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ABSTRACT

Bacteriophage X174 encoded gene A protein is an enzyme required for ini-
tiation and termination of successive rounds of rolling circle ¢X DNA repli-
cation. This enzyme catalyses cleavage and ligation of a phosphodiester bond
between nucleotide residues G and A at the @X origin. The cleavage reaction
which occurs during initiation involves formation of a free GOH residue at
one end and a covalent bond between tyrosine-OH of the gene A protein and 5'
phosphate of the A residue, at the other end of the cleavage site. During
termination the covalently bound gene A protein cleaves the phosphodiester
bond between G and A at the regenerated origin and ligates the 3' and 5' ends
of the displaced genome-length viral DNA to form a circle. Since tyrosyl-OH
mediated rearrangements of phosphodiester bonds in DNA may also apply to
other enzymes involved in replication or recombination such as topoisomerases
we have studied this interesting mechanism in greater detail. Analysis of
S2p_labelled gene A protein-DNA complex by tryptic digestion followed by se-
quencing of 32P-containing peptides showed that two tyrosyl residues in the
repeating sequence tyr-val-ala-lys-tyr-val-asn-lys participate in phosphodi-
ester bond cleavage. Either one of these tyrosyl residues can function as the
acceptor of the DNA chain. In an a-helix the side chains of these tyrosyl re-
sidues are in juxtaposition. An enzymatic mechanism is proposed in which these
two tyrosyl-OH groups participate in an alternating manner in successive clea-

vage and ligations which occur during phosphodiester bond rearrangements of
DNA.

INTRODUCTION

The DNA replication of bacteriophage @#X174 proceeds by a rolling circle
mechanism (for recent reviews see refs. 1 and 2). In order to start the pro-
cess, the protein encoded by the viral gene A (gene A protein) cleaves the
viral strand of the double-stranded replicative form DNA (RF DNA). Cleavage
requires the presence of the 30 base pair origin region, a sequence which oc-
curs in a highly conserved form in all isometric single-stranded DNA phages
studied (3-6). Cleavage takes place at a specific site within this region (7),
between nucleotides G and A at positions 4305 and 4306 of the @X DNA sequence
(8). The cleavage reaction involves the formation of a free 3'-hydroxyl group

at the G residue (7,9,10) and a covalent bond (7,11,12) between the 5'-phos-
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phate of the A residue and the 4'-hydroxyl group of one of the tyrosyl resi-
dues in gene A protein (13-15). The 3'-hydroxyl group is the primer for the
DNA synthesis. The DNA at the 5' end of the cleavage site is displaced during
DNA replication. After one round of DNA replication the covalently bound gene
A protein cleaves the regenerated origin and binds covalently to the new 5'
end. Simultaneously the 3' and 5' ends of the displaced genome-length viral
DNA are ligated to form a circle, which is thrown off.

In order to study the mechanism by which this rearrangement of phosphodi-
ester bonds proceeds, we have investigated which of the 20 tyrosyl residues
in gene A protein bind covalently to DNA upon cleavage. Therefore, we have
used the previous observation that gene A protein can cleave synthetic oligo-
nucleotides which contain at least the first 10 nucleotides of the origin re-
gion of @X DNA (16). Also in these conditions gene A protein forms a covalent
bond with the phosphate at the 5' end of the cleavage site via the 4'-~hydro-
xyl group of tyrosine (14). A second product of gene A is A* protein. A*
protein is the result of an internal (in frame) translational start in the
gene which encodes gene A protein (17). A* protein thus lacks the N-terminal
third of the polypeptide chain of gene A protein. A* protein is present in @X
am3 infected cells at 2 hours after infection in much larger amounts than gene
A protein and is isolated simultaneously with gene A protein (unpublished ob-
servations). A* protein has retained a number of activities of gene A protein:
A* protein cleaves oligonucleotides with the sequence of the origin region
(16), binds, like gene A protein via a tyrosyl residue to the phosphate of
the phosphodiester bond which is cleaved (16,18) and can ligate DNA (19-21).
Analysis of the amino acid residues which surround this/these particular ty-
rosyl residue(s) in gene A protein or A* protein, in combination with the pre-
dicted amino acid sequence of gene A protein will then reveal which tyrosyl

residue(s) is/are involved.

MATERIALS AND METHODS
Materials

Gene A protein and A* protein were purified as described by Langeveld et
al. (19), with the modification that the @¢X am3 infected E. coli C cells were
harvested at 2 hrs post infection. The internally 32P-phosphate labelled
oligonucleotide CAACTTG*ATATTAATAAC was constructed as described before (14).
TPCK treated trypsin was from Worthington (Freehold, N.Y., U.S.A.) and pro-

teinase K was from Merck (Darmstadt, F.R.G.).
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Methods

Analysis of the gene A protein/A* protein-oligonucleotide complexes. The
internally labelled oligonucleotide, 0.03 pmol, was incubated with approximate-
ly 0.1 pmol gene A protein or A* protein in 20 mM Tris/HCl pH 7.5, 1 mM EDTA,
5 mM MgCly, S5 mM dithiotreitol (DTT), 150 mM NaCl and 5% glycerol for 15 min
at 30°C in a volume of 16 ul. Then 1.6 pul 50 mM CaClp and 1 ul trypsin, 1 mg/ml,
or 1 ul proteinase K,5 mg/ml, which had been preincubated for 30 min at 37°C;
were added and the incubations were continued for 3 hrs at 37°C. 15 ul 98%
formamide containing 0.05%Z bromophenol blue and 0.05% xylene cyanol F as trac-
ing dyes was added, the samples were heated for 3 min at 100°C and applied on
a 207 polyacrylamide gel which contained 7 M urea and 100 mM Tris, 100 mM bo-
rate and 2 mM EDTA. After electrophoresis the radioactive products were detec-
ted by autoradiography.

Isolation of the peptide-oligonucleotide complexes which are formed by di-
gestion of the A* protein-oligonucleotide complex with trypsin. Approximately
5 nmol A* protein were incubated with 15 nmol of the labelled oligonucleotide
CAACTTG*ATATTAATAAC in 20 mM Tris/HC1 pH 7.5, 1 mM EDTA, 5 mM MgCly, 5 mM di-
thiotreitol (DTT), 150 mM NaCl and 5% glycerol for 15 min at 30°C in a final
volume of 60 ml, devided over 12 polyethylene tubes. The reaction was stopped
by the addition of 0.3 ml 100 mM EDTA pH 7.5 to each tube. Then 5,3 ml ice-cold
207 trichloroacetic acid (TCA) was added to each tube and the protein-oligonu-
cleotide complex was spun down after standing for 20 min at 0°C. The pellets
were washed subsequently with ice-cold 107 TCA and ice-cold diethylether and
dried. Each pellet was dissolved in 1 ml 50 mM Tris/HC1l 8.0, 5 mM CaClp con-
taining 25 ug TPCK treated trypsin. The samples were incubated for 16 hrs at
37°C with continuous shaking, pooled and applied on a mono Q-anion exchange
column (Pharmacia, Uppsala, Sweden). The column was eluted with a 0 to 2 M
NaCl gradient in 10 mM Tris/HCl pH 7.5 using the Pharmacia FPLC equipment. The
fractions of the broad peak which contained the 32P radioactivity were pooled.
The pool contained 3.05 nmol peptide-oligonucleotide complex, as could be cal-
culated from the specific radioactivity of the oligonucleotide. 2 nmol of this
pool were subjected to reversed phase chromatography on a pepRPC column (Phar-
macia) using an acetonitrile gradient (buffer A: 10 mM NH4Ac, buffer B: 10 mM
NH4Ac, 60% acetonitrile). The radioactivity of the fractions (0.5 ml) was de-
termined and the U.V. absorption at 214 nm was recorded. The first peak, peak
A, contained 0.45 nmol peptide-oligonucleotide complex and the second peak,
peak B, contained 0.96 nmol peptide-oligonucleotide complex. The fractions
were lyophilized, dissolved in 50 ul H90 and lyophilized again.
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Figure 1. Reversed phase chromatography of the peptide-oligonucleotide com-
plexes obtained after tryptic digestion of the A* protein-oligonucleotide
complex. 2 nmol peptide-oligonucleotide complex, obtained after ion-exchange
chromatography of the tryptic digest of A* protein-oligonucleotide complex,
was submitted to reversed phase chromatography using an acetonitrile gradient
(indicated by the broken line). The radioactivity-pattern is indicated by the
line with closed circles and the UV absorption is indicated by the uninter-

rupted line.

Amino-acid sequencing of the peptide moieties of the two peptide-oligonu-
clentide complexes. 0.33 nmol of the peptide-oligonucleotide complex as present
in the first peak after reversed phase chromatography was dissolved in 20 ul
H20, applied on a polybrene-impregnated glass fiber filter and mounted in an
Applied Biosystems 470 A gas phase sequencer (Applied Biosystems, Foster City,
Ca., U.S.A.). The first degradation cycle was started after three precycles,
using standard conditions. The PTH-amino acids were analysed on-line using an
Applied Biosystems 120 A PTH Analyzer. The sequencing run was ended after 8
cycles. A considerable amount of diphenylthiourea (DPTU) was formed during cell
cycles., Identification of the PTH-amino acids was unambiguous. 0.55 nmol of the
peptide-oligonucleotide complex as present in the second peak after reversed

phase chromatography was analysed as above. The sequencing run was ended after 11

cycles.

4232



Nucleic Acids Research

RESULTS

In order to label the tyrosyl residue(s) in gene A protein to which the DNA
is bound covalently upon cleavage, gene A protein was incubated with the oligo-
nucleotide CAACTTA*ATATTAATAAC. This oligonucleotide has a 32P-phosphate (*)
at the phosphodiester bond which is cleaved (14). The resulting 32P-labelled
gene A protein-oligonucleotide complex was digested with trypsin or proteinase
K. In both cases two radioactive peptides were detected upon analysis of the
digestion products by electrophoresis in polyacrylamide gel followed by auto-
radiography. Similar results were obtained by Roth et al. (13) and Sanhueza
and Eisenberg (15). Not enough pure gene A protein was available for determi-
nation of the amino acid sequences of the peptide moieties of these peptide-
oligonucleotide complexes. Therefore we performed these analyses using A* pro-
tein instead of gene A protein. A* protein was incubated with the above 32P-
labelled oligonucleotide and the A* protein-oligonucleotide complex was diges-
ted with trypsin or proteinase K. In both cases two radionactive peptides were
detected upon analysis of the digestion products by electrophoresis in poly-
acrylamide gel followed by autoradiography. The products had exactly the same
properties as the products obtained after proteolytic digestion of the gene A
protein-oligonucleotide complex. Sanhueza and Eisenberg have also observed :wo
radioactive products after tryptic digestion of 32P-labelled A* protein-DNA
complex following a different approach (18). To prepare larger quantities of
the peptide-oligonucleotide complexes approximately 5 nmol A* protein were in-
cubated with 15 nmol of the oligonucleotide which contained 32P at the clea-
vage site. The protein-oligonucleotide complex was digested with trypsin and
the peptide-oligonucleotide complexes were isolated by ion-exchange and rever-
sed phase chromatography (Figure 1). The radioactivity patterns in the peaks
coincide exactly with the UV absorption patterns. The yields were calculated
from the known specific radioactivity of the labelled oligonucleotide. 0.33
nmol peptide-oligonucleotide complex as present in peak A and 0.55 nmol pep-

- tide-oligonucleotide complex as present in peak B were subjected to aminn acid
sequence analysis in a gas phase sequencer with on-line detection of the PTH-
amino acid derivatives. The results of the PTH~amino acid analyses of 5 suc-
cessive cycles of sample A and 10 successive cycles of sample B are shown in
Figure 2. Analysis of the material of the first cycle of sample A does not
yield a PTH-amino acid. The following cycles clearly show: val, asn, lys,-.
The sequencing run was ended after 8 cycles. About 40%Z of the radioactivity
which had been applied on the glass fiber filter in the sequencer was retained

on the filter after the sequencing run. The PTH-amino acid analyses of succes-
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Figure 2. The amino acid sequences of the peptide moieties of the two pep-
tide-oligonucleotide complexes. A. The results of PTH amino acid analyses

of the first 5 gas phase sequencer cycles of peptide-oligonucleotide complex
A. Panels A1-5: -, val, asn, lys, -. B. The results of the PTH-amino acid
analyses of the first 10 gas phase sequencer cycles of peptide-oligonucleo-
tide complex B. Panels B 1-10: met, ala, val, gly, phe, - , val, ala, lys,

sive sequencing cycles of sample B show: met, ala, val, gly, phe,-, val, ala,
lys,-. No PTH-amino acid was detected in cycle 6. The sequencing run was ended
after 11 cycles. 707 of the radioactivity which had been applied on the glass
fiber filter in the sequencer was retained on the filter after the sequencing
run. Alignment of the two amino acid sequences with the predicted tyrosine con-
taining tryptic peptides of A* protein (8) shows the following. The amino acid
sequence of sample A corresponds to the tryptic peptide tyr, val, asn, lys
which has a tyrosyl residue at position one. The amino acid sequence of sanplé
B corresponds to the C-terminal part of the tryptic peptide ala, thr, ser, tyr,
met, ala, val, gly, phe, tyr, val, ala, lys. This sequence has a tyrosyl resi-
due at the position where no amino acid was detected in the sequencing ruﬁ of

sample B. These alignments suggest that tyrosyl residues were present in tﬁe
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peptides at the positions where no amino acid was detected. These tyrosyl re-
sidues have probably been split off but, since they carry olignucleotides co-
valently bound to the hydroxyl groups of the tyrosyl residue, they produce
polar tyrosyl-phenyl-thiazolinon derivatives that do not dissolve in the sol-
vents and remain on the filters. The observation that in both cases a major
part of the radioactivity which had been applied was still present on the f21-
ter after the sequencing run supports this explanation. The peptide moiety of
sample B lacks the N-terminal part of the predicted tryptic peptide to which
it corresponds. This is probably caused by a contaminating chymotryptic acti-
vity present during the digestion of the A* protein-oligonucleotide complex
with trypsin. Chymotrypsin can easily cleave the peptide bond between the ty-
rosyl and the methionyl residues.

DISCUSSION

The results show that the peptide moieties of the two peptide-oligonucleo-
tide complexes differ and thus show that two different tyrosyl residues in A%
protein can bind covalently to DNA. This conclusion also holds for geme A pro-
tein since the same peptide-oligonucleotide complexes are observed when the
gene A protein-oligonucleotide complex is digested with trypsin. The two pep-
tide-oligonucleotide complexes are formed in about equal amounts so either
one of the two tyrosyl residues can function as the acceptor of the DNA chain
during cleavage of the phosphodiester bond in DNA. This indicates that the two

tyrosyl-hydroxyl groups are functionally equivalent. Inspection of the amino
1cid sequence of gene A protein shows that the two tyrosyl residues lie only
three amino acid residues apart in the repeating sequence: tyr, val, ala, lys,
tyr, val, asn, lys. (The tyrosyl residues are residues 343 and 347 in the com-
plete amino acid sequence—of 513 residues of gene A protein which is deduced
form the DNA sequence (8)). The tyrosyl side-chains protrude at the same side
of the helix if this part of gene A protein occurs in an a-helix conformation.
Computer-graphic modelling studies showed that the hydroxyl groups of the two
tyrosyl side-chains iu such &« conformation can approach the phosphorus atom of
the phosphodiester bond which is to be cleaved close enough for this reaction
and further showed that the two hydroxyl groups occupy a symmetrical position
towards the phosphorus atom. In Figure 3, we present a model for the successive
gene A protein catalysed cleavage and cleavage-ligation reactions which take
place during initiation and termination of the DNA replication. The model shows
how the two juxtaposed tyrosyl residues play an equivalent role and how the

two tyrosyl-hydroxyl groups cooperate as two active groups in one active
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Figure 3. Model for the gene A protein catalysed cleavage and cleavage-liga-
tion reactions which occur during initiation and termination of @¢X rolling
circle replication respectively. The origin sequence is shown schematically
as: =TG-0-P-0-AT-.

d"o-

The two tyrosyl residues at the active centre of gene A protein are supposed
to be part of an a-helix which brings their side-—chains in juxtaposition.

a. Cleavage. Binding of gene A protein with DNA places the P-atom at the ori-
gin in a symmetrical position towards the two tyrosyl-OH groups. Nucleophilic
attack (+) leads to transesterification as shown. The results indicate that
either one of the O-atoms of the two tyrosyl residues can function as the
acceptor of the DNA chain in this reaction. b. Cleavage-ligation. After one
round of replication gene A protein binds the regenerated origin sequence.

A nucleophilic attack (*) of the hydroxyl group of the free tyrosyl residue
initiates two successive transesterifications as indicated. This results in
a phosphodiester bond between DNA and this tyrosyl residue, a free hydroxyl
group at the other tyrosyl residue and formatior of a phosphodiester bond
which ligates the two DNA ends.

centre. The model also shows how the two tyrosyl residues act alternating du-
ring the successive cleavage and ligation reactions. The required positioning
of the origing DNA sequence is supposed to be realised by an interaction of
another part of the gene A protein with the DNA.

The results which are presented here make gene A protein the first enzyme
that can cleave and ligate DNA for which the amino acids which are involved
have been determined. Other enzymes that play a similar role during DNA repli-
cation are the gene II protein of bacteriophage fd (22) and the Rep c protein
of plasmid pT181 (23). Rep c protein binds covalently to the 5' end of the
DNA at the cleavage site in pT181 DNA. The nature of this bond is not known.
Strikingly, two tyrosyl residues occur three amino acid residues apart in fd
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gene II protein (24) in the sequence: arg, tyr, phe, gly, phe, tyr, arg...
Although no covalent gene II protein-DNA complexes have been demonstrated (22)
it is attractive to assume that these two tyrosyl residues are involved in the
cleavage and ligation of the fd DNA. The cleavage and ligation reactions (nic-
king-closing reactions) which are catalysed by the topoisomerases and éyrases
proceed via covalent DNA-enzyme complexes (25-28). The bond between protein
and DNA in the intermediate is a tyrosyl-phosphate ester (28,29). In these pro-
perties the topoisomerases resemble gene A protein. It is not known whether one
or two tyrosyl residues in the topoisomerases are involved in the cleavage and
ligation reactions. Further research may show whether gene A protein can be
regarded as a prototype of the enzymes in which tyrosyl residues are utilized
to cleave and ligate DNA during DNA replication and recombination.
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