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ABSTRACT

Human flap endonuclease-1 (hFEN-1) is highly homo-
logous to human XPG, Saccharomyces cerevisiae RAD2
and S.cerevisiae RTH1 and shares structural and
functional similarity with viral exonucleases such as
T4 RNase H, T5 exonuclease and prokaryotic DNA
polymerase 5 ' nucleases. Sequence alignment of 18
structure-specific nucleases revealed two conserved
nuclease domains with seven conserved carboxyl
residues and one positively charged residue. In a
previous report, we showed that removal of the side
chain of each individual acidic residue results in
complete loss of flap endonuclease activity. Here we
report a detailed analysis of substrate cleavage and
binding of these mutant enzymes as well as of an
additional site-directed mutation of a conserved acidic
residue (E160). We found that the active mutant
(R103A) has substrate binding and cleavage activity
indistinguishable from the wild type enzyme. Of the
inactive mutants, one (D181A) has substrate binding
properties comparable to the wild type, while three
others (D34A, D86A and E160A) bind with lower apparent
affinity (2-, 9- and 18-fold reduced, respectively). The
other mutants (D158A, D179A and D233A) have no
detectable binding activity. We interpret the structural
implications of these findings using the crystal struc-
tures of related enzymes with the flap endonuclease
activity and propose that there are two metal ions
(Mg2* or Mn2%) in hFEN enzyme. These two metal
coordinated active sites are distinguishable but
interrelated. One metal site is directly involved in
nucleophile attack to the substrate phosphodiester
bonds while the other may stabilize the structure for
the DNA substrate binding. These two sites may be
relatively close since some of carboxyl residues can
serve as ligands for both sites.

INTRODUCTION

purified from murine cells?), human cells3-6) and calf thymus

(7) have been re-identified as the same enzyme as FEN-1. The 42
kDa enzyme has been demonstrated to have two activities: (i) a flap
endonucleasel(8,9) and (i) a nick-specific '5- 3" exonuclease
(1,4,10,11). The enzyme specifically recognizes 'aDBNA flap
structure, which has been proposed to exist in replication, repair
and recombination. It slides through thé&®&e arm {2) and then
removes the unannealed region as an intact segment via a single
endonucleolytic cleavage. The calf FEN-L3' exonuclease
cooperatively functions with calf DNA polymerase to perform
nick translationT). FEN-1 has also been shown to be a necessary
component in DNA replication. It removes the last base of RNA
primer attached to an Okazaki fragment after RNase H action in
the SV40in vitro replication systenv).

Genetic studies showed that deleting FEN-1 homologues in the
yeastsSaccharomyces cerevisiand Schizosaccharomyces pombe
resulted in a marked sensitivity to the alkylating reagent methyl-
methane sulfonate (MMS), modest UV sensitivity and chromo-
some instability %,13-15). These data imply that the protein is
involved in fundamental processes such as DNA replication,
repair and recombination. The FEN-1 gene is required for the
stability of the simple repetitive DNA in the yeast system. A
FEN-1 null mutation was shown to increase the mutation rate of
simple repetitive DNA by as much as 280 times and to increase
the spontaneous mutation rate 30-fdl)( More recently, it has
been shown in the yeaStcerevisiaghat the majority of the
resulting mutations have a structure in which sequences ranging
from 5 to 108 bp flanked by direct repeats of 3-12 bp are
duplicated. Epistasis analysis indicates that FEN-1 does not play
a major role in MSH2-dependent mismatch repair, but it can
contribute to regional duplication in the genome, which in turn
can lead to genomic instability €).

Human FEN-1 is highly homologous to human XB@erevisiae
RAD2 andS.cerevisiadrTH1 and shares structural and functional
similarity with viral exonucleases such as T4 RNase H and T5
exonuclease and prokaryotic DNA polymerasenfcleases.
Previously, we identified several critical residues in flap substrate
catalysis or bindingl(7). In this report, we further characterize
site-directed mutants using a kinetic approach based on flow

A structure-specific flap endonuclease-1 (FEN-1) activity ircytometry (L8). We estimated the binding affinities of catalytically-
mammalian cells was first identified by Harrington and Lieler ( deficient mutants (D34A, D86A, E160A and D181A) and
Once the mouse FEN-1 cDNA, deduced amino acid sequence arwhfirmed that removal of conserved arginine 103 did not affect
specific biochemical activities were available, mammalian enzymesther substrate binding or catalysis. In addition, we have identified
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and characterized another acidic amino acid residue (E168gquence alignment and molecular superimposition

. ; S L .
involved in Mg* coordination. We interpret the structural \ve have aligned the hFEN-1 sequence to 17 other structure-specific

implications of these findings using the crystal structures o dofexonucleases (Fig). These nucleases include four sub
related enzymes with the flap endonuclease activity and propose . ' ;
Zymes wi b ucteas Ivity PropCilies: flap endonucleases?), XPG nuclease£p), 5 nuclease

. g
that there are two metal ions (Ffgor M) in hFEN enzyme domains of prokaryotic DNA polymerase®3) and viral exo-

with distinguishable functions. nucleases?3). Six carboxyl amino acid residues were identical
among these 18 nucleases. R103 and E160 of hFEN-1 are absolutely
MATERIALS AND METHODS conserved in mammalian enzymes. hFEN-1 R103 is replaced by
Materials a lysine while E160 is replaced by an aspartate in prokaryotic

_ ) _organisms. We therefore hypothesized that these conserved acidic
Wild type recombinant human flap endonuclease was purified #8sidues are important for the nuclease activity of hFEN-1.
described previouslyLg). All biological and chemical reagents  Based on the known three dimensional structure of T4 RNase H
were obtained from vendors listed previously)( (19) and the primary sequence alignment between these two
enzymes, we have superimposed the hFEN-1 sequence onto the
3-D structure of T4 RNase H. Figute shows the region

All sequence comparison and alignments were performed wigrrounding the enzyme cofactor #g. The conserved acidic
DNAStar software (DNAStar, Inc., Madison, WI), and all necessariesidues identified in the_ sequence alignment are all Ioc_ated very
DNA sequences were retrieved from GenBank. Molecular modelirfgose to the metal ions in the enzyme. They interact directly or
was carried out in Mark Sherman's laboratory at the City of Hop#@directly via water molecules with Mg

Cancer Center core facility using the T4 RNase H and T, .. . :
exonuclease-1 coordinates available in the Brookhaven data bapfie-directed mutagenesis and the mutant protein
(Brookhaven file 1TFR19,20). The crystallographic coordinates €XPression and purification

were visualized on an Indigo High Impact workstation (Silicorp|| of the identified conserved amino acid residues including
Graphics) running commercially available software (Insight l1p34, D86, R103, E158, E160, D179, D181 and D233 have been
Biosym Technologies). converted to an alanine. The altered DNA sequences have been
o . . . confirmed in a mutagenesis vector pBluescript and in the
Site-directed mutagenesis, protein expression and overexpression vector pET28b after subcloning. When the
purification site-direct mutagenesis used to explore the role of a particular

We removed all seven residues listed in Taly site-directed amino acid residue, a critical question is whether the observed
mutagenesis. In addition, R103 is another conserved amino agfiects are due to the removal of the active side chain or the
residue in these 18 nucleases. Itis replaced by a lysine in the lowlgtortion of the native conformation caused by mutation. This is
organisms. Alanine has been chosen to replace all of the desiraticularly important when the three dimensional structure of the
mutation because it eliminates the functional group while retainirigfotein is not available. In our case the precaution has been taken
the space-filling properties of the original residues. Mutanfo purify the protein from the soluble fraction under non-denaturing
enzyme expression and purification were carried out according &nditions. The soluble partiB0% of total expressed protein for

the protocol described previously7j unless otherwise indicated. the most mutant proteins. Retention of the binding ability of some
of the mutants is a good indication of the native conformation of

Kinetic analysis inactive mutants. For one particular mutant (D233A), the solubility
e expressed protein is very low when the cell is grown and
ced to express to the mutant protein in LB broth aC37
Fig. 3, lanes 2 and 3). In order to increase the solubility of the
rotein, a sorbitol medium has been used in this &8eThe
cells were grown in the medium with a high concentration of
sorbitol (1 M) at 37C and then the temperature was shifted to
95°C after induction; then grown for another 3 h before harvest.

Under these conditions the solubility of the expressed mutant

measure cleavage kinetics and enzyme substrate binding Wi{8iein \as dramatically improved. The cells provided enough
analyzed by least-square curve fitting in SigmaPlot (Jandel). F aterial in the soluble part to be purified (F3Yy
inactive enzymes, substrate binding was assessed by competition '

with wild type enzyme for substrate. The initial reactionFjap endonuclease activity screening
velocities were plotted versus mutant protein concentration and _ o
theKq for binding estimated by fitting these data to an equatiofitial screening of flap endonuclease activities of mutants has been

Sequence alignment and molecular superimposition

For active enzymes, nuclease cleavage kinetics was measureﬁfat%1
described previouslylg) using a Becton Dickenson FACSCalibur
flow cytometer running CellQuest software and a stopped-flo
flow cytometer built at the National Flow Cytometry Resource
Las Alamos National Laboratorf 1). Flow cytometry data was
processed using IDLYK software (created at Los Alamo
National Laboratory). Single turnover Kigjump kinetics to

describing binding to a single class of sites. reported previouslyl(7). The removal of conserved acidic amino
acid residues including the newly constructed E160A results in
RESULTS complete loss of the flap endonuclease activity except in the case

of R103A, which retains the wild type-like enzyme activity. All
The critical amino acid residues were identified by sequenadf the inactive mutants have been subjected to a competition
alignment with other nucleases in the family of structure-specifiexperiment to test their ability to bind to the flap substrate. Four
nucleases, superimposition of the hFEN-1 protein sequence omtat of seven mutants retained substrate binding ability. Therefore,
the crystallographic structure of T4 RNaselld)( site-directed  all of the mutants produced in our studies can be classified into
mutagenesis and nuclease activity screening. three categories based on their substrate binding and cleavage
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Figure 1. The conservative regions of four categories of nucledgeand amino acid sequence comparison of these re@pnBhe boxed residues are conserved
in all 18 enzymes and are possible ligands t"Mghe site-directed mutagenesis has been performed on these sited #taySEN-1: human or mouse flap
endonucleas&cYKL510: S.cerevisia& KL510 gene producSpad2:S.pombead?2 gene produdt;or mXPG: human or mouse protein responsibledarnderma
pigmentosungroup G;SARAD?2: S.cerevisiadRAD2 gene productSpadl3:S.pombeadl3 gene producEcPoll: E.coli DNA polymerase |; TagPolfhermus
aquaticusDNA polymerase;TfPol: Thurmus flavuDNA polymeraseBcPol: Bacillus caldotenayDNA polymerase; DrPolDeinococcus radioduranBNA
polymeraseSgPol: Streptococcus pneumoni@NA polymerase; TARNaseH: phage T4 RNase'+8NA exonuclease; T5Exo: phage T5 D15 exonuclease;
T7Exo: phage T7 gene 6 exonuclease; T3Exo: phage T3 gene 6 exonuclease. The sequence alignment has been done usirggddN@btasg Madison, WI).

activities. The first category of mutants has completely lost th®verall kinetics of mutant R103A

ivi i te binding ability, i . . . .
1?]2 nmuﬁlt(;?]?: g]? t{\ﬁitsy (k:):ttergect)?)l/ngcrjethlje:;ibsgg(s A E168 A anty s the first step to examine tmevitro functional alteration of the
i . Jiutant enzyme R103Ave have studied the rate constant for the

ction as a function of the mutant enzyme concentratiorjFig.

The second category includes the mutants which have lost b o0 significant difference between the mutant R103A and wild

substrate binding and c_Ie_avage activity completely (E158-A-’ Dl?Q pe enzymes has been observed. This rate constant is a produc
and D233A). Their activity loss might be due to the deficiency i D . .

A the rate constant for each individual step in the reaction (enzyme
substrate binding. The last type of mutant has no effect on the f!:g ding and dissociation, Mé binding and dissociation, cleavage
endonuclease activity (R103A). R103 is a conserved amino a 9 ’ : iy )

: and product release). In order to examine the possible functional
residue among the 18 nucleases. It has hegyested that the T5 . ; . )

o : [teration of this mutant in the single steps, we have performed the

exonuclease counterpart of hFEN-1 R103 (K83) is directly mvolve? lowing two experiments
in substrate interaction as it is located in the inner side of the ar.c(ﬂ '
(20). Further question_s to be answered_are: (i) doesthe conversg(l_)‘,jwage kinetics of the mutant R103A
of the conserved arginine 103 to alanine have any effect on the
overall cleavage and binding kinetics compared to the kinetics @he rate of cleavage increased with increasing enzyme concentra-
the wild type enzyme?; (i) do the catalytically-deficient mutantsion and appeared to approach a saturating rate. At the highest
have any deficiency in substrate binding? enzyme concentration shown, enzyme is in >1000-fold excess
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Figure 2. Proposed T4 RNase H active site (Brookhaven file 1TFR, 19) with

superimposed human flap endonuclease sequence. For non-conserved residu@gure 4. Concentration dependence of cleavage activity of FEN-1 site-directed
the identity of the side chain in T4 RNase H is indicated in parentheses. Shownmutant R103A. Enzyme was added to flap substrate beads in buffer TBM and
are the two magnesium atoms (green) with coordinated water moleculescleavage kinetics measured by flow cytometry.

(oxygen atoms, red), as well as additional water (red) and side chains (yellow)

that participate in the active hydrogen-bonding network.

turnover kinetics to determine the equilibrium binding of FEN-1
to the flap DNA substrate. Because the burst of cleavage upon

97.4- addition of Md@* is rapid compared to subsequent enzyme
turnover, the burst amplitude is a measure of the amount of
55.4- | o enzyme-substrate complex formed during that pre-incubation.
- e — — Presented in FiguréB is the mutant R103A concentration
36.5- = = dependence of the burst size, and thus mutant enzyme—flap DNA

complex formation. The size of the cleavage burst increases with
increasing R103A FEN-1 enzyme concentration and saturates
14.4- — >20 nM enzyme. A fit of these data to a hyperbolic binding
equation revealskg for flap DNA binding of 8 nM for this mutant,
— compared to 7.5 nM for wild type enzynies).

Mw1l 2 3 45 Competition between catalytically-deficient mutant and

wild type enzymes
Figure 3. The solubilization oE.coli overexpressed human flap endonuclease. yp y

MW: molecular weight markers; lane 1: crude exaét.obli strain BL21 (DE3) il i ; ;
with a overexpression plasmid pET.FCH8 containing mutant D233A hFEN-lwe evaluated the ability of each of the inactive mutant proteins

grown and induced in LB medium; lane 2: the soluble part of lane 1; lane 310 b'n_d to th_e flap_ substrate by measuring the compgtltl_on of ,these
crude exact of.coli strain BL21 (DE3) with an overexpression plasmid proteins with wild type enzyme for substrate binding sites.
PET.FCH8 containing mutant D233A hFEN-1 grown and induced in the sorbitol Mutants that are able to bind to the substrate compete with the
medium (25); lane 4: the soluble part of lane 3; lane 5: the purified mutantyjlg type enzyme for binding sites and slow its cleavage kinetics.
Eﬁl;l-—l protein D233A. Approximately 7@ protein has been loaded onto each For this experiment, the inactive mutant enzymes were pre-
incubated with the substrate at room temperature for 15 min to
[low them to bind to the substrate followed by the addition of
d type enzyme and measurement of cleavage. We observed
t mutants D34A, D86A, E160A and D181A can inhibit wild
e activity while other inactive mutants did not demonstrate any
ect in the same conditions. The concentration dependence of
eavage inhibition by different mutants reflects the binding
ability of the catalytically inactive mutants (F@A-D). The initial

over substrate, and cleavage kinetics likely represents sin
turnover kinetics, in which each enzyme is able to bind and cIeaW?
only a single substrate molecule before all substrate is consum
When saturating concentrations of R103A FEN-1 enzyme al
pre-incubated with the flap DNA substrate in the presence of 1 m
EDTA, addition of excess (10 mM) Mggdhduces DNA cleavage

with first order kinetics and a half timedf s, which is very close ;
) ; ' rate of cleavage by wild type enzyme was plotted versus mutant

to that of wild type enzyme (FigA). protein concentration (FigE), and the concentration required

it P for half-maximal inhibition is presented as a measure of the affinity
Equil f R103A .

quilibrium binding of R103 of the mutants for substrate (Talile Also presented in Table

When FEN-1 is allowed to pre-bind the flap DNA substrate atre the binding and cleavage parameters for the other mutants and
saturating concentrations, the ¥gump kinetics represent a for the wild type enzyme. The other three mutants (E158A,
single turnover of FEN-1 flap DNA cleavage. We have used singl2179A and D233A) did not show any inhibition under the same
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o condition, indicating that they lost binding ability completely. An
A = error on the D179A mutation was introduced during subcloning
z for overexpression of the mutant protein and reported in our
o previous paperl1(’). We have reconstructed the mutant and
L confirmed the presence of the mutation in the overexpression
g construct. The purified mutant protein has a complete loss of
@ substrate binding and catalysis.
@
z Table 1.Binding and cleavage parameters for FEN-1 and site-directed
= mutagenesis
Q
s
=g L Protein Kg (nM)2 Keleave(s™)P
40 50
Wild type 7.5 0.12
D34A 150 na
B a | D86A 18 na
-
= R103A & 0.1
Qe E158A nc na
% E160A 72 na
= D179A nc na
e D181A & na
2 D233A nc na
b O O i 1 L il 1
7o 10 20 30 40 50 60 arom Nolanet al. (18).
bEstimated as half-maximal inhibition of wild type activity in Figure 6E.
[EN ZYM E] (ﬂ M) CEstimated from half-maximal burst size in Figure 5B.

dEstimated from Mg* jump kinetics in Figure 5A.

Figure 5.Binding and cleavage of the flap DNA by mutant R1034 Hstimated na, not active; nc, did not compete.
Kg for binding of R103A to the flap DNA substrate. Enzyme at the indicated

concentrations was incubated with flap DNA substrate for 5 min in buffer TBE.

Cleavage was initiated by the addition of 10 mM MgG@ind the burst of DISCUSSION

cleavage was measured and plotted versus enzyme concentBijtibig2¢

jump kinetics of flap DNA cleavage by mutant R103A. Enzyme (100 nM) was Among the 18 nucleases considered for sequence comparison,

incubated with flap DNA substrate for 5 min in buffer TBE. Preformed .
enzyme—substrate complex was then mixed with an equal volume of buffer TE»Ihree of them have 3-D structures availalbig DNA polymerase

containing 20 mM MgGland the cleavage kinetics were measured using the 9 Nucleaseq5), T4 RNaseH9) and T5 exonu_cl_ease—ELQ). All
Rapid Kinetic Flow Cytometry. three enzymes have flap endonuclease activity. Thackease

domains ofEscherichia coliDNA polymerase | andagq DNA
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Figure 6. Competition of wild-type FEN-1 with inactive mutant proteins-D) Concentration-dependent inhibition of the wild type activity by mutants. Mutant
proteins were incubated with flap DNA beads in buffer TBM at the indicated concentration for 15 min. Wild type enzyme @atdgd; and the cleavage kinetics
measured K) Initial rate. The initial rate at each concentration of mutant protein was calculated relative to that of wild type eneymedgplotted versus mutant
protein concentrations.
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polymerase are functional homologues of the human flapot correspond exactly to their physical location in the primary
endonuclease-12¢). The 5 exo/endonuclease exists as ansequences (Tablg). However, it seems to be true that two
independent domain from the other two functional domains (3nvariable aspartate from the N-terminal domain of the nucleases
exonuclease and DNA polymerase). It is functional after proteolytigerve as ligands to the Mg[1] or Mn[1] even though the primary
removal from the rest of the proteid7j. The crystallographic locations of the other two ligands vary. It is also interesting that
structure of 5nuclease shows that it has a deep cleft that contaitisese two residues (D34, D86) in human FEN-1 retained binding
at its bottom the conserved carboxylates to ligate divalent metalbility in spite of complete loss of activity with the other two
ions 25). A centralB-sheet lies at the heart of the domain and isesidues (E160, D181). We hypothesize that these four amino acid
flanked on both sides by assemblies of five andashelices residues may be involved in Mg[1] coordination and are important
which form the wall of the active-site cleft. Nine acidic amino acidn DNA catalysis in hFEN-1. In this work, we have demonstrated
residues are conserved with other nucleases as listed inZTablehat the wild type enzyme activity can be inhibited by these
Seven of these residues (Aspl8, Asp67, Glull7, Aspllfutant proteins in thia vitro flap endonuclease assay. However,
Asp120, Asp142 and Asp144) cluster within a sphere of 7 A radidiseir inhibitory abilities or binding affinities are different. The
around the metal ions. concentration-dependent inhibition of these four mutants (Table
The other structure-specific endonuclease that has crystaticates that D181A has approximately the same binding ability
structure available is T4 RNase H. It also has highly conserved wild type, and demonstrates that conversion of aspartate 181
cluster of acidic residues at the base of the structural cleft. The alanine altered the enzymatic function only in the cleavage
carboxylate oxygen atoms of conserved acidic residues Asplfep. In the cases of D86A, EL60A and D34A, their binding
Asp71, Aspl32 and Aspl55 directly or indirectly coordinatebilities have been decreased by 2-, 9- and 18-fold. Therefore,
essential metal ion Md[1] by forming hydrogen bonds to water these three amino acid residues also play a role in substrate
molecules. Five other conserved carboxyl residues (E130, D138nding. Previously, it has been demonstrated that FEN-1 still
D157, D197, D200) coordinate the k2] through hydrogen- binds to flap DNA without cutting in the absence of divalent cations
bonding to six water molecule ligand49). Another viral (1228).
counterpart of the human FEN-1 is T5 exonuclease, which has thé=EN-1 mutant proteins E158A, D179A and D233A lost
crystal structure available(@). The 3-D structure has revealed substrate binding and catalytic activities completely. We speculate
similar information in terms of the active site of the enzyme. Ththat these amino acid residues are involved iA*f@fcoordination
structure specifically revealed that conserved aspartic acid residasl have roles in substrate binding. The coordination formed in
D26, D86, D128 and D131 coordinate Mn[1] while the othethis case may stabilize the structure for the DNA substrate
conserved residues D130, D153, D155, D201 and D204 coordin&i@ding. However, we cannot exclude the possibility that the
Mn[2] (Table2). mutations have caused dramatic conformational change of the
Table?2 lists conserved amino acid residues of the human flagnzyme, leading to loss of substrate binding ability. From the
endonuclease-1, their counterparts in the three nucleases wsthuctures of homologous proteins, one can see that these residue:
known 3-D structures and their possible roles irFMVigin2*)  are clustered around the Kfgn the middle and less accessible
coordinations. Our mutagenesis data have demonstrated thattihthe surface of protein moleculej. Removal of these residues
removal of the conserved corresponding acidic residues individuallyould likely cause structural distortion. All three mutants were
in FEN-1 leads to complete loss of the flap endonuclease activitgss soluble and went into an inclusion body when they were
However, it is still a difficult task to assign the role of individualoverexpressed in the.coli cells compared with wild type and
conserved acidic acid residues in the?Mgpordinations and their - other mutant proteins. This may indicate a non-natural conformation
physical interacting relationship to an individual metal ion inof the mutant proteins. The soluble fraction of the mutant D233A
FEN-1 protein without a 3-D structure. Even in the cases of twig too small to be purified under standard conditions and required
viral proteins, the ligands coordinating individual metal ions d@ special modification of the culture medium and conditions.

Table 2.Correspondence of conserved carboxyl residues coordinating thie(Mg?+) for active sites in human flap endonuclease with ones in other three
structure-specific nuclease of known structures

TaqPol | 8 Exo (26) T4 RNase H (19) T5 Exonuclease-1 (20) hFEN-1 (17, this work)

aa residue metal site aa residue metal site aa residue metal site aa residue functions
D18 Ml D19 Mg[1] D26 Mn[1] D34 cleavage/binding
D67 - D71 Mgl[1] D68 Mn[1] D86 cleavage/binding
E117 Ml E130 Mg[2] D128 Mn[1] E158 binding

D119 M/ D132 Mg[1)/[2] D130 - E160 cleavage/binding
D120 Ml D133 Mg[2] D131 Mn[1] absent absent

D142 M/l D155 Mg[1] D153 Mn[1)/[2] D179 binding

D144 Mil D157 Mg[2] D155 Mn[2] D181 cleavage

D188 - D197 Mgl[2] D201 Mn[2] absent absent

D191 - D200 Mg[2] D204 Mn[2] D233 binding

—, No interaction between residues and metal site from the structural data.
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An error on the D179A mutation was introduced during thdor synthesis of all the oligos used in the experiments, Mr Robb
subcloning for overexpression of the mutant protein and report&l Habbersett for customizing the IDLYK flow cytometry data
in our previous papef.{). We have reconstructed the mutant andanalysis program to facilitate kinetic analysis, Miss Allison Jolly
confirmed the presence of the mutation in the overexpressi@amd Lina Somsouk for technical assistance, and Dr J. Qiu for
construct. D179 corresponding to D142Tam polymerase and preparation of some figures and critical reading of the manuscript.
D155 in T4 RNase is more closely located witr?Kfitj. However,  We also thank Drs Tim Mueser and Craig Hyde at NIH for sharing
our mutagenesis result showed that it is defective in substratee 3-D structural information of the T4-RNase H prior to
binding. It is possible that the FEN-1 has different arrangemeptblication. This research was supported by the Office of Health
of the catalytic center dependent on where the additional ligandad Environmental Research of the Department of Energy, Los
come from. Based on our sequence analysis, only sevétamos National Laboratory Directed Research Funds, NIH grants
conserved acidic amino acid residues in the FEN-1 nuclease w&B01315 and CA71630, and a City of Hope National Medical
identified corresponding to the onegagpolymerase, T4 RNase Center institutional fund.
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