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Abstract Holliday junction resolving enzymes are required by
all life forms that catalyse homologous recombination, including
all cellular organisms and many bacterial and eukaryotic viruses.
Here we report the identification of three distinct Holliday
junction resolving enzyme activities present in two highly
divergent archaeal species. Both Sulfolobus and Pyrococcus
share the Hjc activity, and in addition possess unique secondary
activities (Hje and Hjr). We propose by analogy with the two
other domains of life that the latter enzymes are viral in origin,
suggesting the widespread existence of archaeal viruses that rely
on homologous recombination as part of their life cycle. © 2001
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

Holliday junction resolving enzymes are a ubiquitous class
of nucleases that have evolved to recognise the structure of
four way DNA junctions (reviewed in [1,2]). Holliday junc-
tions are created during the process of homologous recombi-
nation, where they link homologous DNA duplexes, with the
junction centre formed at the point of strand exchange be-
tween the two duplex species [3]. Branch migration of junc-
tions, which can be either spontaneous or enzyme catalysed,
increases the extent of strand exchange between homologous
DNA duplexes. The process of homologous recombination is
completed by junction resolving enzymes, which introduce
paired nicks in opposing strands of the junction, resulting in
the generation of recombinant DNA duplex products. The
importance of this pathway is emphasised by the observation
that the strand exchange protein RecA/Rad51 is the only
DNA repair protein conserved in all genomes sequenced to
date [4], and by the identification of Holliday junction resolv-
ing enzymes in many cellular and viral organisms, including
eubacteria and their phage, eucarya and their viruses, and
most recently in the archaea.

Holliday junction resolving enzymes are all dimeric, mag-
nesium dependent nucleases with strong structural specificity
(Table 1). There is a fundamental division between the en-
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zymes that are members of the integrase superfamily and
those of the nuclease superfamily [5]. The former includes
the eubacterial enzyme RuvC, mitochondrial enzyme Ccel
and pox viral resolving enzyme [6], which all exhibit a strong
degree of nucleotide sequence dependence for activity. The
nuclease superfamily includes the bacteriophage enzyme T7
endonuclease I and the archaeal enzyme Hjc, which show
no sequence dependence. The mechanisms by which the re-
solving enzymes recognise, manipulate and cleave four way
DNA junctions have been studied using a wide variety of
biophysical methods including comparative gel electrophore-
sis, 2-aminopurine fluorescence [7], isothermal titration calo-
rimetry [8] and pre-steady state kinetics [9]. In spite of this
effort, and the solution of crystal structures for RuvC [10], T4
endonuclease VII [11] and T7 endonuclease I [12], some key
questions regarding the molecular mechanisms of substrate
recognition and cleavage remain unanswered [5].

The archaea constitute a third domain of life, and archaeal
information processing pathways have many similarities to the
equivalent pathways in eukaryotes [13]. Increasingly, archaeal
transcription, DNA replication and repair processes are re-
garded as valuable, simplified models for the much more com-
plex eukaryotic processes. In the pathway of homologous re-
combination, the archaeal strand exchange protein RadA is
significantly more similar to Rad51 than to the eubacterial
RecA protein [14], suggesting that the archaeal recombination
machinery might resemble that in eukaryotes. Recent studies
of archaeal Holliday junction resolving enzymes resulted in
the identification of the Hjc protein in the euryarchacon Py-
rococcus furiosus [15] and crenarchaeon Sulfolobus solfataricus
[16,17]. Hjc is conserved in all archaea sequenced to date, and
therefore probably constitutes the cellular archaeal enzyme,
analogous to RuvC in eubacteria. However, we have previ-
ously demonstrated the presence of a second Holliday junc-
tion resolving enzyme, named Hje, in Sulfolobus. Although
this enzyme has not yet been identified it has been character-
ised in some detail, and displays some significantly different
characteristics from Hjc, notably in its unique specificity for
cleavage of the continuous strands of stacked-X junctions [18].

In this paper we report the identification of a second Holli-
day junction resolving activity (named Hjr) in extracts of P.
furiosus, and a comparison of the substrate specificity of the
four enzymes found in Pyrococcus and Sulfolobus. We dem-
onstrate that the Hjc enzymes from the two organisms have
very similar activities, but that the characteristics of the Hje
and Hjr activities differ from one another significantly. We
postulate that the secondary activities in these two highly
divergent archaeal species may be virally encoded, as has
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Table 1
Summary of known Holliday junction resolving enzymes
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Superfamily Resolving enzyme Organism Sequence dependence (recognition sequence)
Nuclease Hjc Archaeal cellular No
T7 endonuclease 1 Bacteriophage T7 No
Integrase RuvC Eubacterial cellular Yes (5'-TT/)
Ccel Fungal mitochondria Yes (5'-CT/)
A22 Pox viruses Yes?
Unknown RusA Lambdoid phage Yes (5'-/GG)
T4 endonuclease VII Bacteriophage T4 No
Hje/Hjr? Archaeal viral? No

been demonstrated for the bacteriophage and pox viral en-
zymes from the two other domains of life.

2. Materials and methods

2.1. Partial purification of archaeal resolving enzymes

The S. solfataricus P2 and P. furiosus biomass was supplied by the
Centre for Extremophile Research, Porton Down, UK. Cell lysis,
centrifugation and chromatography steps were carried out at 4°C.
50 g cells were thawed in 150 ml lysis buffer and immediately soni-
cated for 5X1 min with cooling. The lysate was centrifuged at
40000 X g for 30 min. The supernatant was diluted four-fold with
buffer A and applied to an SP-Sepharose High Performance 26/10
column (Hi-Load, Amersham Pharmacia) equilibrated with buffer
A. A 500 ml linear gradient comprising 0—1000 mM NaCl was used
to elute cationic proteins. Fractions containing distinct activities were
pooled and concentrated. The concentrated enzyme (7 ml) was loaded
onto a 26/70 gel filtration column (Superdex 200 Hi-Load, Amersham
Pharmacia) and developed with buffer A containing 300 mM NaCl.
Active fractions were pooled and diluted with three volumes of buffer
A. Finally, the enzyme was loaded onto a Mono-S column (Amer-
sham Pharmacia) pre-equilibrated with buffer A and eluted with a
linear gradient of 100 ml of 0-1000 mM NaCl. The active fractions
were concentrated, and stored at 4°C until needed. Total protein
concentration in the concentrated Mono-S fraction was adjusted to
1 mg/ml.

2.2. Holliday junction substrates
Oligonucleotides were synthesised and four way DNA junctions
assembled as described previously [19], using the following sequences:
Junction JbmS5. This is a branch migrating four way junction with
20 bp arms, assembled from the following oligonucleotides:

strand a, 5'-GCGTTACAATGGAAACTATTCTTGGCAGTTG-
CATCCAACG

strand b, 5'-CGTTGGATGCAACTGCCAAGAATAGTGTCA-
GTTCCAGACG

strand ¢, 5'-CGTCTGGAACTGACACTATTCTTGGCGAATG-
GTCGTAAGC

strand d, 5'-GCTTACGACCATTCGCCAAGAATAGTTTCCA-
TTGTAACGC

Junction Z28. This fixed four way junction was prepared with arms
of 15 bp, assembled from the following oligonucleotides:

strand b, 5'-TCCGTCCTAGCAAGGAGTCTGCTACCGGAA
strand h, 5'-TTCCGGTAGCAGACTAAAAGGTGGTTGAAT
strand r, 5'-ATTCAACCACCTTTTTTTTAACTGCAGCAG

strand x, 5'-CTGCTGCAGTTAAAACCTTGCTAGGACGGA

2.3. Enzyme assays

Assays were carried out using 1 pl (approximately 1 pg total pro-
tein) of the partly purified activities, in reaction buffer (20 mM Tris—
HCI, pH 7.5, 50 mM NaCl, 15 mM MgCl,) using 10 nM radioactively
5'-32P-labelled junction as a substrate. Calf thymus DNA (0.2 mg/ml)
was added as a competitor to minimise non-specific endonuclease
activity and DNA binding proteins. Reactions were initiated by the
addition of magnesium to the assay mix in 5 pl total volume, and
incubated at 60°C for 20 min. Reactions were stopped by the addition
of 4 ul formamide loading mix and heating to 95°C, and products

were analysed by denaturing gel electrophoresis and phosphorimaging
as described previously [20].

3. Results

We showed previously that cell extracts of the crenarch-
aeote S. solfataricus contain two distinct Holliday junction
resolving enzyme activities, Hjc and Hje [16]. To extend these
studies, we carried out comparative analysis of two highly
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Fig. 1. Detection of Holliday junction resolving enzyme activities in
archaeal extracts. 50 g S. solfataricus or P. furiosus cells were lysed,
cleared by centrifugation and fractionated on a high performance
SP-Sepharose column as described in Section 2. Fractions were as-
sayed for endonuclease activity using the mobile four way DNA
junction Jbm5, and the fraction of junction cleaved by each fraction
under standard assay conditions was quantified and plotted (4 and
A for Sulfolobus and Pyrococcus, respectively). For each species,
two peaks of activity were observed. In each case the major activity,
corresponding to the Hjc enzyme, eluted late in the gradient. In ad-
dition, a secondary activity eluted much earlier in the gradient. The
absorbance at 280 nm was monitored, and is represented by the
continuous line.
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Fig. 2. Cleavage of mobile Holliday junction Jbm5. A: Cleavage of each of the four strands of junction JbmS5 by all four resolving enzyme ac-
tivities purified from S. solfataricus and P. furiosus by SP-Sepharose chromatography. Lanes 1-5, JbmS5 strand a; lanes 6-10, Jbm5 strand b;
lanes 11-15, Jbm5 strand c; lanes 16-20, Jbm5 strand d. For each strand, the four lanes presented comprise A+G markers, cleavage by Pyro-
coccus Hjr, cleavage by Sulfolobus Hje, cleavage by Pyrococcus Hjc, and cleavage by Sulfolobus Hjc, respectively. B: The sequence of the centre
of junction Jbm5 is shown, with the mobile core boxed. Positions cleaved by the four enzymes are indicated by the arrows. Cleavage sites are

always paired, allowing junction resolution.

diverged archaeal species, S. solfataricus and P. furiosus. Cell
lysates of P. furiosus and S. solfataricus P2 were fractionated
by ion exchange chromatography, and fractions were assayed
for Holliday junction resolving activity using the synthetic
mobile four way junction Jbm5 as a substrate. These activities
were quantified by estimating the proportion of substrate
cleaved in each fraction, yielding a rough estimation of the
relative amount of each activity in the cell extracts. In both
Sulfolobus and Pyrococcus, we detected two distinct junction
resolution activities, with the Hjc enzyme constituting the
bulk of junction resolving activity (Fig. 1). The secondary
peak of activity in Sulfolobus is due to the Hje enzyme de-
scribed previously [18], whilst we provisionally assigned the
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label Hjr (for Holliday junction resolving) to the secondary
activity apparent in P. furiosus.

We proceeded to characterise the four distinct activities
identified in our primary screen in more detail by mapping
the sites of cleavage of each arm of the mobile junction sub-
strate Jbm5 (Fig. 2). This junction contains every possible
dinucleotide sequence within the mobile homologous core,
and previous studies have demonstrated that each resolving
enzyme cleaves the junction to give a distinct pattern of prod-
ucts that constitutes a molecular fingerprint for the enzyme
[16]. We have shown previously that partly purified and pure
recombinant Hjc from Sulfolobus have identical properties
[16]. All four archaeal enzymes introduced paired cleavages
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Fig. 3. Cleavage of a fixed four way junction. A: Cleavage of the fixed four way junction Z28 by native Hje and recombinant Hjc are shown
analysed by denaturing gel electrophoresis. Lanes 1-4, 5-8, 9-12 and 13-16, cleavage of the b, h, r and x strands of Z28 by Pyrococcus Hjr,
Sulfolobus Hje, Pyrococcus Hjc and Sulfolobus Hjc, respectively. B: The sequence of the centre of junction Z28 is shown. Positions cleaved by
the four enzymes are indicated by arrows. Paired nicks are introduced exclusively in the continuous h and x strands of Z28 by Hje, two nucleo-
tides 3’ of the point of strand exchange. In contrast, both Pyrococcus and Sulfolobus Hjc cleave all four strands, three nucleotides 3’ of the
point of strand exchange. Pyrococcus Hjr cleaves all four strands, one nucleotide 3’ of the point of strand exchange.
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in opposing arms of the junction, a prerequisite for true re-
solving enzymes. Clear variations in cleavage patterns were
apparent for all four enzymes. Hjc from Sulfolobus and Py-
rococcus introduced coincident nicks in the b and d strands of
the junction (Fig. 2, lanes 9+10 and 19+20) but differed in
their preferred sites in the a and ¢ strands. The Sulfolobus Hje
and Pyrococcus Hjr activities clearly differ in specificity from
the respective Hjc activities, reinforcing that fact that these
organisms both contain two distinct Holliday junction resolv-
ing enzymes. The failure of Ishino and co-workers [21] to
detect the second Pyrococcus activity may be due to their
choice of assay conditions, as the authors themselves suggest.

In order to analyse the four activities in more detail, we
tested their ability to cleave a fixed junction with heterologous
arms and a defined point of strand exchange (Fig. 3). The Hjc
activities from Pyrococcus and Sulfolobus each cleaved all four
strands of the junction, three nucleotides 3’ of the point of
strand exchange, emphasising the point that they are in fact
homologous enzymes with broadly similar specificities. Sulfo-
lobus Hje gives a very different pattern, cleaving only two
strands (b and r), two nucleotides 3’ of the junction centre.
Previously, we demonstrated that Sulfolobus Hje is specific for
strands that adopt a continuous conformation in the stacked
form of the junction [18], explaining its tendency to cleave
only two of the four possible sites. Lastly, Pyrococcus Hjr
cleaves all four arms of the junction. Significantly, cleavage
occurs one nucleotide 3’ of the point of strand exchange. For
fixed junctions, the point of cleavage depends on the orienta-
tion of the active site of the enzyme with respect to the junc-
tion centre. This suggests Hjr is distinct from both the Hje
and Hjc enzymes, with unique characteristics.

4. Discussion

In conclusion, both Pyrococcus and Sulfolobus contain two
distinct Holliday junction resolving enzymes. The two organ-
isms have the cellular Hjc enzyme in common, and in addition
have a secondary activity that differs in each case. Archaea
thus appear to possess a unique, conserved pathway for ho-
mologous recombination of the cellular genome, which in-
cludes the RadA protein for strand exchange, and the Hjc
protein for junction resolution. Proteins catalysing other steps
of the pathway, such as branch migration of the Holliday
junction, have yet to be detected.

The additional resolving enzymes in each organism remain
unidentified but clearly have different specificities. This is
shown most clearly by the pattern of cleavage of the fixed
junction Z28 (Fig. 3), which is cleaved with similar specificity
by the two Hjc enzymes, but cut at distinct positions with
respect to the junction centre by the Hje and Hjr activities,
suggesting fundamental differences in the enzymes’ orientation
of their active sites in the DNA-protein complex. By analogy
with the situation in eubacteria and eucarya, the most likely
function of these proteins is in viral recombination. Eubacte-
ria possess a cellular resolving enzyme (usually RuvC), and
may in addition contain one or more phage resolving enzymes

M. Kvaratskhelia et al.[FEBS Letters 491 (2001) 243-246

(RusA, T4 endonuclease VII or T7 endonuclease I), whilst
pox viruses express a resolving enzyme in the cytosol of
host cells in order to catalyse viral recombination and possibly
also resolution of the viral genome, which is replicated in
tandem arrays linked by cruciform structures [6,22]. A large
variety of mobile genetic elements have already been charac-
terised in Sulfolobus and other archaea [23]. Our findings sug-
gest that at least some of these elements are capable of
homologous recombination, and require a viral Holliday
junction resolving enzyme. These predictions may be con-
firmed by advances in the characterisation of archaeal viruses,
and by identification of the secondary Holliday junction re-
solving activities present in the archaea.

Acknowledgements: We thank Neil Raven for the supply of archaeal
biomass.

References

[1] White, M.F., Giraud-Panis, M.-J.E., Pohler, J.R.G. and Lilley,
D.M.J. (1997) J. Mol. Biol. 269, 647-664.

[2] Kemper, B. (1997) in: DNA Damage and Repair. Biochemistry,
Genetics and Cell Biology (Nickoloff, J.A. and Hoekstra, M.,
Eds.), pp. 179-204, Humana Press, Totowa, NJ.

[3] Sharples, G.J., Ingleston, S.M. and Lloyd, R.G. (1999) J. Bacter-
iol. 181, 5543-5550.

[4] Aravind, L., Walker, D.R. and Koonin, E.V. (1999) Nucleic
Acids Res. 27, 1223-1242.

[5] Lilley, D.M. and White, M.F. (2000) Proc. Natl. Acad. Sci. USA
97, 9351-9353.

[6] Garcia, A.D., Aravind, L., Koonin, E. and Moss, B. (2000) Proc.
Natl. Acad. Sci. USA 97, 8926-8931.

[7] Declais, A.C. and Lilley, D.M. (2000) J. Mol. Biol. 296, 421-433.

[8] Kvaratskhelia, M., George, S., Cooper, A. and White, M.F.
(1999) Biochemistry 38, 16613-16619.

[9] White, M.F. and Lilley, D.M.J. (1996) J. Mol. Biol. 257, 330-
341.

[10] Ariyoshi, M., Vassylyev, D.G., Iwasaki, H., Nakamura, H., Shi-
nagawa, H. and Morikawa, K. (1994) Cell 78, 1063-1072.

[11] Raaijmakers, H., Vix, O., Toro, L., Golz, S., Kemper, B. and
Suck, D. (1999) EMBO 1J. 18, 1447-1458.

[12] Hadden, J.M., Convery, M.A., Declais, A.C., Lilley, D.M.J. and
Phillips, S.E.V. (2001) Nature Struct. Biol. (in press).

[13] Keeling, P.J. and Doolittle, W.F. (1995) Proc. Natl. Acad. Sci.
USA 92, 5761-5764.

[14] Sandler, S.J., Satin, L.H., Samra, H.S. and Clark, A.J. (1996)
Nucleic Acids Res. 24, 2125-2132.

[15] Komori, K., Sakae, S., Shinagawa, H., Morikawa, K. and Ishi-
no, Y. (1999) Proc. Natl. Acad. Sci. USA 96, 8873-8878.

[16] Kvaratskhelia, M. and White, M.F. (2000) J. Mol. Biol. 297,
923-932.

[17] Kvaratskhelia, M., Wardleworth, B.N., Norman, D.G. and
White, M.F. (2000) J. Biol. Chem. 275, 25540-25546.

[18] Kvaratskhelia, M. and White, M.F. (2000) J. Mol. Biol. 295,
193-202.

[19] Schofield, M.J., Lilley, D.M.J. and White, M.F. (1998) Biochem-
istry 37, 7733-7740.

[20] White, M.F. and Lilley, D.M.J. (1997) Mol. Cell. Biol. 17, 6465-
6471.

[21] Komori, K., Sakae, S., Fujikane, R., Morikawa, K., Shinagawa,
H. and Ishino, Y. (2000) Nucleic Acids Res. 28, 4544-4551.

[22] Stuart, D., Ellison, K., Graham, K. and McFadden, G. (1992)
J. Virol. 66, 1551-1563.

[23] Zillig, W. et al. (1998) Extremophiles 2, 131-140.



