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ABSTRACT

Endonuclease | is a 149 amino acid protein of bacterio-
phage T7 that is a Holliday junction-resolving enzyme,
i.e. a four-way junction-selective nuclease. We have
performed a systematic mutagenesis study of this
protein, whereby all acidic amino acids have been
individually replaced by other residues, mainly alanine.
Out of 21 acidic residues, five (Glu20, Glu35, Glu65,
Aspb5 and Asp74) are essential. Replacement of these
residues by other amino acids leads to a protein that
is inactive in the cleavage of DNA junctions, but which
nevertheless binds selectively to DNA junctions. The
remaining 16 acidic residues can be replaced without
loss of activity. The five critical amino acids are located
within one section of the primary sequence. Itis rather
likely that their function is to bind one or more metal
ions that coordinate the water molecule that brings
about hydrolysis of the phosphodiester bond. We have
also constructed a mutant of endonuclease | that lacks
nine amino acids (six of which are arginine or lysine)
at the C-terminus. Unlike the acidic point mutants, the
C-terminal truncation is unable to bind to DNA junctions.
It is therefore likely that the basic C-terminus is an
important element in binding to the DNA junction.

INTRODUCTION

introduces cleavages into branched DNA species including
four-way junctions 13,31,32). A functionally related enzyme
called endonuclease VIl is encoded by phagelP89).
Junction-resolving enzymes are nucleases with a strong
substrate specificity for branched DNA. There are thus two
aspects to their properties. First, they exhibit a marked specificity
for binding DNA junctions; complexes with four-way DNA
junctions are typically not displaced by a 1000-fold excess of
linear DNA of the same sequenc&{36). Second, they are
nucleases that catalyse the hydrolysis of the phosphodiester bond.
In order to bring about a resolution of a four-way junction, these
enzymes invariably bind in dimeric forrB%-39) and introduce
paired cleavages in the DNA. The two cleavages occur within the
lifetime of the enzyme—junction complex in the known cases of
T7 endonuclease 137) and T4 endonuclease VI4{@). The
binding event positions the active sites of the two subunits
correctly on the junction such that the required cleavage is
possible. This step also provides the structural selectivity of the
process, as well as distorting the global structure of junctions in
most cases3¢,35,39,41-43) for reasons that are not yet apparent.
The binding event can occur normally in the absence of cleavage.
Thus inactive mutants of these enzymes normally bind to DNA
junctions with almost unaltered affinity, as exemplified by T4
endonuclease VIK@). Furthermore, incubation of DNA junctions
with heterodimeric phage resolving enzymes consisting of active
and inactive (mutant) subunits leads to unilateral cleavage
(37,40), showing that one subunit can cleave normally while the
other is non-functional. T7 endonuclease | has been shown to

Four-way (Holliday) DNA junctions are central intermediates ircleave linear DNA when delivered to the substrate as a fusion
recombination processe$—0). These branched DNA inter- with the lac repressor45). The cleavage reaction can add a
mediates are ultimately resolved back to duplex DNA speciefyrther level of specificity to the process, because some enzymes,
requiring a class of junction-resolving enzymes (reviewéd)in  exemplified by RuvC 46), CCE1 86,47) and RusA $9,48),

They are important enzymes in processes of recombination aexhibit very significant sequence preferences. However, the
repair of DNA and have been isolated from bacteriophage-infectelifferences in cleavage rates between junction sequences are not
eubacterial2,13), Escherichia col{14-17), yeast {8-21) and  reflected in variation in the affinity of binding, indicating that they
mammalian cells 22,23) and their viruses2¢). They are result from altered interactions with the transition state, rather
probably ubiquitous cellular enzymes. The junction-resolvinghan the ground state of the reaction. This again points to a
enzyme of bacteriophage T7 is encoded by §adeatants in this  separation between the basic binding of the protein to the junction
gene are deficient in recombinatioB506) and accumulate and the cleavage of the DNA once bound, suggesting that the
branched DNA intermediateg7%). The product of gen@ was parts of the proteins involved in DNA cleavage are typical
found to be a 149 amino acid endonuclead®-30) that deoxynucleases.
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One or more metal ions are frequently involved in phosphodiestilaCl by heating to 90C followed by slow cooling to room
bond hydrolysis by nucleases®). In staphylococcal nuclease for temperature. Repair synthesis and ligation were performed in
example, a metal ion provides the hydrolyticQtdcleophile in 10l of 20 mM Tris—HCI (pH 7.5), 10 mM Mg@|5 mM DTT,
its coordination sphere, as well as stabilising developing negatitemM dNTPs, 5 U T4 DNA ligase and 3 U T4 DNA polymerase
charge in the transition staté9. In other nucleases, such asfor 5 min on ice, 5 min at room temperature, 2 h aC3@nd
E.coli DNA polymerase | exonucleasg(j, two separate metal finally overnight at room temperature. The mixture was transformed
ions carry out these functions. The binding sites for such cataly{{67) into E.coli DH5aF (dut” ung) and grown overnight in LB
metal ions frequently comprise a number of aspartate and/at 37C. All the genes were sequenced to confirm the presence
glutamate residue$1{-55) and acidic amino acids essential forof the required mutations, using primer extension—dideoxy
nuclease activity have been identified in a number of junctiorsequencing¥8). Mutant genes were excised from pUC119 and
resolving enzymes, including T4 endonuclease \3B,44), religated into pK19.

RuvC 66) and RusA§9). Random chemical mutagenesis of the
gene encoding T7 endonuclease | led to the identification of
number of residues required for cleavage actiéty, (ncluding
three acidic amino acids, namely Glu35, Glu65 and Asp55. To gefutated endonuclease | was expressed as N-terminal protein A
a clearer position of the role of acidic residues in the phosphodiestggions from the vector pK19 transformed in JM101. Cultures
cleavage mechanism we decided to change all the glutamate gBanl) in LB were grown at 37T to Aggp= 0.6 and then induced
aspartate residues systematically by converting them individuallyy addition of 0.5 mM IPTG and growth continued for 2 h. Cells
to alanine. This analysis has revealed two further acidic amingere harvested by centrifugation in an Eppendorf centrifuge for
acids essential for DNA cleavage, a total of five altogether, angl min. Cells were resuspended in 32050 mM Tris—HCI

16 non-essential residues. In the course of these studies we h@ig 7.6), 150 mM NaCl, ful/ml pepstatin and 2 mM pefabloc
also made an additional mutant form of endonuclease | in whigihd sonicated for 3 bursts of 5 s (with resuspension on ice between
the basic C-terminal nine amino acid peptide has been deletg@rsts). After sonication the suspension was centrifuged in an
This mutant protein can be overexpressed to high levels, but cBppendorf centrifuge for 2 min to remove cell debris and the
neither bind nor cleave DNA junctions. It is therefore probablgupernatant was used in the cleavage assay. Aliquots of 2uand 4
that this positively charged region of the protein, in contrast to thsf each lysate were incubated with radioactive DNA junction in
acidic residues, is involved directly in binding the substrate DNAQ mM Tris—HCI (pH 7.6), 100 mM NaCl, 10 mM MgCL mM

Bxamination of junction-cleavage activity in cell lysates

junctions. DTT for 10 min at room temperature and the reaction stopped by
addition of formamide, heating to 90 and rapid cooling. The
MATERIALS AND METHODS samples were loaded onto a 10% sequencing gel in 90 mM
. ) ) Tris—borate (pH 8.3), 10 mM EDTA, 7 M urea and electro-
Preparation of single-stranded DNA for mutagenesis phoresed at a power warming the plates to be hot to the touch. The

The gene encoding T7 endonuclease | was excised from ffgioactive DNA was visualised by autoradiography ar'€70
plasmid pK1@ndol by restriction cleavage usingcoRl and  USING Fuji RX X-ray film with liford fast tungstate intensifier
BanmHI and ligated into pUC119. The resulting plasmid was¢€ens:

transformed intcE.coli strain CJ236 dut ung cells. Single-

stranded DNA was prepared by transfection of a 100 ml cultuiExamination of protein expression in induced cells

of CJ236 containing pUC1&fdol in LB supplemented with . ) )
antibiotics after transfection by helper phage M13K07 at &ultures (5 ml) of cells transformed with plasmids expressing
multiplicity of infection of 10. This was incubated at°g7 endonyclea;e | mutants as N-terminal protein A fusions were
overnight with vigorous shaking to ensure good aeration. THEOWNin LB, induced with 0.5 mM IPTG and grown for 2 h. Cells
culture was harvested by centrifugation at 120 15 minat  Were harvested by centrifugation inan Eppendorf ce;ntnfuge for
4°C. Phage were precipitated by addition of 0.25 vol. of 3.75 M Min and the cells resuspended inu8@f 100 mM Tris-HCI
ammonium acetate (pH 8.0), 20% polyethylene glycol (mol. wiPH 7). 1% (w/v) SDS, 5% (v/v) glycerol, 10 mM DTT, 0.01%
8000) and left on ice for 60 min. The pellet was resuspended ffomophenol blue. The samples were boiled for 5 min auld 4
400p! of 10 mM Tris—HCI (pH 8.0), 1 mM EDTA and the phage Were loaded onto a 12.5% polyacrylam|de _gel containing SDS.
lysed by the addition of 400 of chloroform:isoamyl alcohol After electrophoresis proteins were visualised by staining in
(24:1). After vortexing for 1 min the solution was centrifuged fo0-25% (w/v) Coomassie blue R-250, 50% (v/v) methanol, 10%
5 min in an Eppendorf centrifuge and the upper aqueous phd¥&) acetic acid and the gel air dried.

was extracted with phenol:chloroform until there was no material

visible at the interface. Finally, the aqueous phase was extracRecloning of endonuclease | E20A as an oligohistidine fusion
with 400 pl of chloroform:isoamyl alcohol and the DNA was

recovered by precipitation with ethanol. Plasmid pK1@ndolE20Awvas used as a template for PCR, using
primers 5CTAGTTATGCTGGGATCCATGGCAGGTTAC-3
and B3-ACGCTCGTCGCTAAGCTTTTATTTCTTTCC-3 in
order to incorporatBarrHI andHindlll restriction sites at theb
Mutagenic oligonucleotides were designed to effect the changearfd 3-ends respectively. PCR was performed using the pro-
selected amino acids to alanine residues or a termination codofreading thermostable Pfu DNA polymerase. After digestion,
Aliguots of 10 pmol of the oligonucleotides were phosphorylatethe amplified fragment was ligated into BarrHI andHindlll

and hybridised td1l pg of single-stranded pUC1é8dolin  sites of pQE30 (Qiagen) and transformed iEtgoli strain

20 mM Tris—HCI (pH 7.5), 10 mM Mgg|1 mM DTT, 50 mM  DH5aF'. Transformants were characterised by restriction digestion.

Site-directed mutagenesis
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Overexpression and preparation of presence of both free and protein-bound species. The binding
N-hexahistidine-endonuclease | E20A conditions used were essentially the same as above, except that
nM (calculated for nucleotide concentration) calf thymus

: . .589?]
Expression plasmids prepared as above were retransformed '8 petitor DNA was included in the binding reaction to minimise

E.coli strain M15 (pREP4). One_litre cultl_Jres Were grown to."?“ﬁon—specific complex formation. Samples were applied to 9%
Asg0 Of 0.6, whereupon expression was induced by the additiq v iamide gels and electrophoresed in 90 mM Tris—borate
of IPTG to a final concentration of 0.5 mM and growth for a(pH 8.3), 5 mM EDTA at 110 V for 16 h. Gels were dried onto

further 2 h. Cells were harvested by centrifugation at 400 :
10 min at 4C and the pellet resuspended in 10 ml of 50 mMNhatman 3MM paper followed by autoradiography as above.

sodium phosphate (pH 7.0), 200 mM NacCl. Cells were lysed by

sonication and the lysate clarified by centrifugation at 15¢000 RESULTS

for 15 min at 4C. The cleared lysate was applied to a ) ) i . o
Ni-NTA—agarose column (Qiagen) and washed extensively withystematic alanine scanning mutagenesis of the acidic
50 mM sodium phosphate (pH 7.0), 200 mM NaCl, 10 mnvemino acid residues of T7 endonuclease |

gg'?gzz(gg (msPmbiggggfiﬁuwngsﬂ%ﬁ?e\;,v?ﬁ igéegﬁeg\géss? fltﬂgﬁ order to assess the role of acidic amino acids in the DNA

N-hexahistidine-endonuclease | E20A eluted in the last step. Pe%{Eavage reaction of endonuclease | we have systematically

. ; e : o . Mmutated each aspartate and glutamate (in addition to those
fractions were identified using a qualitative Bradford protelr{n viously i dentifie% 34) in turn greplacing tr(1em with alanine
assay (BioRad), pooled and concentrated using a 10 kDa cut- ff ’ :

concentrator (Millipore). Protein concentration was calculated b e%?;(rjeg(t)')adﬂr]guéz%?gs& dvi\%seﬁzronr?fclggéeuls(l'rlg gtggaiéunkel
a quantitative Bradford assay, using BSA as standard. cloned into theBanHI and EcaRI sites of pUC119 1) to

: . facilitate the mutagenesis. The resulting plasmid pUC119-endo-
Assembly of DNA junctions nuclease | was transformed infocoli CJ236 dut ung and
All junctions used were based on the sequence of juncti&®).3 ( Single-stranded, uracil-laden plasmid DNA produced. Primers

. ) ) _ containing the relevant mutation were used to prime second strand
Electrophoretic retardation analysislunctions were assembled gynthesis using the normal four deoxynucleotide triphosphates. The
from four strands, each of 30 nt, to generate a junction of 15 bp/arF@suIting plasmid was transformed i&eoli strain IM101dut*

Comparative gel electrophoresi€€ach of the six species Und’), with consequent degradation of the parental strand and
shortened in two arms were assembled from four oligonucleotid&Pair DNA synthesis from the mutated strand giving & substantial
(of 80, 55 or 30 bp in length). For example, species Bignrichment of the mutation. Transformants were screened for the
(comprising long B and H arms and short R and X arms) wa¥esence of the relevant mutation by sequencing. Mutated

assembled from a b strand of 80 nt, h and x strands of 55 nt d#fefonuclease | genes were subcloned into pK19BRAahd
an r strand of 30 nt. transformed irE.coli JM101 for expression as an N-terminal

) ) fusion with protein A and again verified by sequencing. The
Analysis of cleavage by endonucleasiihctions were assembled mutations that were introduced into endonuclease | are listed in
from four strands, each of 50 nt, to generate a junction afgple1.

25 bp/arm. The h strand was¥3P-labelled in these experiments.

Junctions were assembled by mixing stoichiometric amounts of ) ) .
each strand, one or more of which were radioactiveRzm- Analysis of the nucleolytic activity of endonuclease | mutants

labelled. This was incubated at'Ibfor 3 min followed by slow e, tant of endonuclease | was expressed as a fusion with
cooling to room temperature. Junction DNA was purified by, oin A'inE colistrain JM101. We have shown previously that
electrophoresis in a 5% polyacrylamlde gel, followed by excisio -terminal fusions with endonuclease | do not interfere with
of bands and electroelution. junction-cleavage activity of the enzyn&l). The activity of the

, . , ) mutant proteins was initially assayed directly from the induced
Electrophoretic mobility retardation analysis cell lysate. Each strain was grown to agydof 0.6, whereupon

Junction DNA (1 nM) was incubated with various amounts ofXPression was induced from tae promoter by the addition of
protein in 50 mM Tris—HCI (pH 8.0), 150 mM NaCl, 1 mMm DTT, IPTG. After 2 h induction, the culture was harvested and lysed by
100 ug/ml BSA and either 10 mM Mgghbr 5 mM EDTA in a sonication. The lysate was cleared by centrifugation and the
10p! reaction volume. After incubation at @5, loading dye Supernatant used to cleave radioactive four-way junction DNA.
(final concentration 5% wiv Ficoll 400, 0.25% bromophenol Figurel shows the results of the analysis of endonuclease |
blue, 0.25% xylene cyanol) was added and the entire sam€tivity from the cell lysates. Where active endonuclease | is
loaded onto a pre-running 6% polyacrylamide gel in 90 mnPresentin the extract, a clear product band is evident. Incubation
Tris—borate (pH 8.3), 10 mM EDTA. Electrophoresis wadVith the extract from cells expressing the previously characterised
performed at 90 V for 16 h. The gel was dried onto Whatma@ndonuclease | E65K4) gives no such product, confirming that

3MM paper followed by autoradiography as above. this mutation leads to inactivity of junction resolution. From these
results it is apparent that two further endonuclease | mutants,

E20A and D74A, have lost the ability to cleave junction DNA in
this assay. However, selective binding to DNA four-way junctions
The six species used for comparative gel analysis were each ugektained by both proteins. The remaining 16 acidic amino acids
at 1 nM concentration. N-hexahistidine-endonuclease | E20Aave each been mutated to alanine with no loss of cleavage
was added to a final concentration of 500 nM, to ensure ttativity or specificity. These data are summarised in Table

Comparative gel electrophoresis of junction conformation
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Table 1.Summary of the properties of the endonuclease | mutants

constructed A J3 &AEQ_M@\T{EA
— __H S
h -
Mutation Cleavage of junction 3 Binding to junction t;mrand 4 B P—— e
E20A Inactive Yes r
D21A Active g % . & product
E28A Active junction 3
E35K2 Inactive Yes L 2343557 8% 10"
E35Q Inactive BM E’( E38A ENM ATAM .ﬂi&%ﬁaﬂtenn
E37A Active
E38A Active -~ BB Rl e-EE = =a®® = @8 ubslrate
D55N? Inactive Yes
E65K2 Inactive Yes
E65Q Very low activity *s . SScomwanne | product
E71A Active |
D73A Active 12 446 5 8510,,12,,14,.16 .18 520
D74A Inactive Yes CEEOAE2B‘&' E37A E71A UTMEB:}A ERTA DaﬁAH 1ME14DA
E83A Actve
E87A Active - - il = o i substrate
D89A Active
E111A Active
E114A Active *e=as @ ® eS8 =& =ae=poduct
[E)E:: 2‘;:‘;2 12 g4 56 5 Bg10. 12 14,1618 20
E132A Active
E136A Active
D140A Active Figure 1. Analysis of the junction-cleavage activity of T7 endonuclease |
A9C-term Inactive No mutants in cell lysate&scherichia colicells expressing endonuclease | mutants

as N-terminal protein A fusions were induced by addition of IPTG and cell lysates
prepared by sonication. In each case 2 arnd dliquots were individually
incubated with four-way DNA junction 3 radioactivelis3P-labelled on the h

All are point mutants except for the final C-terminal 9 amino acid deletion mutangtrand (as shown in the insert) and the products analysed by separation on a
(A9C-term). The activity is taken from the assay of junction 3 cleavage using thB0lyacrylamide gel and autoradiography. The band arising from cleavage of the
cell lysates containing the N-terminal protein A fusion proteins and no attemp‘1 strand by endonuclease | junction-resolving activity is indicated right as

. - R L roduct. A) Analysis of lysates from strains carrying five different mutants of
to quantify the level of activity has been made. The binding to four-way junctions h ndonuclease |. This includes the previously characterised endonuclease |

only been assessed for the inactive mutants and the absence of an entry in g5k Track 1, junction 3 not incubated with protein, showing the full-length

third column only signifies that the experiment has not been performed. h strand; tracks 2 and 3, 4 and 5, 6 and 7, 8 and 9, 10 and 11, incubation with
Mutants were isolated previously by random chemical mutagenesis with selectidd21A, E20A, E38A, E65K and D74A, respectively; even numbered tracks
for loss of toxicity when expressedHincoli (34). correspond to @l aliquots and odd numbered tracks corresponglit@aéuots

of cell lysates. The cleavage by endonuclease | D21A is rather faint on this
autoradiograph, but this activity is reproducible (tracks 1 and 2 in part B).
Of the mutants isolated in the original random chemical(B) Analysis of lysates from strains carrying further mutants of endonuclease
p ; e . 1, including deletion of the C-terminal nine amino acid89-term). This
muftagene.3|33@), two involved Char.]ge.s from acidic to basic includes the previously characterised endonuclease | E35K and D55N. Tracks
residues, i.e. E35K and E65K. This is an extreme change Qfand 2, 3and 4, 5and 6, 7 and 8, 9 and 10, 11 and 12, 13 and 14, 15 and 16,
character and we therefore asked whether smaller changes woultand 18, 19 and 20, incubation with D21A, E35K, E38A, D55N, E111A,
also lead to inactivation of junction-cleavage. We therefore madB122A, E128A, E132A, E136A anfi9C-term, respectively; odd numbered
the mutant endonuclease | E35Q, where the carboxylic acid Sid cks correspond toj? aliquots ar_ld even numbered trac_ks corres_ponqnto4
. -aliquots of cell lysatesQ) Analysis of lysates from strains carrying further
chain of the glutamate has been changed to the correspondiRgants of endonuclease I. Tracks 1 and 2, 3 and 4, 5 and 6, 7 and 8, 9 and 10,
amide, glutamine. This mutant was found to be completely1 and 12, 13 and 14, 15 and 16, 17 and 18, 19 and 20, incubation with E20A,
inactive in the cleavage of four-way junctions and thus weE28A, E37A, E71A, D73A, E83A, E87A, D89A, E114A and D140A,
conclude that Glu35 provides an essential carboxylate moiet{ESPectively; odd numbered tracks correspond fal 2liquots and even
| f . . b d with d umbered tracks correspond {dl dliquots of cell lysates. For an unknown reason,
Some cleavage o DNA junctions was observed with endOgigestion with 44 of the extract containing endonuclease | E71A (track 8) failed
nuclease | E65Q, but this level was very much lower than thab generate junction cleavage, however, theicubation clearly shows good

found for other active forms of the enzyme. activity.
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Analysis of the DNA-binding activity of endonuclease | E20A

The systematic mutagenesis has led to the isolation of two new
inactive mutants and we have characterised the DNA binding
properties of one of these in greater depth. The inactive endo-
nuclease | mutant proteins were initially produced as N-terminal
fusions with protein A ofStaphylococcus aureusHowever,
purification of the fusion proteins was hampered by proteolysis
during the purification procedure. The presence of fusion-released
mutant endonuclease | would hamper further analysis of DNA
binding as the protein forms a strongly associated diigy (
resulting in a heterogeneous mixture of fusion—non-fusion protein

dimers in the reaction. Further characterisation of one mutant of
endonuclease |, E20A, was therefore aided by expressing it as an
N-terminal oligohistidine fusion. The endonuclease | E20A gene
was amplified by PCR using primers that would incorporate unique
BanHI andHindlll restriction sites. After restriction digestion with
those enzymes, the DNA fragment including the endonuclease |
E20A gene was ligated into pQE30 (Qiagen), allowing subsequent
expression and purification as an oligohistidine-fused protein.
N-hexahistidine-endonuclease | E20A was analysed for its ability
to bind a four-way DNA junction using gel electrophoretic
retardation analysis. For this purpose we used a non-migratory
12 four-way DNA junction with arms each of 25 bp with the
sequence of junction 35¢). Radioactively 532P-labelled
junction was incubated with increasing amounts of N-hexahistidine-
Figure 2. Overexpression of inactive endonuclease | mut&stherichia coli endonupleasel E20A and . analysed by non-denaturing pqu'
cells expressing endonuclease | mutants as N-terminal protein A fusions Wer@c_rylam'de gel electrophores_ls in the absence of ac_lded m_etal 1ons
induced and cells were harvested, resuspended and boiled. The proteins preséfig. 3). At moderate protein concentrations, a single discrete
in the extract were examined by electrophoresis in polyacrylamide gelsDNA—protein complex is formed, with a second complex being
;Ol;‘tt::t‘;”ig iﬁgfétgg% P&iﬂgr’:ocv’\fstz? ;‘tj)'"'lf]”t%i‘ OFi,fgrt:)i(” ré;;ﬂdosqfeﬁfszgn!formed at higher protein concentrations. Previous studies indicated
proteolytic degradatio?: products cangbe seen in addit‘i)on to tghe full—lengthﬁh'at this second complex s less Spe_CIfIC and can be re"f‘d"y competed
302 amino acid fusionA) Track 1, mixture of proteins to serve as molecular BY duplex DNA (data not shown), in contrast to the first complex
weight markers (molecular weights shown on left); track 2, uninduced cellsformed with endonuclease |, which is resistant to competition by a
transformed with endonuclease | E20A; tracks 3—7, induced cells transformed 000-fold molar excess of duplex DNB4). In general the binding
with endonuclease | E20A, D21A, E38A, E65K and D74A, respectively; track of endonuclease | to junctions is cooperative and it is not easy to

8, purified protein A—endonuclease | E65R) {Track 1, mixture of proteins to di L h =
serve as molecular weight markers (molecular weights shown on left); track 2Measure an apparent dissociation congtantjth accuracy. From

uninduced cells transformed with endonuclease | E35K; tracks 3-12, inducednese data, an appardfy in the region of 500 nM has been
cells transformed with endonuclease | D21A, E35K, E38A, D55N, E111A, estimated, indicating that the affinity has been lowered compared

D122A, E128A, E132A, E136A amiC-term, respectively; track 13, purified  \ith the value for endonuclease | E65K) However, the fusion
protein A-endonuclease | E65K. adduct used in this case is different, which may well affect the
binding affinity.

B D21A D55N E128A A9-Cterm
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Inactive endonuclease | mutants enhance the rate of cell
growth and the yield of protein Global structure of the four-way DNA junction bound by

. . ._endonuclease | E20A
In the course of preparing the cells for the assays of junction- ucieas

cleavage activity, it was observed that the strains expressing thehas been previously determined that the four-way DNA
two new inactive mutants displayed enhanced growth whguanction undergoes a folding transition in the presence of
compared with those expressing active endonuclease I. This isiticromolar concentrations of divalent metal ions such as
good agreement with the previously reported toxicity of bacterionagnesium %9,63). The global structure changes from an
phage junction-resolving enzymes when overexpresdeddati  extended, square structure in the absence of magnesium to a
(34,44). The reduction in toxicity of the inactivating mutants isright-handed, antiparallel, crossed structure in the presence of
also reflected in higher levels of expression of endonuclease | '880 pM magnesium ions, called the stacked X-structure. Upon
these mutants, shown by SDS—PAGE of the proteins presentbimding of proteins, however, the junction can be unfolded and
the cell lysates (Fi@). While the cells expressing inactive mutantmanipulated into novel structures determined by the protein. The
endonuclease | (E20A, E65K and D74) give bands correspondigépbal structures of the junction have been determined for
to significantly overexpressed protein, this is absent in the lysatesmplexes with all of the known junction-resolving enzymes,
from cells expressing active endonuclease | (D21A and D38Ancluding T4 endonuclease VIBY), RuvC @1), RusA ¢9,43),

We also found similar overexpression from strains expressing t@CE1 @2) and YDC2 64), and other proteins, including the
other inactive mutants, E35K and D55N, while none of the straiganction-binding protein RuvAgp), site-specific recombinases
expressing the active mutants gave overexpression detectabledbyhe integrase family such as CéSYand HMG box proteins

gel electrophoresis (data not shown, in some cases). (67). Disruption of the folded state of the four-way junction
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Figure 3.Binding of N-hexahistidine-endonuclease | E20A to a four-way DNA EEE - - junction
junction. Radioactively '32P-labelled junction (1 nM) was incubated with LA 8
increasing amounts of N-hexahistidine-endonuclease | E20A and analysed b 200 uM MgCl

non-denaturing polyacrylamide gel electrophoresis in the absence of addec
metal ions. The complex migrates as a discrete retarded species. At high protei 12 3 4 5 6
concentrations a second, more retarded complex is observed. Track 1, no added
protein; track 2, 29.4 nM protein; track 3, 58.8 nM protein; track 4, 117.5 nM
protein; track 5, 235 nM protein; track 6, 470 nM protein; track 7, 940 nM  Figure 4. Manipulation of the global structure of a DNA junction by
protein; track 8, 1.3@M protein; track 9, 3.7@M protein. N-hexahistidine-endonuclease | E20A38P-radioactively labelled junction 3
was assembled from four oligonucleotides to generate the six species with two
long and two short arms. The four arms are named B, H, R and X as used in the
appears to be common to all of these proteins, even though theginal studies of this junction (59). The six two-long, two-short arm species
final global conformations differ in most cases. were each incubated with N-hexahistidine-endonuclease | E20A and analysed

} : : by electrophoresis on an 8% polyacrylamide gel and by autoradiography.
The f'r$t example of al'geratlon of gIObaI .Strucwre In the(A) The complex of junction 3 with N-hexahistidine-endonuclease | E20A in
four-way junction by resolving enzymes was in fact found Withihe absence of added metal ions. The six two-long, two-short arm species
T7 endonuclease b§), using both wild-type enzyme and the generated from junction 3 were incubated with N-hexahistidine-endonuclease
inactive E65K mutant. It was found that the protein bindinglE20Air1the_presence of 10 mM EDTA. Foreach of the long-short arm species,
Changed the global folding of the DNA in both the presencé}/vo rad|oa_ct|vg bands are ev_ldent, corresponding to free DNA and complex.
E65K mutant onl ) and absence (both roteins) of maanesiun hg frge junction migrates in a slow, fast, slow, s[ow, fast, slow pattern
_( Y ) . p 3 g_ Mdicative of the extended, square structure (shown right). The RX species is
ions. We therefore decided to examine the effe_Ct of bmdmg theartially diffuse in the free junction in this experiment. The junction—protein
new mutant endonuclease VII E20A. The six possible subspecies afmplex migrates in a different pattern, closely similar to that observed
junction 3 with two long (40 bp) and two short (15 bp) arms werePreviously for wild-type endonuclease | and the E65K mutant (B})Tlte

: : 32D ; ; complex of junction 3 with N-hexahistidine-endonuclease | E20A in the
radloactlvely 53%P-labelled. Each was incubated with 500 nM resence of magnesium ions. This experiment was performed analogously,

N-hexahistidine-endonuclease | E20A and analysed by POl)éxcept that binding and electrophoresis were performed in the presence of
acrylamide gel electrophoresis under non-denaturing condition200um magnesium ions. As before, bands corresponding to free and bound
Figure 4A shows the pattern of the protein-bound and freegjunctions are observed for each long-short arm species. The free DNA exhibits
junction in the absence of added metal ions. The pattern 6lfae slow, mtermedlate,_ fast, fast, mtermedlate, _slow pattern _|nd|cat|ve of the

lectrophoretic mobilities is very different from the free junction Stacked X-structure with B on X coaxial stacking (shown right) (59). The
e h p y J : . " structure of this stacking conformer gives rise to the three pairs of long-short
which gives the slow, fast, slow, slow, fast, slow pattern indicativeym species in which the included angles between the long arms are acute (BH
of the extended square structure under these conditions. Thus tirel RX are slow species), obtuse (BR and HX are intermediate species) or
protein has clearly imposed a new global structure on théear (Bﬁ?r:‘d_HR are fast fp,ec'es)- The_pa}te”ll Og_rf?Ob"':'?S f°fﬂt1h? I??E'thort
; ; ; : species of the junction—protein complex is clearly different from that of the free
J.unCt!on' I.n the presen_ce of ZW mag”es'“”_‘ lons th_e free DNA, indicating a protein-induced change in the global conformation of the
junction gives the slow, intermediate, fast, fast, intermediate, SloWinction. The pattern is closely similar to that observed in the absence of
pattern showing that it has folded into the stacked X-structure ifagnesium ions (B), showing that the same global structure is induced by
theisoll conformer (based on B on X arm stacking), however, theprotein binding, irrespective of prevailing ion concentrations.
electrophoretic mobility pattern exhibited by the complex is

differentand is the same as that found in the absence of metal ioffigs excess of mainly linear DNA failed to displace the protein
Comparison with the patterns obtained with complexes containifgom the junction demonstrates the great structural selectivity of

wild-type endonuclease | and endonuclease | EGBXghow  the endonuclease | mutant for the four-way DNA junction. This
these to be identical. Thus endonuclease VII E20A Imposes t@typ|ca| of the junction-reso'ving enzymes in genera'_

same structural distortion on the DNA under the same conditions,
despite the different mutation present. This indicates that thﬁ
structural distortion on binding may occur in the absence of
phosphodiester cleavage. We have noted that the C-terminal nine amino acids form a
One further conclusion may be deduced from this experimergarticularly basic peptide, with the sequence RLKRKGGKK,
It should be noted that the incubations of N-hexahistidine-endavhich might conceivably have an important role in DNA binding.
nuclease | E20A with the various long-short arm DNA junctiong\ further mutation was therefore introduced in which the codon
contained a large excess of calf thymus competitor DNA. Thébr Arg141 was replaced by a termination codon. This mutant

uncation of the C-terminal peptide of endonuclease |
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(endonuclease N9C-term) was expressed as an N-terminal A
protein A fusion analogously to the point mutants above. Like the

: . . . . . . E20 E35 D55 E65D74
inactive point mutants it was overexpressed on induction witt

IPTG (Fig.2B) and showed no detectable cleavage activity with N : ' "I - | — |I 1 - - |I L 'IE &
junction 3 (Fig.1B). Unlike all the point mutants analysed, ; .

however, the C-terminal deletion mutant (as an N-termina # 2 o ARl
protein A fusion) exhibited no binding to DNA junctions that was

detectable by electrophoretic retardation (data not shown). B

DlSCUSSION TT MAGYGAKGIREVGAFREGL EDRVERQLESKGIKF EYEEWEVEYVIPASHHTYTEDFLLEN &0

T3 MASKYARRCTOGRAFREGL EDRVEKQLESKGTKF DYELMRI PYVIPESDHLYTFLDFLLEN &0
Of the 21 acidic amino acids of T7 endonuclease | we hav
identified five that are essential for the cleavage of four-way DN/ 6IFVETRGLWESDDRIKHLL IREQHPELDIRIVF S5 SRTKLYKGS PTSYGEFCEKHGIRF 120
junctions. The remaining 16 residues can be changed to alani  crrrErrerWDSHDRKOLLIREHE FLOTRIVFESSREKLYKGSPTSYCEWCERHETLE 120
without detectable loss of activity in cell lysates. It is likely that
at least some of the five essential acidic amino acid side chains ¢ =~ APFLIPAEMIRERRREVEFDRLERRGERE 149
involved in the coordination of a metal ion(s), providing a  ADKLIPVAGVREPRKEVFFLEFETERGVE 119
hydrolytic water molecule in the coordination sphere that is
required for breakage of the phosphodiester bond. This |
probably a common mechanism in the junction-resolving enzyme (C

since essential acidic amino acids have been found in T 35 55 &5 74
endonuclease VII35,44), RuvC 66), RusA @9) and the yeast ~ ®e T % FoOEEiEmmVIsASHT R smamsoont ©
resolving enzymes CCE1l and YDC2 (M.FWhite and emas vir % Xooovornew-LenLuTyLRsSOYTOrITHEN--FYGORSXEFSRIGE 121
D.M.J.Lilley, unpublished data). He

Despite the complete inability of these mutant proteins to
cleave DNA junctions, all the mutants tested retain the selective
binding of four-way junctions and manipulate the conformationFigure 5. The location of catalytically essential acidic residues in T7
of the junction in the same manner. Retention of binding by‘endonuclease IA) Linear map of endonuclease | showing the location of

: ; ; sential acidic amino acids (red), inessential acidic amino acids (green) and the
catalytically incompetent mutants again seems to be a comm sic C-terminal peptide (magentd}) Sequence alignment between endo-

property Qf the junCtion‘resplvmg enzymas,39,44) and Shows  nyclease | of phages T7 and T3. The essential acidic amino acids are highlighted
that binding can proceed in the absence of an ability to cleavé red, while the inessential ones are indicated green. The basic C-terminal

junctions, i.e. that the two events are to some extent separableeptide is shown magent&)(The region of sequence similarity between T7
Botn T7 endonuclease | and T4 endonuclease VI are highfberiecsse e i snionetsse W, The Kenties e paer b e
toxic when overexpressed iB.coli, in contrast tO' quUIar e)r/1d0nﬁclease Igand essential and inessential acidic residues of endonuclease |
enzymes such as RuvC, CCE1 and YDC2. The toxicity appeakge highlighted in red and green, respectively. Note that none aligns with an
to arise from the activity of these enzymes and mutations that leadkntical residue in endonuclease VII. The essential Glug6 residue of T4
to loss ofjunction-cleavage activity resultin loss of toxicity. In theendqnuclgase yll is highlighted in magenta; this does not align with an essential
case of the mutants isolated in this study, the correlation betwedfjdic residue in T7 endonuclease I.
the loss of activity and overexpressionHrcoli is total. This
leaves the question of why some junction-resolving enzymes may
be readily overexpressed, while others (the phage T7 and P#bteins, while Glu35 of the phage T7 enzyme is conservatively
enzymes especially) cannot. What distinguishes the enzymesreplaced by aspartate in the phage T3 protein §Big.While this
phage T7 and T4 is the low degree of sequence specificity in théar clearly expected if these residues play an important role in
cleavage reactions, compared with other junction-resolvingatalysis, it must be noted that the overall sequence identity is so high
enzymes such as Rus29(48), RuvC ¢8) and CCE136,47). A that most of the non-essential acidic residues are also conserved. T7
high degree of sequence selectivity for the cleavage process leaslonuclease | shares some sequence similarity with T4 endo-
the effect of restricting the cleavage to junctions that can undergaclease VII, although the degree of similarity is very much lower
branch migration and thereby test many different sequences.iimthis case. The region of endonuclease | between amino acids 30
contrast, the lower sequence selectivity of the phage enzymasd 76 is 32% identical to the central region of endonuclease VI
releases them to be much more promiscuous in their range ledtween amino acids 78 and 121. Four of the five essential acidic
substrates, in keeping with their role in the repair of replicategksidues of endonuclease | are found in the 30—76 region. However,
phage DNA, and the resulting assault on the cellular DNA isone of these aligns to identical residues in endonuclease VI
likely to prove toxic to the bacterial cell when overexpressedFig.5C) and in only one case is there a conservative alignment
Indeed, this is part of their function in late phage infection.  (Glu35 in endonuclease | aligns with Asp83 in endonuclease VII).
The location of the five essential acidic residues in the primaryhe previously identified essential Glu86 of endonuclease VII was
sequence of endonuclease | is shown in Figfirét is apparent that  originally investigated because of its alignment with Glu38 in
all five are located in the N-terminal half of the protein, suggestingndonuclease BE), however, this residue is non-essential in the T7
that the folding of this section generates the active site for DNAnzyme and is replaced non-conservatively by leucine in T3
cleavage. Phage T3 encodes a protein that is 79% idedficahd  endonuclease |. Overall, while both regions contain acidic amino
is almost certainly the homologue of endonuclease |. Alignmetcids required for catalysis, mutation analysis does not lend support
shows that four of the five essential residues are identical in the té@ma common structure.



While removal of individual carboxylate functions from the 19
five essential acidic residues leads to a catalytically incompetent
protein that retains the ability to bind DNA junctions, removal of,;
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Symington,L. and Kolodner,R. (198%)oc. Natl Acad. Sci. USR2
7247-7251.

White,M.F. and Lilley,D.M.J. (199'Wlol. Cell. Biol, 17, 6465-6471.
Whitby,M.C. and Dixon,J. (1993) Mol. Biol, 272 509-522.

the basic C-terminus of endonuclease | results in a protein that ¢an giorough,k.M. and West,S.C. (198yIBO J, 9, 2931-2936.

neither bind nor cleave junctions. This C-terminal peptide3
contains six of nine basic amino acids (five of nine in T3
endonuclease 1) and is reminiscent of histone sequences.
truncated protein is expressed to a high levet.roli and is o5
therefore unlikely to be grossly unfolded. It therefore seems likelys
that the basic peptide might be directly involved in binding DNA27
In general the junction-resolving enzymes are characterised
high pl values 11) and binding is likely to be mediated by basicy,
faces. Alternatively, it might be required for protein—proteinz;
interaction; endonuclease | binds to DNA junctions as a strongly
associated dimeB{) and failure to undergo dimerisation would 32
probably compromise binding. 3
In the course of these studies we have isolated two qui&
different kinds of mutated endonuclease |. We have identified five
critical acidic amino acids, essential for catalytic activity of thes
enzyme. Mutation resulting in the removal of the carboxylat
function leads to an inactive protein that can nevertheless bind
DNA junctions with structural selectivity and with unchangedsg
manipulation of the global structure. In contrast, removal of thao
C-terminal basic peptide leads to a mutant of a different kind. Thi§
protein has lost its ability to bind to DNA junctions and the!
absence of nucleolytic activity on junctions is likely to be thes
result of the failure to bind its substrate. This approach provides
a genetic analysis of the function of the junction-resolving4

enzyme and will be important when a structure of the enzyme
becomes available. 6
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