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ABSTRACT Human papillomavirus (HPV) DNA form I (su-
percoiled) was prepared from virions purified from plantar
warts. HPV DNA was cleaved with restriction enzymes ob-
tained from the following sources: Escherichia coli (EcoRI),
Hemophilus influenzae strain Rd (both unfractionated Hind
and separated HindII and HindIII enzymes) and Hemophi-
lus parainfluenzae (Hpal). The cleavage products were ana-
lyzed by polyacrylamide gradient slab gel electrophoresis
and electron microscopy. HPV DNA was cleaved into two
fragments by EcoRI (87% and 13% of the genome) and into
six fragments, ranging in size from 33.5 to 1.2% of the ge-
nome, by Hind endonucleases. The six Hind fragments result
from the cleavage of three sequences recognized by HindII,
two of which are also cleaved by Hpal, and of three se-
quences recognized by HindIIl. The order of these frag-
ments was determined by comparing their size with that of
the fragments obtained with HindIl, HindIIl, Hpal, and the
mixture of HindIII + Hpal. The two EcoRI cleavage sites
were located on two adjacent Hind fragments and one of
these sites has been taken for the zero point to construct a
physical map.

The treatment of superhelical HPV DNA with bacterio-
phage T4 gene 32 protein yields circular structures with a de-
naturation loop. The cleavage of these complexes with EcoRI
and HindIII has shown two easily denatured regions which
were located on the cleavage map.

A papillomavirus, member of the papovavirus group (1), in-
duces different types of human cutaneous warts, anogenital
warts, and juvenile laryngeal papillomas (2). The malignant
transformation of these benign tumors may be observed
under exceptional circumstances (3, 4). The structure of the
human papillomavirus (HPV) found in large amounts in
some cutaneous warts, and the physicochemical and bio-
chemical properties of its components are well documented
(5-7); in particular, the viral genome is constituted of a co-
valently closed circular double-stranded DNA molecule with
a molecular weight of about 5 X 10° and a G+C content of
41% (6). However, the biochemical and genetic analysis of
the expression of the viral genome in the infected cells and
the study of the role of this virus in human oncogenesis have
been impeded since no cell system allows its in vitro replica-
tion and titration (8).

Recently, the availability of site-specific endonucleases
(restriction enzymes) has permitted a rapid advance in the
study of the structure and function of the genomes of onco-
genic DNA viruses. We report here the specific cleavage
map of the HPV DNA with restriction enzymes prepared
from Escherichia coli (EcoRI), Hemophilus influenzae
(Hind) and Hemophilus parainfluenzae (Hpal). Further-
more, two binding sites of the bacteriophage T4 gene 32
protein were located on the physical map.

Abbreviations: HPV, human papillomavirus; EcoRlI, restriction en-
donuclease from Escherichia coli; Hind, Hindll, and HindIll, en-
zymes from Hemophilus influenzae strain Rd; Hpal, enzyme from
Hemophilus parainfluenzae.
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MATERIALS AND METHODS

Preparation of HPV DNA. Plantar warts were a kind gift
of P. Agache (Clinique Dermatologique, C.H.U. Besangon,
France). Full particles of HPV were purified according to a
procedure previously reported (7). Viral DNA was extracted
from virions and supercoiled molecules (form I) were sepa-
rated from open circular (form II) and linear (form III) mol-
ecules by equilibrium centrifugation in CsCl containing eth-
idium bromide as previously described (9). Viral DNA solu-
tions (50 ug/ml) in 10 mM Tris-HCI, 1 mM EDTA, pH 7.9,
were kept at —20°.

Enzyme Purifications. E. coli RI (EcoRI) endonuclease
was prepared as described by Yoshimori (10). Hemophilus
influenzae (Hind) endonucleases were prepared from the
exonuclease-minus strain Rd by the procedure described by
Smith and Wilcox (11). Hemophilus influenzae 111 (Hin-
dIIl) endonuclease was further purified as described by
Danna et al. (12). Hemophilus influenzae II (HindII) endo-
nuclease was a gift of V. Pirrotta (Biozentrum der Universi-
tit, Basel, Switzerland). Hemophilus parainfluenzae 1
(Hpal) endonuclease was prepared according to Sharp et al.
(18).

Enzymatic Digestion. Buffers used for enzyme digestions
were: EcoRI, 50 mM Tris-HCI (pH 7.5), 10 mM MgCl,, (10);
Hind endonucleases, 6.6 mM Tris-HCl (pH 7.5), 6.6 mM
MgClp, 10 mM NaCl, 6.6 mM 2-mercaptoethanol (11);
Hpal, 10 mM Tris-HCI (pH 7.5), 10 mM MgCly, 0.1 mM di-
thiothreitol (13). HPV DNA form I (2.5 pg) in 0.25 ml of
buffer was incubated at 37° for 1 hr with EcoRI (2 ul of
stock solution) or for 6 hr with the other enzymes (Hind, 5
ul; HindlIl, 8 ul; HindIIl, 5 ul; Hpal, 10 pl) or the mixture of
HindIIl and Hpal. When the digestion products of HPV
DNA by H. influenzae or H. parainfluenzae endonucleases
were further digested with EcoRI enzyme, EcoRI was
added to the mixture 1 hr before the end of the 6 hr incuba-
tion. The reaction was stopped by adding 25 ul of 250 mM
EDTA. After phenol extraction, the DNA fragments were
isolated by ethanol precipitation and centrifugation. The
pellets were suspended in 20 ul of buffer containing 4 mM
Tris-acetate, 2 mM sodium acetate, 10% sucrose, and 0.02%
bromophenol blue as a tracking dye.

Polyacrylamide Gel Electrophoresis. The DNA cleavage
products were separated in 2.5-10% polyacrylamide gradi-
ent slab gels using the conditions described by Jeppesen (14).
The electrophoretic mobility of the fragments was deter-
mined from photographic negatives of the stained gels,
using a Joyce Loebl double-beam recording microdensitom-
eter. Molecular weights of DNA fragments were estimated
by comparing their electrophoretic mobility to that of the A
bacteriophage DNA Hind fragments (15).

Binding of Bacteriophage T4 Gene 32 Protein to HPV
DNA. T4 gene 32 protein was purified according to Alberts
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FIG. 1. Polyacrylamide gel electrophoresis of restriction endo-

nuclease cleavage products of HPV DNA. HPV DNA samples (2.5
ug) were incubated as described in Materials and Methods with
restriction enzymes: (a) EcoRI, (b) Hind, (c) Hind + EcoRI, (d)
Hpal, (e) HindlIll, (f) HindIIl + Hpal, (g) HindlIl, (h) Hind. Poly-
acrylamide gradient slab gels (2.5-10%) were run at 5 V/cm in 40
mM Tris-acetate, 20 mM sodium acetate (pH 7.9) (14) at room
temperature for 9 hr (a—f) or for 11 hr (g and h). Bromophenol blue
was used as a tracking dye. Gels were stained in 0.02% methylene
blue for 2 hr and excess of dye was removed with distilled water.

and Frey (16). Binding of the T4 gene 32 protein on su-
perhelical HPV DNA and fixation with glutaraldehyde were
performed as described by Delius et al. (17). After dialysis
against 10 mM Tris-HCI, pH 7.9, DNA-T4 gene 32 protein
complexes were incubated for 1 hr at 37° with EcoRI or
HindIII endonucleases and spread for electron microscopy.

Electron Microscopy. HPV DNA, endonuclease DNA
fragments, and DNA-T4 gene 32 protein complexes were
mounted on collodion-coated grids for electron microscopy
using the formamide technique of Davis et al. (18). Pt-Pd-
shadowed grids were examined and photographed with a
Siemens Elmiskop 101 electron microscope. DNA molecules
were measured using a coordinatometer connected to a
PDP-8 Digital computer. Length calibrations were made
with a grating replica [E. F. Fullam, Inc., 54,800 lines per
inch (21,600 lines/cm)].

RESULTS

Sensitivity of HPV DNA to EcoRI and Hind restriction
enzymes

HPV DNA was cleaved with EcoRI or with a mixture of
HindIl and HindIII. The digestion products were analyzed
by polyacrylamide gradient slab gel electrophoresis and by
electron microscopy. As shown in Fig. la and b, the EcoRI
and Hind endonucleases generate two and six fragments, re-
spectively, named by letters according to their increasing
electrophoretic mobility. Increasing up to 2-fold the amount
of enzyme or the time of incubation did not modify the elec-
trophoretic pattern. A plot of the logarithm of each peak
surface, as determined on the scans of the gels, against the
electrophoretic mobility of the Hind fragments shows a
near-linear relationship (data not shown here). This indicates
that every molecule of DNA yields one of each of the six
Hind fragments.

The size and the molecular weight of HPV DNA and of
the DNA cleavage products are reported in Table 1. The size
of HPV DNA (2.48 + 0.15 um), as determined by measuring
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FIG. 2. A semi-logarithmic plot of molecular weights versus
electrophoretic mobilities of Hind fragments. The electrophoretic
mobilities of the HPV Hind fragments (M) determined from the
scan of the photograph of the stained gel were compared to those
of the A\ phage DNA fragments produced by the Hind endonuc-
leases. Molecular weights of the A Hind fragments taken as stan-
dards (®) were deduced from the size of the fragments given in
base pairs (15).

174 form II molecules, corresponds to a molecular weight of
4.80 + 0.28 X 105, which is close to the value reported by
Crawford (5.0 X 106) (6). The values of the molecular
weights obtained by electron microscopy measurements are
in good agreement with those determined from the electro-
phoretic mobility of the fragments, as compared to the mo-
bility of the A DNA Hind fragments of known molecular
weight (0.06 to 2.0 X 10°) (Fig. 2) (15). The sum of the mo-
lecular weights of the two EcoRI fragments (4.84 X 106, as
determined by electron microscopy measurements) or that
of the six Hind fragments (4.90 X 106, as determined by
electrophoresis) equals the molecular weight of HPV DNA.

Table 1. Length and molecular weight of the HPV DNA
and of HPV DNA fragments produced by cleavage with
EcoRI and Hind endonucleases

HPV DNA Molecular weight x 10™°
or
fragments Length (um) Length* MobilityT
HPV DNA 2.48 £+ 0.15 4.80 ND
EcoRI A 2.19 + 0.09 4.20 ND
EcoRI B 0.33 + 0.04 0.64 0.63
Hind A 0.83 + 0.04 1.62 1.65
Hind B 0.68 + 0.05 1.32 1.35
Hind C 0.45 +-0.03 0.87 0.89
Hind D 0.40 + 0.03 0.77 0.78
Hind E 0.10 £ 0.02 0.19 0.17
Hind F ND ND 0.06

ND, not determined by this method.

* Molecular weights were estimated from the lengths of the mole-
cules determined by electron microscopy, taking as a standard
the length of the PM2 bacteriophage DNA (molecular weight,
6.4 X 108) (19) measured in the same conditions (3.33 + 0.22 um).

t The molecular weights (mean value of three experiments) have
been evaluated from the electrophoretic mobilities of the frag-
ments using A\ DNA Hind fragments as standards (15).
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Table 2. Size of the HPV DNA fragments produced by
cleavage with H. influenzae and H. parainfluenzae
restriction endonucleases*

HindIII
DNA +

fragments Hind Hpal HindIl  HindIIl Hpal
A 33.5 84.2 46.2 77.3 33.7
B 27.4 15.8 38.0 17.5 27.0
C 18.0 15.8 5.2 18.5
D 16.0 15.7
E 3.9 5.1
F 1.2

* The size of the fragments represents their molecular weights ex-
pressed as a percentage of the total molecular weight of the frag-
ments (Hind, 4.83 x 108; Hpal, 4.78 X 108; HindlIl, 4.87 X 108;
HindIIl, 4.91 x 108; HindIll + Hpal, 4.82 X 10%). Molecular
weights were determined by electron microscopy except for
HindF.

Ordering of the Hind fragments

The Hindll and HindIII endonucleases (12), separated from
the Hind mixture, and the Hemophilus parainfluenzae
Hpal endonuclease, which cleaves one of the palindromic
sequences recognized by HindII endonuclease (20, 21), were
used to identify the enzymatic activity producing the Hind
fragments and to establish the order of these fragments. As
shown in Fig. 1d-g, Hpal, HindlIl, HindIll, and the mixture
of HindIll + Hpal cleave the HPV DNA into two, three,
three, and five fragments, respectively, named by letters ac-
cording to their increasing electrophoretic mobility. The rel-
ative sizes of the fragments obtained are reported in Table 2.
The results indicate that the six Hind fragments result from
the cleavage of three specific HindIl sequences, two of
which are recognized by Hpal (referred to later as HindII-
Hpal sites), and of three sequences recognized by HindIIL
Data reported in Fig. 1d-g and in Table 2 further show that:
(1) the Hind D fragment, analogous to Hpal B and HindII C
fragments, is located between two HindII-Hpal cleavage
sites; (#4) the Hind C fragment, analogous to the HindIII B
fragment, is located between two HindIlIl cleavage sites;
(#) the Hind A and B fragments, analogous to HindIII-
Hpal A and B fragments, are located between an HindIII
and an Hpal cleavage site, on both sides of the Hind D frag-

Table 3. Size of HPV DNA fragments produced
by cleavage with EcoRI, Hind, and Hind + EcoRI
restriction endonucleases*

Hind +
DNA fragments EcoRI Hind EcoRI
A ND 33.6 33.8
B 13.1 27.6 18.5
C 18.2 15.6
D 15.9 15.0
E 3.5 12.5
F 1.2 3.4
G 1.2

ND, not determined by electrophoresis.

*The size of the fragments represents their molecular weights de-
termined by electrophoresis, and expressed as a percentage of the
total molecular weight of all the fragments (Hind, 4.90 X 108;
Hind-EcoRI, 4.85 X 108), or of the mean value of the HPV DNA
molecular weight (4.80 X 108) for the EcoRI B fragment.
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FIG. 3. A physical map of the HPV genome. The map dis-
tances from the zero point are given as a percentage of the HPV
unit genome length.

ment; (iv) the size of the HindIll C and HindIII-Hpal E
fragments corresponds to the sum of the sizes of the Hind E
and F fragments; these fragments are thus adjacent and sep-
arated by the HindlII cleavage site which is not cleaved by
Hpal; (v) the size of the HindII A and B fragments corre-
sponds to the sum of the sizes of the Hind B, C, and F frag-
ments and of the Hind A and E fragments, respectively.
This shows that the Hind A and E fragments are adjacent
and that the Hind C fragment, located between two Hin-
dIII cleavage sites, lies between the Hind B and F frag-
ments. From these data, the order of the Hind fragments
was deduced to be Hind A, E, F, C, B, D.

Location of the EcoRI cleavage sites on the Hind
fragments

The electrophoretic pattern and the size of the fragments
obtained after successive cleavage of HPV DNA with Hind
and EcoRI endonucleases, as compared to the cleavage
products obtained with each of these enzymes separately,
are reported in Fig. la, b, and ¢ and in Table 3. Fig. 1b and
c shows that when HPV Hind fragments are further incu-
bated with EcoRI, the Hind B and D fragments are lost,
showing that the two EcoRlI sites are located on these frag-
ments. Only three new fragments, Hind-EcoRI C, D, and E,
are detected, the total size of which nearly corresponds to
the sum of the sizes of the Hind B and D fragments; further-
more, Table 3 shows that the smallest of these fragments,
Hind-EcoRI E (12.5% of the genome length), nearly equals
the EcoRI B fragment (13.1% of the genome length). This
demonstrates that one EcoRI site is near a Hind site and
confirms that Hind B and D are adjacent. Because of the
size of the fragments Hind D and Hind-EcoRI C and D, this
cleavage site must be located on the Hind D fragment at
0.3-0.6% of the genome from the BD junction, the second
EcoRI site being located on the Hind B fragment at 12.5%
of the genome from the BD junction. The expected fourth
fragment, coming from Hind D fragment, is too small to be
detected.

Construction of the physical map

The EcoRI cleavage site located on Hind B was designated
the zero point for the construction of the physical map, since
none of the enzymes used gives a unique double-strand
break on the circular molecule of HPV DNA. The Hind
fragments were arbitrarily mapped clockwise in the order B,
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complexes (b and ¢) and HindIII A fragments-T4 gene 32 protein complexes (d and e) obtained after cleavage of circular complexes. Bar

represents 0.5 um.

D, A.... The map distances of the cleavages sites, expressed

as a percentage of the genome length, were calculated from.

the distance of the zero point to the BD junction (12.5% ge-
nome length) and from the size of the Hind fragments re-
ported in Table 3. The cleavage map is shown in Fig. 3. To
further support the location of the cleavage sites, the prod-
ucts of the digestion of HPV DNA with Hpal, HindlIl, or
HindIll endonucleases were further incubated with EcoRI
endonuclease and analyzed by electrophoresis. The number
and the size of the fragments reported in Table 4 are consis-
tent with the cleavage map presented in Fig. 3.

Evidence for and location of bacteriophage T4 gene 32
protein binding sites on HPV DNA

The incubation of simian virus 40 (17, 22) or polyoma virus
(23) superhelical DNA with T4 gene 32 protein yields circu-
lar structures with a denaturation loop, which is located in
specific regions as determined by cleavage of the complexes
with restriction enzymes. Fig. 4a shows that similar com-
plexes with a denaturation loop are obtained after incuba-
tion of form I HPV DNA with T4 gene 32 protein. EcoRI
cleaves these complexes into two fragments. A denaturation
loop has only been observed on fragments with the length of
EcoRI A fragment (Figs. 4b and c, and 5a). The distance

Table 4. Size of HPV DNA cleavage products obtained by
combination of Hpal, HindIl, or HindIII endonucleases

with EcoRI*
Hpal + HindlI Hindl1
DNA fragments EcoRI + EcoRI + EcoRI
A 72.7 38.8 49.1
B 14.9 33.7 18.4
C 12.4 15.1 14.5
D 13.0 12.9
E 5.1

* The size of the fragments represents their molecular weight de-
termined by electron microscopy, expressed as a percentage of
the total molecular weight of the fragments (Hpal + EcoRI, 4.82
X 108; HindII + EcoRI, 4.84 x 10%; HindIIl + EcoRI, 4.89 X 1086).

from the midpoint of the loop to the nearer end of the frag-
ment is 0.25 + 0.03 um, i.e., 10% of the genome length, for
66% of the complexes, and 0.47 + 0.03 um, i.e., 18% of the
genome length, for 30% of the complexes (Fig. 5b). Thus the
binding sites may be mapped at 23% or 90% (major site) and
at 31% or 82% (minor site) of genome length from the zero
point. To locate unambiguously these sites, the complexes
were cleaved by the HindIll endonuclease. A denaturation
loop is observed only on fragments with the length of Hin-
dIII A which may be separated in two classes, when the dis-
tance from the midpoint of the loop to the nearer end of the
fragment is measured (Fig. 4d and e). The distances, mea-
sured on 158 molecules, were evaluated to be 30 + 1% (31%
of the molecules) and 38 + 2% (67% of the molecules) of the
genome length. Since the ends of HindIII A fragment (77%
of genome length) are located at 85 and 62% of genome
length from the zero point, the two binding sites for T4 gene
32 protein may be mapped unequivocally at 23% (major
site) and 31% of genome length from the origin (Fig. 3).
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FIG. 5. EcoRI cleavage of HPV DNA-T4 gene 32 protein com-
plexes. (a) Histogram of the length (um) of the EcoRI cleavage
fragments. Fragments with a denaturation loop are shown in di-
agonally striped histogram. (b) Histogram of the distance (um)
from the midpoint of the denaturation loop to the nearer end of
the EcoRI A fragments measured on 195 molecules.
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DISCUSSION

EcoRI (10) and Hind (11) endonucleases cleave HPV DNA
into two and six fragments, respectively. HindIl and Hin-
dIII endonucleases (12) both produce three breaks in viral
DNA, while two breaks are produced by Hpal, which
cleaves one of the sequences recognized by HindII (20, 21).
The DNA fragments are produced in equimolar amounts
and the sum of the molecular weights of the cleavage prod-
ucts corresponds to the HPV DNA molecular weight; this
shows the homogeneity of form I DNA preparations purified
from virions recovered from human plantar warts. How-
ever, when the HPV DNA EcoRI fragments (2.5 ug) were
electrophoresed, two weak bands, at the detection limit,
were evidenced, corresponding to fragments with molecular
weight of about 2.3 and 2.6 X 10°. Moreover, two minor
bands may be detected by electrophoresis of the HPV DNA
Hind fragments, one with a slightly lower mobility than
Hind B, and the other with a slightly higher mobility than
Hind C. This indicates that a small fraction of the popula-
tion of HPV DNA molecules (1-2%) is constituted of mole-
cules with sequence rearrangements, or originates from an
HPV variant. Whether this may be related to the antigenic
differences already reported for viruses recovered from pa-
pillomas occurring in different locations (cutaneous or ano-
genital warts) (24) remains to be established.

The small number of breaks generated by the enzymes
used in this study has allowed the construction of a cleavage
map of HPV DNA using an unlabeled HPV DNA. The spec-
ificity of the enzymes producing the Hind fragments and
the order of the fragments have been deduced from the
comparison of the size of the Hind fragments, as determined
by electron microscopy and electrophoresis, with the size of
the fragments produced by Hindll, HindIll, Hpal, and by
the HindIIl + Hpal mixture. The two EcoRI cleavage sites
were located in two adjacent Hind fragments and one of the
sites has been taken for the zero point to construct the map
shown in Fig,. 3.

The bacteriophage T4 gene 32 protein, which binds spe-
cifically to single-stranded DNA, has been used to evidence
locally melted regions in the superhelical HPV DNA. Two
binding sites were detected and located unambiguously on
the cleavage map. The relationship between these two sites
and the four (AT)-rich regions which have been previously
detected after partial thermal denaturation of circular mole-
cules of HPV DNA (6, 25) remains to be established, as well
as the functional role of these regions.

The cleavage map of HPV DNA constitutes a useful tool
both for the study of the DNA homology between the possi-
bly antigenically distinct papillomaviruses recovered from
different types of human warts (2, 24), and for the analysis
of the genetic expression of the HPV.

Note Added in Proof: Recent data show that Bacillus amylolique-
faciens endonuclease I (Baml) cleaves HPV DNA at a single specif-
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ic site located in the Hind F fragment. Furthermore, Hemophilus
parainfluenzae endonuclease II (Hpall) cleaves the HPV DNA into
four fragments. However, the results suggest that about 40% of the
DNA molecules are partially resistant to this enzyme, although no
resistance to-EcoRI and Hind enzymes was evidenced in the DNA
used in all these studies (in prepasation).
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