS39NP 5 
IS39SN 5 
IS39SP 5 

PAP238 (MM9) 238AEN 5 
238AEP 5 

PAP291 (MM7) 291BN 5 
291BP 5 

W13B (MM4) W13BNN 5 
W13BNP 5 

-GGGGTCTAGAGGATCCCCATGTACCAATGTTGCAGTAAATCCAGGTGA 
-GGGGGCGGCCGCGGATCCTTGCCCCAGTGTTCCCCTATAGGTGGTTTG 
-GGGGGATCCTTTTTTTCAGGTGTAGGAGC 
-GGGGGATCCCTATGACGATTTAAAATTTTC-G 
-GGGGAAGCTTGCAGATGGTGGAGGC4~ 
-GGGGAAGCTTGGTGGACACGTATAGGTA 
-GGGGGATCCTTTTTAGGTTCT~CAGCAG 
-GGGGGATCCATATGATAAGTTATCCTTTTGGGATG 
~-GGAGATCTGCATAGGGGTCCTTT 
'-GGAGATCTTACATTTTGGGAGGTG 
'-GGGAGATCTGCATAGC~GTCCTTTTTTT 
'-GGGAGATCTTACATTTTGGGAGGTGGATTTA 
'-GGCCTTAAGGTCCACGGTCCAAAAC 
'-GGCCTTAAGGAACGCTTTTCTTTGGA 
'-GGCCATGGTGTGCAGGTAAGCCA 
'-GGCCATGGATTCTACAATACTAGAGC 
'-GGGAGTACTTCTGGTAGTGTCAACACA 
'-GGGAGTACTAATTTAACCATTAGCACACTGC 
'-GGGGAATTCATAGAATGTATATATGTCATTAC 
'-GGGGAATTCTACTATATTGGAAGAGTG 
'-GGGGGATCCTTTTTAGGGGCAGC~G 
'-GGGGGATCCTTATGATGGCCTTGTATTTTGG 
'-GGGCCATGGTGTGCAGGTAAGC 
'-GGGCCATGGATTCTACAATTTTAGAACAGTG 

38 nd 69 
36 nd 70 
26 69 76 
28 66 76 
22 72 81 
24 69 75 
28 72 82 
32 68 77 
21 65 68 
22 63 67 
25 66 74 
28 66 74 
22 67 75 
23 64 73 
21 68 77 
24 64 67 
24 66 68 
26 64 68 
27 62 66 
24 63 65 
22 71 79 
28 68 78 
19 69 74 
28 66 74 

aOligonucleotide sequences shown in bold indicate 5' clamps added to facilitate RE digestion and cloning. Underlined sequences indicate RE sites. 
bLength of primer binding region, i.e., stretches directly corresponding to HPV sequences. 
CMelting temperatures, T d and T m, were determined using Oligo 4.0 (National Biosciences, Plymouth, MN). (nd) Not determined. 
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Elmer GeneAmp PCR System 9600, us- 
ing MicroAmp tubes. 

Cloning and Sequencing of LPCR 
Products 

The LPCR products were subjected to 
electrophoresis in 0.8%-1% low melt or 
regular agarose gels containing ethid- 
ium bromide (EtBr). DNA fragments 
were visualized under long-wavelength 
(300 nm) UV light, and the bands of cor- 
rect sizes (-8 kb) were excised from the 
gel. The DNA was isolated from the aga- 
rose using Gelase (Epicentre Technolo- 
gies, Madison, WI), as recommended by 
the manufacturer, and ligated to the 
pGEM-T vector (Promega, Madison, 
WI). Bacterial colonies that contained 
recombinant plasmids were identified 
by cz-complementation screening. (26,27) 

Selected colonies were grown in 2-ml 
cultures, and plasmids were isolated us- 
ing a crude alkaline denaturation 
method essentially as described by Bim- 
boim et al/2s'29) Bacterial cells, grown 
overnight in LB medium, were pelleted 
by low speed centrifugation. Cell pellets 
were resuspended in 300 !11 of 50 mM 
Tris-HCI, 10 mM EDTA, containing 100 
~tg/ml of RNase A. Three hundred micro- 
liters of 200 mM NaOH containing 1% 
SDS was added to the resuspended cells, 
whereupon they were gently mixed and 
incubated at room temperature for S 
min to lyse the bacterial cells. Finally, 
3.0 M KOAc at pH 5.5 (300 lxl) was added, 
and the lysed bacterial cells were in- 
cubated on ice to precipitate chromo- 
somal DNA. Cell debris and precipitated 
DNA were pelleted by centrifugation 
(14,000g) at room temperature for 15 
min, and the supernatant was removed 
promptly. Plasmid DNA was precipi- 
tated by addition of 0.7 volumes of iso- 
propanol to the supernatant, mixed by 
inversion, and pelleted by centrifuga- 
tion (14,000g) at room temperature for 
30 min. The DNA pellet was washed 
briefly in 70% EtOH, air-dried, and re- 
suspended in 50 ~tl of deionized water. 
RE digestion with BamHI (HPV16) and 
HindlII (CP141) of selected clones was 
used to confirm the presence of an in- 
tact 8-kb insert. 

Cloned LPCR products were se- 
quenced by the dideoxy termination 
method (s°) using aSS-labeled dATP and 
Sequenase 2.0 (U.S. Biochemical, Cleve- 
land, OH). Sequencing primers were 

selected from the E6 and E7 open read- 
ing frames (ORFs) of the HPV16 
genome (16-60, 5'-GTTAGTATAAAAG- 
CAGACAT-3'; 16-269, 5'-GATGG- 
GAATCCATATGCT-3'; 16-430, 5'-TGTC- 
CTGAAGAAAAG-3' and 16-549, 5"- 
CCCAGCTGTAATCATGCAT-3') or from 
the pGEM-T vector (pGEM-F, S'-ACGGC- 
CAGTGAATI'GTA-3' and pGEM-R, 5'- 
ACGCGTTGGGAGCTCTC-3'). pGEM-F 
and pGEM-R primers were designed to 
facilitate sequencing efforts and are 
closer to the pGEM-T insertion site than 
standard M13 sequencing primers. 

Restriction Endonuclease Analysis of 
CP141 

Digests with different REs were carried 
out as described by the manufacturer 
(New England Biolabs, Inc., Beverly, 
MA). The enzymes used are described in 
Figure 5 (see below). The resulting DNA 
fragments were separated by electro- 
phoresis in 0.8-2% agarose gels. Physical 
mapping of cleavage sites followed stan- 
dard protocols. 

RESULTS 

Sensitivity in a HPV16 Model System 

In a previous report we described a 
model system for amplification of the 
entire HPV16 reference genome cloned 
into a pBR322 vector. (9) The detection 
limit in this system was -1000 copies of 
linearized input DNA. This LPCR system 
was used to amplify the entire HPV16 
genome directly from cervicovaginal la- 
rages that were previously positive for 
HPV16 DNA based upon PCR amplifica- 
tion of the 450-bp MY09/MY11 L1 frag- 
ment. (zs) The sensitivity of this model 
system, when applied directly to these 
clinical specimens, was low with only 2 
of 21 cervicovaginal lavages producing 
the expected 7.9-kb HPV16 LPCR prod- 
uct. 

To increase the sensitivity of the 
LPCR system, we have altered these pre- 
viously reported conditions. By reduc- 
ing the reaction volume (50 vs. 100 ~tl), 
prolonging the extension time (6 vs. 4 
min), and increasing the number of am- 
plification cycles (40 vs. 35), we ob- 
tained higher yields of amplified prod- 
ucts. We also found that increasing the 
concentration of rTth polymerase XL 
from 0.5 to 1 unit per 50-~d reaction in- 
creased specific amplification product 

yields significantly. Using this modified 
protocol, we detected -10 copies of 
cloned HPV16 input DNA (Fig. 1A). Ap- 
plication of this protocol and the inclu- 
sion of a very gentle phenol extraction 
step for sample preparation facilitated 
the successful amplification of full- 
length circular HPV16 genomes from 10 
of 10 cervicovaginal lavages (Fig. 1B). 
LPCR product yields from the lavage 
amplifications were also improved by 
linearizing the circular DNA genome via 
BamHI restriction (Fig. 1C). Although 
we achieved RE-verified 8-kb products 
from 10 of 10 clinical samples, the reac- 
tion specificity was quite variable be- 
tween samples and among replicates 
(see Fig. 1C). Nonspecific amplicon spe- 
cies range in size from -100 to 6500 bp. 
Similar background was seen from am- 
plification of a circular HPV dimer that 
was regenerated by ligation of HPV plas- 
mid inserts. Linear targets at concentra- 
tions >1000 copies were observed to 
yield two products (3.2 and 5.5 kb) that 
are produced from internal mispriming 
sites predicted from the HPV16 refer- 
ence sequence. No other nonspecific 
amplification was observed with 
<50,000 copies of linearized HPV-con- 
raining plasmid target or with HPV-neg- 
ative lavages (data not shown). In all 
cases, the 7.9-kb target remained the 
predominant product. Preamplification 
specimen dilution, BamHI linearization, 
rTth DNA polymerase XL concentration 
reduction, and amplification using 
fewer cycles decreased but did not elim- 
inate the nonspecific amplification. The 
extent to which any combination of the 
above improved specificity was sample 
dependent. 

Fidelity During LPCR 

Knowing that DNA polymerases can in- 
troduce errors during PCR-based ampli- 
fication of target sequences, we wanted 
to assess the error frequency of our LPCR 
system. A commercial kit for T/A clon- 
ing was used to isolate LPCR products 
amplified from the HPV16 model sys- 
tem (cloned reference strain HPV16 
DNA). Figure 2 presents a schematic de- 
scription of the entire procedure. Re- 
combinant clones were selected by 
cz-complementation screening and RE 
verification of inserts (-8 kb). A total of 
29 clones were chosen for further anal- 
ysis. The E6, E7, and part of the E10RFs 
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2 k b ~  

FIGURE 1 (A) Sensitivity of HPV16 model system amplification and RE verification of PCR products. Sensitivity was determined by amplification 
of linear HPV plasmid. (Lane 1) 10, (lane 2) 50, and (I,ane 3) 100 input copies. Products from linear plasmid (lanes 1-3) and cervicovaginal lavage 
specimen (lane 6) amplifications were verified by RE digestion (HinclI-plasmid, lane 4 and lavage, lane 7; PvMI-lanes 5 and 8, plasmid and lavage, 
respectively). Products were also verified by RE digestion with BsgI, HhaI, NcoI, NdeI, PstI, and XmnI (data not shown). (B) HPV16 amplification 
from representative cervicovaginal lavages. (Lane 1) 100 copies of HPV16 linear plasmid; (lanes 2-5) full-length HPV genomes were successfully 
amplified from 10 of 10 HPV16-positive phenol-extracted lavages with variable yields; (lane 6) HPV16-negative lavage. (C) Variable specificity of 
HPV16 amplification from lavages. Phenol-extracted lavages yielded nonspecific amplification (refer to text for discussion). Amplications were 
done in duplicate. (Lanes 1,2) 50 input copies of HPV16 linear plasmid; (lanes 3,4) 100 input copies; (lanes 5,6) HPV-negative lavage; (lane M) 
molecular weight marker IV (Boehringer Mannheim, Indianapolis, IN). Lavage B2726 was amplified in duplicate at a 1:3 (lanes 7,8) and a 1:15 
(lanes 9,10) dilution in TE. BamHI linearization increased product yield from this sample, and reduced nonspecific amplification. (Lanes 11,14) 1:3 
dilution; (lanes 12,13) 1:15 dilution. 

from these clones were subjected to se- 
quence analysis. Figure 3 shows that  11 
of 29 clones contained no errors in the 
sequenced region (-1 kb). Eight clones 
contained one error, and 10 clones con- 
tained two errors or more. None of the 
clones contained more than  five errors 
in the region sequenced. In the clones 
wi th  m a n y  errors (e.g., clones F and J in 
Fig. 3), base substitutions were clustered. 
All errors detected were simple base sub- 
stitutions. No frameshift  mutat ions  
were detected. The total number  of er- 
rors detected in all clones combined  was 
33, which  corresponds to an error fre- 
quency  per nucleotide of approximately  
1 per 700 bases (33 errors in 23,510 bp 
sequenced). The most  c o m m o n  type of 
error was a T ~ C (or A ~ G) substitu- 
t ion (Figure 3). For semiconservative 
replication, either strand can serve as 
the template for producing an error. 
Only  the muta t ional  outcome can be de- 
te rmined and not  the intermediate.  The 
T --4 C (or A -o G) transi t ion was found 
in 23 of the 33 errors detected (70%). 
These types of substitutions were often 
found in A/T-rich stretches. The second 
most  c o m m o n  type of error was a C -o T 
(or G ~ A) transi t ion (Fig. 3). This type 
of substi tution was detected in 5 of the 
33 errors found (15%). Only  one base 

substi tution was found at the same po- 
sition (A ~ G, posit ion 446) in two dif- 
ferent clones (F and Z in Fig. 3). 

Amplification and Cloning of Novel 
HPV Genomes 

LPCR methods  established in the HPV16 
model  system were subsequent ly ap- 
plied to the amplif icat ion of entire nov- 
el HPV genomes. The expected error 
frequency determined in our HPV16 
model  system (one error per 700 bases, 
or <0.2%) was predicted to be adequate 
for characterization of novel  HPV ge- 
nomes.  We selected seven potential  
novel HPV genomes for further study: 
CP141, CP6108, CP8061, IS039, PAP238 
(MM9), PAP291 (MM7), and W13B 
(MM4). (16'18'22) One to three abut t ing 
pr imer  pairs, with balanced mel t ing 
temperatures, were designed for each of 
these potential  novel HPVs. All primer 
pairs are located in the MY09/MY11 frag- 
men t  of the L10RF.  The sequences of 
the LPCR primers are shown in Table 1. 

Three cervical specimens from differ- 
ent patients conta in ing  CP141 se- 
quences were tested using LPCR condi- 
tions as described in Materials and 
Methods. Primer pair 141HP/HN pro- 
duced an 8-kb LPCR product from one 

of these specimens, 60224C (Fig. 4). We 
did not  detect any  products of this size 
in the other two specimens examined.  
In all three specimens a similar pattern 
of smaller nonspecific amplicons,  rang- 
ing in size from 1 to 4 kb, was detected. 
These nonspecif ic  products were de- 
tected only  in amplif icat ions from clin- 
ical specimens. Cloned, supercoiled 
CP141 genome (see below) produced a 
single, 8-kb band  after amplif icat ion un- 
der similar condit ions (data not  shown). 
No amplif icat ion products were ob- 
served using primer pair 141BP/BN with 
the three specimens tested. 

The primer pair 6108BP/BN was 
tested for amplif icat ion of a potential  
CP6108 genome in three samples ob- 
tained from one patient, 61085V (vul- 
var), 61085C (cervical), and a cervico- 
vaginal  lavage specimen, 61085L. Only  
the vulvar specimen produced an 8-kb 
LPCR product that  was barely visible fol- 
lowing EtBr staining. By decreasing the 
concentrat ion of Mg(OAc) 2 (1.0 vs 1.1 
raM), the yields of the amplif icat ion 
product increased slightly, a l though the 
band  intensi ty  remained low (data not  
shown). Also, by increasing the concen- 
tration of the rTth XL buffer (1.1 vs 
1.0×), the yields of the CP6108 product 
were slightly increased (Fig. 4). The non- 
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Restriction site, X (e.g. Hindlll for CP141) 

MY11 LPCR primer A~,~ 
,,IJH 

" - - . .  - "LPCR primer B .-  
IIIIlll!I 

LPCR primer A 

J MY0S 
Restriction site X 
and 6' clamp 

.-~r-- 

- "  MY09 

I Long PCR Amplification with 
LPCR primers A and B 

Restriction site X 
and IS' clamp 

~8kb LPCR product LPCR primer B 

~ Cloning into pGEM-T 

HPV Genome 
Restriction site l 

Restriction site pGEM-T vector 

- Restriction analysis of  potenti 
novel genomes 

- Partial or complete sequencing 
of genomes 

- Fidelity analysis of  obtained clones 
by partial sequencing 
(HPV16 genome) 

FIGURE 2 Generation, cloning, and analysis of LPCR products from HPV specimens. Abutting 
LPCR primers A and B were designed in the MY11-MY09 region of the novel HPV genomes. 
Amplification was performed using these primers as described in Materials and Methods. Com- 
plete 8-kb LPCR products were gel purified, cloned into a pGEM-T vector, and analyzed further 
using RE-based methods and sequencing analysis. 

specific amplification of the CP6108BP/ 
BN primer pair was generally very low 
and appeared as a smear (Fig. 4). 

Two specimens, IS039 and IS215 con- 
taining IS039 sequences, were tested for 
LPCR amplification of entire IS039 ge- 
nomes utilizing three different primer 
pairs, IS39AN/AP, IS39NN/NP, and 
IS39SN/SP. One of these specimens, 
IS039, produced an 8-kb product with 
primer pairs IS39AN/AP and IS39NN/ 
NP. When the expected 8-kb genome 
was generated, we also observed abun- 

dant background bands that varied in 
size from 0.5 to 7 kb (Fig. 4). No 8-kb 
amplification products were observed 
using primer pair IS39SN/SP with these 
specimens. 

Seven specimens, IS601, IS780, IS461, 
C009, $214, $271, and $391, were sub- 
jected to LPCR amplification of entire 
PAP238 (MM9) genomes using the 
primer pair 238AEN/EP. Only one of 
these specimens, IS780, produced the 
targeted 8-kb amplification product. 
This amplification product was barely 

visible following EtBr staining (data not  
shown). 

Using primer pairs W13BNN/NP, we 
tested six clinical specimens, W13B142, 
W13B385/389, W13B26018, IS887, 
IS766, and IS1016, for amplification of 
8-kb HPV genomes. No amplification 
products of the expected 8-kb size were 
detected. An additional primer pair, 
IS39SN/SP, was applied to the same 
group of specimens and an 8-kb prod- 
uct was generated from W13B385/398 
(Fig. 4). 

We did not detect 8-kb LPCR prod- 
ucts from any specimens using the 
primer pairs 8061BP/BN, 8061BglN/ 
BglP, and 291BP/BN, although optimiza- 
tion experiments were not attempted 
with these primer pairs. 

The five potentially novel HPV ge- 
nomes that produced an 8-kb amplifica- 
tion product using our LPCR system 
were subsequently subjected to T/A 
cloning using the pGEM-T vector (see 
Fig. 2 for an outline of the entire proce- 
dure). We succeeded in cloning only the 
CP141 LPCR product using this tech- 
nique. A total of 10 recombinant bacte- 
rial colonies from the CP141 pGEM-T li- 
gation were analyzed. Five of these 
contained an insert of the anticipated 
8-kb size when analyzed using RE diges- 
tion with HindlII. Three of the CP141 
clones, CP141-3, CP141-6, and CP141-7, 
were analyzed further by RE digestion. 
All three clones exhibited identical RE 
digestion patterns with the exception of 
clone CP141-7 that had a restriction 
fragment length polymorphism (RFLP) 
when digested with BstNI. A physical 
map of the complete CP141 genome was 
constructed and is shown in Figure 5. 

Several CP141 clones were subjected 
to partial sequence analysis using prim- 
ers derived from the pGEM-T vector, 
pGEM-F and pGEM-R. Sequence analysis 
revealed that an additional adenine had 
been added to the 3' end of the cloned 
LPCR products; this addition was neces- 
sary for successful T/A cloning. In the 
sequenced L1 region around the HindIII 
cloning site, CP141 shares 81% of its 
base pairs with HPV39 DNA. The result- 
ing amino acid sequence located within 
the 3' part of the L10RF spanned from 
amino acids 310-501 (numerically ori- 
ented from the first amino acid of the 
ORF) in the sequenced CP141 clones. 
Alignment to the L 1 0 R F  of HPV39 
identified 28 of 191 (14.7%) amino acids 
that were different in CP141 compared 
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C P 141 CP6108 I S039/W 13B 
(MM4) 

M 4 N M 5 N M 1 2 3 N 

FIGURE 4 Amplification of entire novel genomes using LPCR. The reactions were performed 
essentially as described in Materials and Methods. (Lane 1) Specimen IS039, primer pair IS39AN/ 
AP; (lane 2) specimen IS039, primer pair IS39NN/NP; (lane 3) specimen 385/(W13B), primer pair 
IS39SN/SP; (lane 4) specimen 60224C, primer pair 141HN/HP; (lane 5) specimen 61085V, primer 
pair 6108BN/BP; (lane M) ~/HindIII DNA (23, 130, 9416, 6557, 4361, 2322, 2027, 564, and 125 
bp); (lane N) negative control (no input DNA). 

to HPV39 (Fig. 6). Conserved residues 
common to all genital papillomavi- 
ruses (24) were also conserved in our iso- 
late of CP141 (Fig. 6). One amino acid 
difference, an alanine substituted for a 
valine at position 444 was observed in 
our isolate compared to the published 
CP141 sequence. (16) The alanine at this 
position has been observed previously 
in another CP141 isolate in our labora- 
tory (32) and in the LVX160 MY09/MY11 
L1 fragment sequence. (33) Subsequent to 
these determinations this HPV genome 
was designated as HPV70 (E.-M. de Vil- 
liers, pets. comm.). 

The three LPCR products successfully 
amplified from IS039, W13B, and 
CP6108 were additionally subjected to 
RE digestion-based cloning techniques. 
The LPCR products from IS039, W13B, 
and CP6108 were digested with AfllI, 
ScaI, and BamHI, respectively. Analysis 
of the RE digests in 1% agarose gels re- 
vealed 8-kb products suggesting that a 
single RE site for each selected enzyme 
was present in the targeted HPV ge- 
nomes. The digested products were sub- 
sequently ligated to a similarly restricted 
vector. Competent  cells were trans- 
formed, and several (>200) colonies 
were screened. No clones with the ex- 

pected 8-kb insert were detected for any 
of the LPCR products. 

DISCUSSION 

We have demonstrated that  LPCR meth- 
ods can be applied to the successful am- 
plification of previously characterized as 
well as potentially novel HPV genomes 
directly from crude preparations of clin- 
ical specimens. It is likely that these 
methods will subsequently facilitate the 
isolation of other complete viral ge- 
nomes. 

Although linearization via BamHI re- 
striction of circular HPV genomes 
present in lavage specimens improved 
LPCR product yields, our results suggest 
that  the nicking that occurs during prep- 
aration of the nucleic acid and during 
thermal cycling creates a sufficient 
quanti ty of the relaxed form of the HPV 
DNA molecules to allow amplification 
of the full-length genomes. This obser- 
vation is consistent with previous re- 
ports that  supercoiled DNA cannot be 
heat denatured (34) and that  the amplifi- 
cation rate with linearized DNA tem- 
plates is significantly better than that 
with supercoiled templates. °s) Because 
PCR requires strand separation using 

high heat denaturation (94°C), only lin- 
ear or relaxed circle forms of the HPV 
DNA can serve as the templates for am- 
plification. RE-mediated "nicking" of 
the DNA circle relaxes the supercoil, 
thus increasing the effective concentra- 
tion of HPV DNA by causing a rise in the 
proportion of HPV templates suitable for 
amplification. 

Our results also suggest that  the non- 
specific amplification products obtained 
with the HPV16 genome from either la- 
vages or purified cloned DNA are gener- 
ated from the circular and/or super- 
coiled form of the HPV genome, as 
linear HPV and non-HPV targets have 
failed to generate background products 
with the exception of the 3.2- and the 
5.5-kb products described above. BamHI 
linearization would thus have been ex- 
pected to eliminate the nonspecific am- 
plification. Although this was not ob- 
served, linearization of the lavage- 
derived HPV DNA was not performed 
under conditions that  are optimal for 
BamHI restriction of supercoiled DNA 
templates. Thus, it may be possible to 
improve specificity further by optimiz- 
ing the linearization protocol. 

Our fidelity studies demonstrate that 
this LPCR method is comparable to pre- 
viously reported PCR amplification sys- 
tems. (8) The total number of base substi- 
tutions detected in all clones was 33 in 
23,510 bp sequenced (-1/700). Most er- 
rors found were transitions, and most of 
these are likely to be polymerase errors, 
although some of these errors may have 
arisen from DNA damage. The most 
common type of DNA damage that oc- 
curs during incubation at high temper- 
atures is deamination of cytosine to pro- 
duce uracil. (8) Faithful replication of a 
template uracil by DNA polymerase will 
result in a C ~ T (or G ~ A) transition 
mutation. A second common type of 
DNA damage that may explain the na- 
ture of these errors is spontaneous base 
release resulting from hydrolysis of the 
N-glycosidic bond. (8) This type of dam- 
age is also seen often during incubation 
at high temperatures and low pH. The 
resulting apurinic/apyrimidinic sites in 
the DNA can inhibit DNA synthesis or 
alternatively be bypassed by the DNA 

FIGURE 3 Map of errors introduced during LPCR in ORFs E6, E7, and E1 (partial) of the HPV16 genome. The complete HPV16 genome was 
amplified, and HPV16 LPCR products were cloned as described in Materials and Methods. A total number of 29 individual clones were subjected 
to dideoxy sequencing of the region depicted and an assessment of LPCR fidelity performed. The number of errors in each individual clone is 
shown at right. 
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FIGURE 5 Physical map of the CP141 (HPV70) genome. The cleavage sites for REs were deter- 
mined and are plotted on a linear map of the virus genome. The HindIII site is arbitrarily 
assigned as coordinate 0. The CP141 map has been aligned with the map of the HPV39 ge- 
nome. (31~ The areas of the HPV39 genome corresponding to the early (E) and the late (L) regions 
are indicated at the bottom. The following RE sites are not present in the CP141 genome: AvaI, 
BglI, BgIII, EcoRV, HpaI, MluI, NotI, SacII, and Sinai. 

polymerase to create base-substitution 
mutat ions,  most frequently transver- 
sions. 

It is possible that  optimizations,  (36~ 
inc luding  decreasing the number  of cy- 
cles; lowering concentrat ions of dNTPs, 
divalent  cations and primers; and alter- 
ing thermal  cycling parameters, can fur- 
ther improve the results presented in 
this report. Our analysis of fidelity was 
conducted, most  probably, using LPCR 
products obtained from the plateau of 
amplif icat ion (as determined from the 
number  of cycles used). The fidelity of 
this system may  be different during the 
logari thmic phase. Additionally, be- 
cause these studies were l imited to am- 
plification of 8-kb targets under  specific 

conditions,  it is not  known whether  dif- 
ferences in fidelity will be observed for 
longer targets or when  alternative am- 
plification condit ions are employed.  It is 
reasonable to conclude, however, that  
LPCR using the rTth XL system de- 
scribed will be generally useful for appli- 
cations that  previously would have tol- 
erated the fidelity of PCR-based 
methods.  

Cloning of LPCR products was 
achieved by the T/A m e t h o d  (37-39) sug- 
gesting that  this enzyme system can add 
a single nucleotide to the 3' end of target 
molecules as has been reported similarly 
for PCR performed with Taq DNA poly- 
merase. <4°~ This observation facilitates 
the rapid cloning of LPCR products and 

CPI41 
Hpv39 

311 356 
PSGSMV SSDSQLFNKP YWLHKAQGHI NGICWHNQLF ITVVDTTRST 
PSGSMV TSDSQLFNKP YWLHKAQGHN NGICWHNQLF LTVVDTTRST 

* * ^ .^ ^ ^ ^ ^ 

CPI41 
Hpv39 

357 406 
NFTLSACTET AIPAVYSPTK FKEYTRHVEE YDLQFIFQLC TITLTADVMA 
NFTLSTSIES SIPSTYDPSK FKEYTRHVEE YDLQFIFQLC TVTLTTDVMS 
^ * * *  , , * *  , , A ^ ^  ^ ^ ^  * * ^ *  

CPI41 
Hpv39 

407 456 
YIHTMNPAIL DNWNIGVTPP PSASLVDTYR YLQSAAIACQ KDAPTPEKKD 
YIHTMNSSIL DNWNFAVAPP PSASLVDTYR YLQSAAITCQ KDAPAPEKKD 
^ ^ .... * *  ^ .-. * *  * ^ ^ ^ . ^  * .-. 

457 501 
CPI41 PYDDLKFWNV DLKEKFSTEL DQFPLGRKFL LQVGARRRPT IGPRK 
Hpv39 PYDGLKFWNV DLREKFSLEL DQFPLGRKFL LQARVRRRPT IGPRK 

. ^ ^. . ^ ^ *** 

FIGURE 6 Amino acid sequence alignment of translated ORF L1, amino acids 311-501, from 
CP141 and HPV39. The alignment is numerically oriented from the first amino acid of the L1 
ORF of the HPV39 genome. Asterisks (*) mark amino acid differences in the two sequences 
shown. Carats (^) mark conserved amino acid residues common to all genital papillomaviruses. 

may  in  some cases e l iminate  the need to 
design amplif icat ion primers that  con- 
tain RE sites for subsequent  use in clon- 
ing. It should be noted, however, that  
we observed variable success in applying 
this c loning method  to LPCR products 
obtained from novel HPV genomes. We 
were only  able to use T/A cloning suc- 
cessfully when  a large quant i ty  of LPCR 
ampl icon  was present as determined by 
EtBr staining in agarose gels. This m a y  
reflect a relatively low percentage of 
added 3' adenosines. It is possible that  
specific primer sequences affect the par- 
ticular nucleotide added to the 3' ter- 
min i  by the rTth XL. Specific 3'-exten- 
dase activity has been reported for 
several other DNA polymerases. (41~ Al- 
ternatively, the addit ion of nucleotides 
to the 3' terminus of the PCR product 
may  generally be less frequent (41~ under  
the selected LPCR condit ions or the 
3 ' ~  S' exonuclease enzymatic  activity 
might  remove such nucleotides. At- 
tempts were made to clone IS039 LPCR 
products by inact ivat ing the rTth XL us- 
ing proteinase K digestion and heat  in- 
activation and, subsequently, adding 3' 
adenosines by incubat ing the LPCR 
products with Taq polymerase for 15 
m i n  at 72°C to facilitate T/A cloning. A 
total of SO white clones were screened, 
but  no clones with the correct insert size 
were detected using this approach (data 
not  shown). 

Our difficulties in c loning LPCR 
products using RE-based methods  could 
also be an effect of remain ing  rTth DNA 
polymerase XL enzyme activity that  
could create b lunt-ended products by  
filling the recessed 3' termini  or that  
could act as an exonuclease to remove 
the protruding 3' termini  created by di- 
gestion of the DNA with restriction en- 
zymes. We have not  implemented  pro- 
tocols to inactivate the rTth XL before 
RE digestion. We did, however, gel pu- 
rify all RE-digested LPCR products prior 
to ligation attempts. Further studies are 
needed to determine t h e  opt imal  don -  
ing condit ions for LPCR products. 

The application of LPCR methods  to 
the isolation of u n k n o w n  or partially 
characterized infectious agents repre- 
sents an impor tant  b iochemical  tool for 
future investigations. In the study of 
HPVs, isolation of novel genomes has 
been l imited to the use of labor-inten- 
sive c loning in plasmid or phage librar- 
ies. These techniques require the pres- 
ence of relatively h igh  copy numbers  of 
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HPV genomes.  The methods  described 
here utilize microliter quantit ies of clin- 
ical specimens to obtain complete HPV 
genomes.  Using a previously deter- 
mined  sequence for the MY09/MY11 re- 
gion of the HPV L10RF,  we were able to 
design a strategy tha t  (1) amplified the 
entire circular genome of a previously 
uncharacterized HPV; (2) was amenable  
to T/A cloning of the -8-kb genome; and 
(3) resulted in the ability to produce a 
linearized, intact  HPV genome follow- 
ing RE digestion of the cloned genome. 

It should be noted that  the use of 
short  PCR sequences to designate novel 
HPVs is supported by these investiga- 
tions in which  predicted entire novel 
HPV genomes were isolated using prim- 
ers derived from short novel sequences. 
Current  criteria for designation of a new 
HPV type requires <10% nucleotide sim- 
ilarity between the L1, E6, and E70RFs  
and any  previously described HPV. Vari- 
ants of HPV types are designated by 
<~2% difference in these sequences. (42) 
Fidelity studies presented in this report 
indicate that  the expected error fre- 
quency of our LPCR me thod  would be 
approximate ly  one per 700 bases or 
<0.2%. On the basis of these data, LPCR 
products can be used to isolate and  ap- 
propriately designate novel HPVs. LPCR 
methods  represent valuable tools for fu- 
ture t a x o n o m y  studies of HPVs and  po- 
tentially other  uncharacterized infec- 
tious agents. The ability to use DNA 
molecules generated by LPCR methods  
in funct ional  biologic assays remains to 
be determined.  
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