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SHORT COMMUNICATION
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The Herpes simplex virus type 1 (HSV-1) uracil-DNA glycosylase (UDG} is encoded by the UL2 gene. The translation
from the first putative start codon of UL2 predicts a polypeptide of 334 residues, while the translation from the second
start codon predicts a polypeptide of 244 residues. We have cloned and expressed the two forms of UDG, by means of
the prokaryotic expression vector pMAL-c2, and both of them were enzymatically active. Furthermore, the enzymatic
properties of the recombinant UDGs and of the enzyme purified from HSV-1-infected cells were similar. The two UDG
polypeptides have molecular weights of 27 and 37 kDa, respectively. The 37-kDa form of recombinant UDG is consistent
with the reported molecutar mass of 37 kDa for the enzyme purified from HSV-1-infected cells. Both recombinant UDGs
were as sensitive as UDG purified from HSV-1-infected celfls to 6-(p-n-octytanilino)uracil, the most potent of a series of
uracil analogs that inhibit the viral enzyme. © 1995 Academic Press, Inc.

Uracil in DNA arises either from cytosine deamination
(7} or from dUTP misincorporation in place of dTTP during
DNA synthesis (2—4). If not removed, in both cases uracil
aiters specific DNA/protein interactions (4, 5}, and, if
present in regulatory sequences {such as promoters, en-
hancers, origins of replication, etc.}, it could affect gene
expression, regulation, and DNA replication. Further-
more, uracil deriving from cytosine deamination is alse
highly mutagenic by resuiting in GC — AT transition dur-
ing DNA replication. Uracil is rapidly removed from DNA
by the action of uracil-DNA glycosylase (UDG) which
cleaves the N-glycosylic bond linking the uracil to the
deoxyribose phosphate backbone (6, 7). This enzyme is
highly represented in proliferating mammalian cells, and
it is cell-cycle regulated, showing an increase during cell
proliferation (8, 9). UDG is, thus, an essential component
of the cellular DNA replication and repair machineriés (3},
and it is present in a wide range of organisms, including
viruses of the Herpes (70} and Pox (77) families.

The sequences of UDGs show a high degree of con-
servation over broad evolutionary distances, with atmost
50% identity at the amino acid level existing between
Escherichia coli {12) and the dominant human form (73).
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Structural mutations in human UDG are associated with
Bloom's syndrome (74, 15), a rare genetic inherited defect
of DNA repair. Induction of UDG activity has been ob-
served in cells infected with Herpes simplex virus type
1 {HSV-1) and type 2 {(HSV-2) {16}, and the UL2 gene
encoding for HSV-1 and HSV-2 UDG has been identified
and characterized (70, 17). Like its cellular counterpart,
the viral enzyme acts 1o reduce the damage that is asso-
ciated with the presence of uracil in DNA (6} and may
also help to maintain regulatory sequences present in
the HSV genome. In this regard, the presence of uracil
in the HSV unigue short origin of replication (OriS) has
been demonstrated to alter the interaction of the origin-
binding protein with its target sequence (4).

As it has been reported, there are two possible transta-
tion start codons for both HSV-1 and HSV-2 UL2 (718).
The first ATG occurs at base 9886, and it is conserved
between the two HSV serotypes, whereas the second
ATG is at bases 10,123 in HSV-2 and 10,156 in HSV-1.
The conserved ATG at base 9886 might serve as an
initiator in both viruses (73). Translation beginning at the
first start codon corresponds to a polypeptide of 334
amino acids with a predicted M, of 36,300, whereas the
second start codon would give a protein of 244 residues
in HSV-1 and of 256 residues in HSV-2 of predicted M,
of 27,300 and 28,600, respectively. The DNA seguence
beginning from the second start codon has a high degree

0042-8822/95 $12.00
Copyright © 1995 by Academic Press, Inc.
All rights of reproduction in any form reservad.



308 SHORT COMMUNICATION

4] 3BES lﬂlgl 10830 11825

a ie A .
i A —t
Baa
i Bl BamE
S _puen)
b iﬂli IE;}EE 10880
Eca ki BamHi (%3]
u 105k 10090
c M —A6ATE .
iE X lzeZa
mkn '" aMAL-UL2
aMALc2
d |.||l|%‘ 10E30
uL2-h
Eco Rt BamHl
iE 10850
e e !
gMALGL2-N

it T Tatla
pMALc2

FIG. 1. Schematic diagrams of recombinant plasmids and PCR-ampli-
fied DNA fragments. Segquences deriving from HSV-1 are shown in
heavy lines. (a) pBamH!: pUC18 containing BamB| E fragment of HSV-
t strain £, (b} UL2-I: PCR-amplified fuil coding sequence of UDG from
pBamE template, with £coRl and BamH| sites introduced, respectively,
at 5" and 3" ends. {c) pMAL-UL2-l: UL2-| fragment inserted into pMAL-
c2 cut with £coRl-BamH!. (d) UL2-ll: PCR-amplified shorter coding
sequence of UDG from pBamE template, with FcoR| and BamH| sites
introduced by PCR primers. {e) pMAL-UL2-II: UL2-1l fragment inserted
into pMAL-c2 cut with EcoRl—BamH\.

of homology with the UDG sequences from other evolu-
tionary distant organisms {73).

In order to study the enzymatic function of HSV-1 UDG
an expression system is needed yielding sufficiently
large amount of the enzyme. The two DNA sequences
corresponding to each start codon have recently been
cloned using a prokaryotic expression vector (20). How-
ever, so far only the shonrer sequence has been ex-
pressed and demonstrated to produce the active enzyme.
We have therefore tried to generate a system capable of
expressing both DNA sequences, and to demonstrate /in
vitro the activity of both the 334- and the 244-residue
enzymes. To this purpose, the BamH! E fragment (2007—
11,825) cloned into pUC18 (Fig. 1a) was used as a PCR
template to amplify the UL2 coding sequences.

The UDG coding sequences beginning from either of
the two start codons were amplified by using the follow-
ing three primers: (A) 5" TCAGAATTCAAGCGGGCCTGC-
AGCCGA 3, (B) 5" GGGGGATCCCTTTCAAACCGACCA-
GTCGAT 3'; and (C) 5" TCAGAATTCGATTTAACAAAC-
GGGGGG 3.

First start codon

The full coding seguence of UDG {UL2-) {98856-—
10,890} was amplified with primers A and B which intro-

duced EcoRl and BamHI sites, respectively, at the 5’ and
3’ ends, and the UDG-| seguence was inserted into the
pMAL-c2 vector which was cut with EcoRI/BamHI. This
yielded a construct (pMAL-UL2-1} in which the UL2-|
sequence is located downstream from and in frame with
the C-terminus of the maltose-binding protein (MBP)-en-
coding gene {mal/E) as shown in Fig. ic. The cloning of
the UL2-l sequence results in the expression of the
MBP-UDG-| fusion protein. A seguence coding for the
recognition site of the specific protease Factor Xa and
located at the 5” end of the UL2-1 coding sequence atlows
UDG-I to be cleaved fram the MBP.

Second start codon

The shorter coding sequence of UDG {(UL2-11), begin-
ning at the second start codon (10,1565—-10,890), was am-
plified with primers G and B introducing FcoRl and
BamHI sites. This fragment was inserted into pMAL-c?
giving a construct named pMAL-UL2-l {Fig. 1e).

The full-length construct pMAL-UL2-l and the short
construct pMAL-UL2-1l were used to transform compe-
tent £ cofi XL1 Blue cells, and several clones wers
screened for the presence of the insert. Two bacterial
clones containing the pMAL-UL2-1 and the pMAL—-UL2-
Il recombinant DNAs were selected and grown overnight
1o saturation at 23 and 37°, respectively. The two cultures
were then diluted 1/100 into LB broth modified with the
addition of o-(+)-glucose, grown at 23 and 37°, respec-
tively, to mid-logarithmic phase, and expression was in-
duced by addition of IPTG at a final concentration of
1 mM. Cells were harvested after 4 hr of induction by
centrifugation at 4000 g for 20 min at 4°, The pellet was
resuspended in 50 ml of 20 mA Tris—HCI, pH 7.4, 200
mM NaCl, 1 mM EDTA (buffer A), lysed by sonication in
short puises of 15 sec for 3 min, and centrifuged at 8000
g for 30 min. The supernatants {crude extracts) con-
taining the fusien proteins (MBP-UDG-! and MBP-UDG-
II) were collected and the expression of the fusion pro-
teins was tested on SDS-PAGE followed by staining
with Coomassie blue, As shown in Fig. 2, two bands of
molecular weight 79 {lane 3) and 69 {lane 7) kDa were
clearly detected in lysates derived from IPTG-induced
cells harboring pMAL-UL2-1 and pMAL-UL2-l plas-
mids, respectively. These proteins were absent in cell
lysates harboring the pMAL-c2 vector alone (lane 1). The
size of these two bands was simifar to that expected
from the UDG-I (37 kDa} and the UDG-II {27 kDa) se-
quences linked to the MBP (42 kDa).

Because of the affinity of the MBP for amylose, the
MBP-UDG-I and MBP-UDG-II fusion proteins were puri-
fied from the bacterial cell extracts by passage through
an amylose resin column. After the adsorption of the
fusion proteins to the amylose, the columns were
washed with 10—12 vol of buffer A, Taking advantage of
the stronger affinity of the MBP for maltose, the fusion
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FiG. 2. SDS—polyacrylamide gel {15%) stained with Coomassie biue
showing fractions from the purification stages of recombinant MBP~-
UDGs. Lane 1, controt cells transformed with pMAL-c2 plasmid, Lane
2, uninduced pMAL—UL2-l cells. Lane 3, IPTG-induced pMAL-UL2-|
cells. Lane 4, MBP-UDG-| fusion protein eluted from amylose affinity
column with mattose. Lane §, MBP and UDG-I preteins after cleavage
with Factor Xa. Lang 8, uninduced pMAL-UL2-1l cells, Lane 7, IPTG-
induced pMAL-UL2-Il cells. L.ane 8, MBP-UDG-II fusion protein eluted
from amylose affinity column with maltose. Lane 8, MBP and UDG-!!
proteins after cleavage with Factor Xa.

proteins were eluted with buffer A containing 10 mA/ o-
{+)-maltose. The fractions were analyzed by SDS—-PAGE
after staining with Coomassie blue (Fig. 2, lanes 4 and
B) and those containing the fusion proteing were pooled
and concentrated to about t mg/mi by centrifugation in
Centricon-30 microconcentrators {Amicon Division).

To separate the UDG-l (650 U/mg) and the UDG-I|
{2000 U/mg} from the bacterial MBP, Factor Xa was
added at a w/w ratic of 1% of the amount of the fusion
protein, and the reaction mixtures were incubated for 48
hr at 4°. Fractions at different stages of purification were
analyzed on SDS—-PAGE. As shown in Fig. 2 {lanes 5 and
9), the cleavage of each of the two fusion proteins yielded
two bands corresponding to the MBP (42 kDa) and the
UDG-I (37 kDa} or the UDG-Il {27 kDa), respectively.

Subsequently, UDG-II {0.25 mg/ml; approximately 2000
units) was purified from the fusion protein cleavage mix-
ture by FPLC chromatography using a Mono S column
{Pharmacia} as follows. Four milliliters of the cleavage
mixiure was dialyzed against 20 mM KPQ,, pH 7.2, 1 mM
DTT, 0.5 mM EDTA, and 0.5 mAM PMSF {(buffer B) and
then loaded on a Mono S column {1 ml). UDG-Il was
eluted with a linear gradient between 20 and 600 mAM
KPQ, in buffer B at the flow rate of 0.6 ml/min. Proteins
were separated on 12% SDS—-PAGE and bands were
stained with Silver {Merck). The UDG-II activity, assayed
as described in (27), elutes as a single sharp peak at
230 mM KPQ, (Fig. 3A) which mirrors the peak of protein
eluted from the column (Fig. 3B). MBP is not retained
by the column and it is recovered in the flowthrough
(Fig. 3B).

Contrary to UDG-I, UDG-I is highly unstable and could

not be further purified by FPLC chromatography. Since
purified UDG-II shares all biochemical properties tested
with the enzyme present in the fusion protein cleavage
mixiure, the biochemical properties of UDG-1 and UDG-
Il reported here were compared by using their fusion
protein cleavage mixtures, The pH profile of the UDG
activity shows optimal activity occurring between pH 8
and 8.3; monovatent ions (K*, Fig. 4A) inhibit the UDG
activities. All three enzymes (1) retained their activity after
incubation at 45° up to 40 min, (2) lost over 80% of activity
after & min incubation at 65° and (3) showed similar
heat inactivation profiles when incubated at 55° (Fig. 4B).
When the initiat velocity of the enzymes was measured
using various concentrations of uracil-containing native
DNA and the results were plotted according to Line-
weaver and Burk, the K, varied between 2 and 7 uM
{Table 1). Finally, we have studied the effect of several
8-{ p-alkylanilino) uracils that we have found to inhibit the
HSV-1 UDG (27). Both cloned UDGs were as sensitive
as the purified H8V-1 to these analogs. Table 1 shows
the 1C,, values obtained with 8-(p-octylanilinojuracil {oc-
tyl-AU), the most potent inhibitor.

Savva and Pearl have cloned in an E. coli expression
system sequences allowing translation from the two pu-
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FIG. 3. (A} Elution profile of UDG-Il from FPLC Mong S column.
(B) SDS-PAGE (12%) of markers {M), loaded cleavage mixture (L),
flowthrough (FT), and fractions 34—40. The bands were stained with
silver stain (Merck).
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tative start codons of HSV-1 UL2 (20), but were unable to
express the full-length, presumably native form of UDG.
Employing a different expression system based on the
prokaryotic expression vector pMAL-c2 we have cloned
and expressed both forms of UDG and both have been
shown to be enzymatically active. The full-length form of
the recombinant UDG (37 kDa) is consistent with the
motecular mass of 37 kDa reported for the enzyme puri-
fied from HSV-1-infected cells {27). The same host—vec-
tor system is currently being employed for the expression
of HSV-2 UDG necessary far comparison with HSV-1,

The availability of a large amount of recombinant UDG
in both active and native forms will allow studies aimed
to understand the role of the HSV-coded enzyme in DNA
repair and replication as well as information concerning
the three-dimensional structure of the protein.

Since insertion mutagenesis disrupting the UL2 gene
does not prevent the growth of HSV in cell culture (10),
it is unclear why the virus should have its own encoded
UDG. Possibly, this is a requirement necessary for the
in vivo virus—host interaction as suggested by recent
research. We have in fact demonstrated that UDG is an
enzyme no langer expressed in adult neurons {3) and
we have hypothesized that viral UDG could play a role
both in the “cleansing” of viral genome from uracils be-
fore the start of DNA replication and in the removal of
misincorporated uracil residues during early steps of vi-

UDG activity, % of control

20 300 400 500
KCl, mM

L4 100

UDG activity, % of control

0 10 20 30
Preincubation time at 55°C {min)

FIG. 4. {A) Effect of KCl on UDGs purified from HSV-1-infected cells
{UDG-cp, @) and ctoned in £. coli and expressed as full-length (UDG-
I, O) or short form {UDG-Il, A). (B} Effect of temperature on UDGs
purified from HSV-1-infected cells (UDG-cp, ®) and cloned in £ coli
and expressed as full-length (UDG-1, OJ) or short form (UDG-Il, A).
Enzymes were preincubated at 55° for different times and then incu-
bated in the assay mixture as described (21).

TABLE 1

K for the Substrate [*H]uracil-DNA and I1Cy of octylAU for UDGs
Purified from HSV-1-Infected Cells (UDG-cp) and Those Cloned in £
coli and Expressed As Full-Length Form (UDG-I) or Short Form (UDG-
11}

[PHluracil- DNA octylAU |Cey
Enzyme Ko (M) {pe)
UDG-cp 2.0 18 (£5)
UDG-| 5.6 37 (+6}
UDG-II 7.1 21 {+4}

ral DNA replication that lead to the reactivation of the
virus from latency {3, 22). This hypothesis received sup-
port by the Pyles and Thompson finding {23) that UDG™
HSV-1 mutants display reduced neurovirulence and neu-
roinvasiveness and reactivate with reduced frequency in
vivo. These data suggest that HSV-1 UDG activity is a
valid target for antiviral chemotherapy. Agents targeting
UDG activity should be able to reduce the frequency of
recurrent disease. In this regard, we have recently re-
ported the synthesis and characterization of several ura-
cil analogues that specifically inhibit HSV-1 UDG (27),
the first selective inhibitors of viral UDG that appear to
act as substrate analogues. We have studied the effect
of ane of the most potent and selective of these ana-
logues, 6-(p-n-octylanilinojuracil {octylAU), on the two
forms of the recombinant UDGs. Our data show that both
cloned UDGs were as sensitive as the enzyme purified
from HSV-1-infected cells 1o this analogue. We are cur-
rently attempting to improve pharmacologically useful
characteristics of the more promising of the above-men-
tioned compounds to facilitate both in vivo animal experi-
mentation aimed at defining the role of UDG in latency
reactivation and possible future administration as an
antiviral drug.
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