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ABSTRACT yeastSaccharomyceserevisiag7-9). Integration of exogenous
DNA by non-homologous end-joining (i.e. illegitimate
recombination) has also been shown to require exonuclease
activity (10). While the major nucleases that participate in the
excision repair pathways have been identified, the nucleases
involved in mammalian mismatch and artinational repair
remain undefined. Instead, much of our current knowledge of these
repair processes stems from studies performed in yeast and bacteria

In search of a recombination-promoting exonuclease, Szankasi
and Smith {1) found thaSchizosaccharomycpembepossesses
a nuclease activity specifically induced during meiosis. This
activity, termed exonuclease 1 (Exol), was shown to act as a
5' - 3 exonuclease at DNA double-strand break ends and nicks.
Deletion of theexol gene resulted in elevated spontaneous
reversion rates of various alleles afle6 (i.e. a mutator
phenotype), as well as an altered recombination frequégagy (
Detailed analysis of the mutational spectrum ofékelcells
suggested a role for the encoded protein in mismatch repair, most
likely during homologous recombination.

In DrosophilamelanogastertheEXOlgene equivalenf,OS
was shown to be expressed specifically in the female germline
during early embryogenesis, with the highest level of MRNA seen
in the developing oocyte, a location of active meiotic recombination
(13). These findings indicated a role for th®Sgene product,
Tosca, in homologous recombination.
INTRODUCTION Tishkoff and colleagued §), while searching for yeast factors
DNA repair has evolved to protect cells against the mutagenic afitat interact with the yeast Msh2 mismatch repair protein in
cytotoxic effects of spontaneous, oxidative, alkylation or compoundwo-hybrid screens, found that one interacting clone encoded a
derived DNA damagelj. Most of these corrective systems 5 — 3' exonuclease with significant homologySgombeExol
require an exo- or endonuclease for processing of chromosonaild D.melanogastefosca; this gene was term&ccerevisiae
imperfections. In mammalian mismatch repair, improperly paireEXO1 Simultaneously, Fiorentirgt al (15) demonstrated that
bases are recognized by Msh2, which directs a cascade of eventsehtiacts from Exol-deficienS.cerevisia strains were less
presumably leads to the incision of DNA eithérob 3 of the effective at recombining linear DNA molecules possessing
mismatch and removal of the target DNA strand, prior t®verlapping homologous ends and tHaKO1l encoded a
re-synthesis and ligatior2-{4). During nucleotide excision repair, previously characterized' 53" exonuclease that generatés 3
XPG and the ERCCL1/XPF complex inciseaBd 3 of the damage single-stranded complementary tails which promote joint molecule
respectively and are required for the eventual removal of tHermation (L6). Furthermoreexolmutants were found to display
damage-containing DNA strang)( Distinct nucleases are essentiala 6-fold reduction in the rate of mitotic recombination between
for site-specific cleavage and termini processing in base excisionn-tandem duplicationsl). Taken together, these findings
repair 6). In addition, 5- 3 exonucleolytic degradation is a indicate that the Exol homologs function &s 8 exonucleases
requisite step for generating ‘asggle-stranded terminus necessaryin aspects of both mismatch and recombinational repair.
for strand invasion and the processing of DNA double-strand breakdJpon identification o5.pombé&xol, Szankasi and Smithd)
during meiotic recombination, as demonstrated most clearly in tited that this protein displayed significant similarity to the

Nucleolytic processing of chromosomal DNA is required

in operations such as DNA repair, recombination and
replication. We have identified a human gene, named
HEX1 for human exonuclease 1, by searching the EST
database for cDNAs that encode a homolog to the
Saccharomyces cerevisiae EXO1 gene product. Based
on its homology to this and other DNA repair proteins

of the Rad2 family, most notably  Schizosaccharomyces
pombe exonuclease 1 (Exol), Hexl presumably
functions as a nuclease in aspects of recombination or
mismatch repair. Similar to the yeast proteins,
recombinant Hex1 exhibits a5 '- 3' exonuclease activity.
Northern blot analysis revealed that  HEX1 expression
is highest in fetal liver and adult bone marrow,
suggesting that the encoded protein may operate
prominently in processes specific to hemopoietic stem
cell development. HEX1 gene equivalents were found
in all vertebrates examined. The human gene includes
14 exons and 13 introns that span  [¥42 kb of genomic
DNA and maps to the chromosomal position 1942—-43,

a region lost in some cases of acute leukemia and in
several solid tumors.
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proteins of the Rad2 nuclease family (reviewetiin However, sites of pET28a (Novagen, Madison, WI) to generate
these authors also recognized that Exol had several uniquieT28Hex1-His. This construct permits expression of a six
features which suggested that this protein might comprise a thinistidine C-terminal-tagged Hex1 fusion protein under control of
Rad2 classification. the T7 RNA polymerase promoter. Protein expression was
The first Rad2 class includes the human XPG protein, whicherformed by transforming pET28Hex1-His into BLADE?3)
cleaves at the'3ide of the damage-containing bubble structurdNovagen) and growing these bacteria in 4 | LB medium
formed during nucleotide excision repait8). Class Il is containing 2Qug/ml kanamycin. Cells were grown to an OD of
comprised of the eukaryotic Fen-1 homologs. The Fen-1 proteifss and isopropyf-p-thiogalactoside (IPTG) was added to a
are structure-specific nucleases that remo®NA flaps final concentration of 0.5 mM. Inductions were carried out for 3 h
produced by polymerase strand displaceme&®jt &nd are also and the cells were harvested by centrifugation at §66020 min.
responsible for the resolution of Okazaki fragments during DNAell pellets were washed once with %.phosphate-buffered
replication £0,21). Class Ill is made up of the Exol-like saline (PBS)and frozen at—<8Dor processed immediately. Cells
enzymes. In addition, phage and bacterial 3 exonucleases, were thawed on ice, resuspended in cold buffer H (50 mM
namely T4 RNase F2@) and T5 D15 5exonucleased), aswell HEPES—NaOH, 200 mM NacCl, 20% glycerol) and sonicated for
as several proof-reading polymerases, share homology to the R&d® 15 s bursts using a Misonix XL sonicator. All subsequent
family members. Much of the amino acid sequence conservatisteps were performed &t@. Insoluble material was removed by
among the Rad2 family is concentrated within two domains, termexntrifugation at 20 00§for 20 min and the supernatant, termed
the N (N-terminal) and | (internal) nuclease domaifs).( ‘crude cell extract’, was assayed or further processed by application
Furthermore, many active site catalytic residues, as predicted frama Q20 anion exchange column using the BioLogic Workstation
the X-ray crystal structure of T4 RNase 22), are also conserved (BioRad, Hercules, CA). The Q20 flow-through was collected and
throughout the Rad2 family and many of these residues have beéaidazole was added to a final concentration of 20 mM. Two
shown to be essential for nuclease or binding activity of E&f)1 ( millilters of packed Ni-NTA resin (Qiagen, Santa Clarita, CA)
We describe here the identification of a human cDNA and aequilibrated in buffer H were added to the Q20 flow-through and
genomic clone that encodes a protein, termed Hex1, which shathis mixture was incubated for 1 h with rocking. The Ni-NTA
significant homology td&5.cerevisiagExol, S.pombeExol and material was then poured into a 5 ml glass column and washed
D.melanogaster Tosca. We report the initial enzymatic with 10 ml buffer H containing 20 mM imidazole. Bound protein
characterization of HexZ1, its mRNA expression pattern, the genomias eluted with a linear gradient of 20500 mM imidazole in
organization and the chromosomal mapping position. The possitldeffer H and the fractions were assayed for exonuclease activity
biological roles of Hex1 are discussed in light of these findings. (see below) and analyzed by SDS—PAGE and Coomassie blue
staining or western blotting. Immunoblotting was performed with
histidine-specific primary antibodies (G-18) and horseradish
MATERIALS AND METHODS peroxidase-conjugated secondary antibodies from Santa Cruz
Identification of HEX1 cDNA Biotechnology (Santa Cruz, CA) and Chem llluminesence
(Amersham, Arlington Heights, IL).
The dbEST database was searched using the TBLASTN program
(25) to identify cDNA clones that contain an open reading frame
homologous to thé&.cerevisiaeExol protein. Only human EST Exonuclease assays
clone 843301 (GenBank accesion no. AA489549; Stratagene Hela

library) was found to have significant homology, displaying 44%eyonuclease activity was measured by monitoring the release of
identity along the first 75 N-terminal amino acids of Exol; the samgjchoroacetic acid (TCA)-soluble mononucleotides from restriction
clone was identified by searching the dbEST #ithombeExol. enzyme-linearizedH]PM2 DNA. Briefly, [BH]PM2 DNA was

The entire nucleotide sequence of clone 843301 (obtained from %ested withHincll and used as substrate in fDreactions
IMAGE consortium at Lawrence Livermore National Laboratory)containing 50 mM HEPES—KOH, pH 7.8, 5 mM MgCl mM

was determined using the Primer Islanth vitro transposition  githiothreitol, 1 nmol (total nucleotideJHPM2 DNA and a crude
system (Perkin Elmer, Foster City, CA). Thirteen clones, eacgy|| extract or nickel-purified fraction. Reactions were performed
containing a single random Tyl transposon insertion, Weigr 30 min at 37C and stopped by addition oft6 4 mg/ml
sequenced with transposon-specific primers using Taq FS dygimon sperm DNA and 78l 10% TCA. Nucleic acid was
terminator chemistry. The resultant sequence ladders were C°"e°ﬁ€cipitated for 10 min on ice, the samples were centrifuged for
on an ABI 377 automated DNA sequencer. The cDNA sequend@) min at 14 00 and the supernatants were assayed for the
was reconstructed using PHRAP (P.Green, University Qleased JH]nucleotide monophosphate residues by liquid
Washington) and edited using CONSED (D.Gordon, University ofcintillation counting.

Genbank accession no. AF042282. frame was generated and differentially end-labeled to determine
polarity of the exonuclease activity. DNA wasehd-labeled

Expression and purification of recombinant Hex1 fusion with [y-32P]ATP and T4 polynucleotide kinase (NEB, Beverly,

protein MA) or 3'-labeled by digestion witBarHI and *filling-in" with

[a-32P]dATP and Klenow fragment (NEB). Exonuclease assays
The HEX1 coding region was PCR amplified using primerscontained 0.1 pmol DNA ends and 0.09 U nuclease activity of
5HEXNCO (3-GGCACCATGGGGATACAGGGAT-3 and peak nickel-purified fractions. Reactions were carried out at
HEX1XTN (5-CGGGATCCCCGAATTTTTTAAATCCAA-3)  37°C and aliquots stopped by addition of EDTA to 40 mM. All
and sub-cloned after partial digestion into Hel andBarHl| reactions were TCA precipitated and processed as above.
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Northern blot analysis amino acid blocks in the firéB300 residues of the N-terminus
. (Fig. 1), with most conservation occurring in the N and | nuclease
Northern blots were prehybridized for 1 h at63n ExpressHyb - jomains of the Rad2 family 7). Furthermore, many of the active
Solution (Clontech, Palo Alto, CAHEX1 PCR product (see gite residues of T4 RNase H2j shown to be required for the
above) was labeled using the Megaprime DNA Labeling Systef|;cjease or binding activity of Ferd4j are conserved in Hex1.
(Amersham) ando-3P]dCTP (Amersham) and hybridized in Using theHEX1 cDNA as a probe, Southern blot analysis

ExpressHyb Solution at 88 for 1-2 h. Blots were washed once rgyealed that gene equivalents are present in monkey, rat, mouse,
at room temperature for 20 min and twice &GEr 20 min with dog, cow, rabbit and chicken (data not shown).

50 mM NaPQ@, pH 7.4, 0.5% SDS, 1 mM EDTA. Images were
obtained using a Molecular Dynamics Phosphorimager Storm 8

0 ..
or autoradiography. Blots were normalized ithctin (Clontech). Bronucease activity of Hexl

Data obtained with the yeast Exol proteins, plus conservation of
HEX1 genomic DNA isolation and chromosomal mapping  the N and | domains and the presumed catalytic residues,
) ) . indicated that Hex1 may act as an exonuclease. To test for such
An arrayed human genomic BAC library (Research Geneticgn, enzymatic function, crude cell extracts were prepared from
Huntsville, AL) was screened by hybridizing withP-labeled PTG treated bacteria possessing either the pET28a vector or a
HEX1 PCR product. First round hybridization identified sixpex1 expression construct and assayed for general exonuclease
positive human BAC clones (76330, 91679, 243587, 247473 tjvity. Extracts prepared from bacteria harboring independent
266482 and 288592). BAC 266482 hybridized with bottadd  hET28Hex1-His plasmid isolates exhibited on average a 13-fold
3-endHEX1 cDNA fragments and was chosen for sequencingyigher specific activity than extracts prepared from bacteria
The entire BAC (98.6 kb) was sequenced using a shotgyrying pET28a (Tabld). Similarly, crude extracts prepared
approach as previously describéd)( The sequence of the BAC from cells expressing non-fusion Hexl protein (from
insert was reconstructed using PHRAP and edited using=T11Hex1) displayed a higher exonuclease activity than the
CONSED. TheHEX1 cDNA sequence was aligned with the yector controls (Tablé). Western blot analysis confirmed that
genomic sequence to define intron—exon boundaries USifg|-length His-tagged Hex1 protein was expressed in bacteria

TBLASTX and BLASTN ¢5). Additional genomic elements containing a recombinant expression construct @Ad.
within BAC 266482 were identified using XGRAIL 1.37) and

putative transcription factor bindingites were identified with
TRANSFAC, TRRD, COMPEL and Matlnspect@8(29). The
sequence from BAC 266482 has been assigned Genbank accessigsts
no. AC004783.

Chromosomal mapping by fluorescericesitu hybridization
(FISH) withHEX1BAC clones 266482 and 243587 was performed
as previously described(). Briefly, biotinylated BAC probes were
generated by nick translation and hybridized to promEtaphaéﬁJde cell extracts were prepared frigrooli expressing Hex1 as & 6lis-tagged

chromosome spreads obtained from synchronized huma.nllymprﬂ%‘lon protein (pET28a-Hex1-His) or an untagged protein (pET11-Hex1) or from
cyte cultures. Probes were detected by two layers of avidin—FITeoli carrying pET28a (mock). Extracts were assayed for exonuclease activity,

Table 1.Exonuclease activity of crude cell extracts

Specific activity (U/mg)
BL21/pET28a 1.0(0.2)
BL21/pET28a-Hex1-His 12.8 (3.6)
BL21/pET11-Hex1 6.1 (1.1)

and localized using concurrent DAPI—-actinomycin bands. indicated as specific activity (U/mg), as described in Materials and Methods. Standard
errors from at least three individual determinations and at least two independent
RESULTS recombinant plasmid isolates are indicated in parentheses. One unit is equivalent

to the release of 10 nmol TCA-soluble nucleotide monophosphate in 30 nfi€at 37

Identification of a human homolog ofS.cerevisiadExol _ . . . -
C-Terminal-tagged Hex1-His protein was partially purified from

To identify mammalian nucleases that may participate itPTG-induced E.coli extracts by anion exchange and nickel
recombinational repair, the EST database was searched @twomatography. Fractions eluted from the nickel column were
cDNAs encoding proteins with homology $ocerevisiadexol.  assayed for general exonuclease activity and the peak of activity,
The strongest identity was seen with IMAGE clone 84330lwhich corresponded to the peak of Hex1-His protein as determined
Dideoxy nucleotide sequencing of the 843301 insert exposed By western blotting, was centered at fraction 11 @8g. Fractions
open reading frame of 803 amino acids with the ATG start codon from an equivalent mock purification using an extract prepared from
a near consensus Kozak sequence of GGCAC@A(E3). This  E.coli carrying the pET28 vector showed only background levels of
protein, termed Hex1 (fordman_ewnuclease 1), has a predicted exonuclease activity (FigB). One point worth noting is the amount
molecular weight of 89.1 kDa and a theoretical pl of 8.8 (ExXPASYf degradation that was observed during fractionation of the
ProtParam tool). Two potential nuclear localization signaldiex1-His protein. This instability was most prominent following
KRPR (at amino acids 418-421) and KRKH (at amino aciddilution or freeze—thaw cycles and was not remedied by the addition
775-778), are also present. When queried against the NC#&f protease inhibitors. Similar degradation has been observed with
non-redundant database, Hex1 was found to display significathie yeast Exol protein$i,14,15).
homology toD.melanogasteifosca [(133% identity across the In order to determine the polarity of the Hexl exonuclease
entire protein) and the yeast Exol proteii®506 identity) and  activity, fraction 11 from the nickel column was used in assays
showed some, but less, homology to XPG/06 identity across containing DNA labeled specifically at either the &r 3-end.
the entire protein) and FenI26% identity across the length of Affinity-purified Hex1-His was found to release an increasing
Fenl). The amino acid alignment of Hex1 with Exo$@ombge  amount of radioactivity from '52P-end-labeled DNA substrates
Exol ofS.cerevisiaand Tosca revealed several highly conservedver time, with[(60% of the total counts released in 30 min
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Figure 1. Alignment of the Rad2 class Il proteirtd:sapiendHex1,D.melanogastefiosca (13)S.pombéExol (12) ands.cerevisiadxol (14). Identical residues
are depicted in dark blocks. Gray blocks indicate conserved amino acid differences, while white indicates no sequenmncBasteatepresent gaps or no residue
in the sequence alignment. Solid line shows the N domain, whereas the dashed line indicates the | domain. The solieés@miesmiew acid residues of Hex1
that are identical to residues in the active site of T4 RNase H (22), the asterisks represent T4 RNase H active sitatrasichetsdentical in Hex1 and the arrow
depicts the position of an active site residue that is absent from the Exo1-like proteins. Protein alignment was perfp@helsisih (Baylor College of Medicine)
and the figure was produced with Boxshade (http://ulrec3.unil.ch/software/BOX_form.html ).

(Fig. 2C). Simultaneous assays with the same Hex1-His-containiqgripheral blood leukocytes (Clontech MTN | and Il; data not
fractions showed only background counts being released frashown). Irradiation of Hela cells with 2 or 10 Gy revealed no
3-32%P-|labeled DNA substrates over 30 min (2i@). These results obvious induction of the normally low levels BEX1 mRNA

indicate an exonuclease activity with ‘a-3' polarity, consistent
with the activity observed for the yeast Exol protelislf).

Expression pattern ofHEX1 RNA

To determine the tissue specificity ldEX1 mRNA expression,

(data not shown).

Genomic organization and chromosomal mapping diEX1

The entire coding region, including thé and 3-untranslated
regions (UTRs) of thelEX1 cDNA, were contained in a single

human multi-tissue northern (MTN) blots were probed. A singl&AC clone of 98 574 bp; the cDNA and genomic sequences were
(4 kbHEX1transcript was detected prominently in fetal liver anddentical. Alignment of the genomic and cDNA nucleotide
adult bone marrow, whereas only low levels of mMRNA wersequences revealed thEX1consists of 14 exons and 13 introns
observed in the other fetal tissues or in adult stomach, thyrohanning 42 kb of DNA (Fig.4). The intron—exon boundaries

spinal cord, lymph node, trachea and adrenal gland3f-igve

all fit the consensus splice donor—acceptor R (The sizes of

saw similar low level expression in adult heart, brain, placent#he exons ranged from 96 to 595 bp, with exon 2 possessing the
lung, liver, skeletal muscle, kidney, pancreas, spleen, thymusanslational start. The first exon was comprised of only
prostate, testis, ovary, small intestine, colon (no mucosa) andtranslated sequence. It should be noted that XGRAIL was



3766 Nucleic Acids Research, 1998, Vol. 26, No. 16

o i —m—  Hexl-his
| —Hex1-his

—o— Muock

Exonuclease Activity (Ufml)

O

Fraction No.
m 11 12 13

50

%cpm released

0 10 20 an
Time (min)

Figure 2. Analysis of Hex1 exonuclease activit)(Western blot analysis of crude cell extracts. Extracts were prepared from IPTG-iBdiadechrrying either
pET28a (lane 1) or pET28a/Hex1-His (lane 2 and 3). Twenty five micrograms of total protein was fractionated on an SD%+pulgagey| transferred to
nitrocellulose and probed with His-specific antibodies as described in Materials and Methods. Position of full-length iexHIdisag portion alone and the
molecular weight protein standards (in kDa) are indicaBdCtromatogram of Hex1-His activity from a nickel affinity column. Fractions eluted from the nickel
affinity column were assayed for exonuclease activity as described in Materials and Methods. Activity (in U/ml) is indieatddffaction from the Hex1-His
purification and the equivalent mock purification (top). Additionally, the fractions from the Hex1-His purification wergesbjegestern blot using a His-specific
antibody (bottom). The arrow indicates the position of the full-length Hex1-His pr&giRolarity of Hex1-His exonuclease activity. Assays containing end-labeled
PCR product (0.1 pmol) as indicated and an aliquot of a Hex1-His-containing fraction (0.09 U) were sampled and processichtedhenes as described in
Materials and Methods. The percent released of the initial radioactivity is shown. Results are representative of thremtrdgesindents.

unable to identify exons 3, 9 and 12 and predicted a different exon FETAL ADULT
from those found in thelEX1 cDNA. Finally, within the entire

=
98 574 bp, XGRAIL identified only one other convincing open o 2 = g
reading frame (located upstream BIEX1), which shares = 'g e . 2xs
significant identity with the ribosomal protein RL6. e E ETEEL
Several consensus trascription factor binding sequences were § £ € § SSEEBRLE
found near the 'Send of the sequencédEX1 IMAGE cDNA 8 2 = X =« 2= 8a

(Fig. 4B). This upstream region, which lacks a clear TATA - _ HEX1
box-like promoter, is preceded by a CpG island at position —1250

relative to the cDNA %end (Fig.4A). Two additional CpG
Islands are located within thdEX1 gene (Fig4A). FISH
analysis, performed with two different BAC DNA isolates as well

as theHEX1cDNA PCR product, revealed that the gene mapped
to chromosome position 1942—43 (Fy.

.m B-ACTIN

Figure 3. Expression pattern 6l EXImRNA in fetal and adult human tissues.
Northern blot analysis was performed (see Materials and Methods) and the
DISCUSSION hybridization signal detected by phosphorimaging or autoradiography. Images
were produced by scanning the autoradiograph using Adobe Photoshop 3.0.

The biological role of Hex1 Developmental stage, tissue type and transcript are indicated.

We report here the identification of the first mammakkD2 and the exchange of genetic information during homologous
class 1l family memberHEX1 (17). The 5- 3 exonuclease recombination or for microidentity alignment during DNA end-
activity of Hex1 described within, in combination with the studiegoining or single strand annealing. While yeast genetics suggests
performed in yeast anDrosophila (11-15), suggests that the that Mrell is the primary nuclease in non-homologous and
human protein could function in aspects of recombination and/tilmologous recombinatio¥), studies performed with the yeast
mismatch repair. At DNA double-strand breaks, Hex1 couléind Drosophila Hex1 equivalents indicate that these proteins
produce the single-strandedad¥erhangs needed for strand invasioncontribute to both meiotic and mitotic recombination. Furthermore,
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-617 CCATCGGCCATCAGCGCCAGTGCCACTCGCGCCCTCAAGAAGCCGCACGGAGTTCGGGCCGGCAGCAGCGGCTGGAGTCGTAT
-534 GGCAGTGAGCCGCTGTCTACCCAGCGAGACGGAGAGCTCAGGACGCAACCCTACGAGTTGGAAGCCGCAGGAGGCGGAACCG
-452 GGTTGCGGGATACGCGTTG%F:I:E(?:I?CACATCCTCTG(??;C/S(I}:(%GCCGCAAGGAACCCGCGCAAA'I'I'GAACCAGGAAGGGAAGGAG
-370 AGGGTCTGGCGTGATCTTCCCAACCCAACAGCGGAGCCCTTAGCCTGAGTGGAGTATGTGTTTTGTTCCGAGGGGACGTCTGGC
-286 AACCAGAGGTCTGCAGTTCAGTGAACGGAGGGA%TAGAGAGCAGACGAT'I'CCGGGCTGGAGCAGGCGCCAGGGTTGCCA
-205 GAC’ITACCTCA’I']']']‘TCCGCAGAAGCTGGCAGTCCAGG'[’I'I'I‘ACATGCAATCTCTCCACC'I'l"TAAATG'I'I'GACAAGTAQNQAP 'l-:'rl’c'i‘zT!;
-116 CCATAATATTTTGCAGACCTAAGGAAACGTGTCGTCTGGAATGGGCTTGGGGGCCACGCCTGCACATCTCCGCGAGACAGAGG

-33 GTAAAGTGAAGATGGTGCTGTTATTGTTACCTCGAGTGCCACATGCGATC

Figure 4. Genomic organization tEXL (A) A schematic depicting the relative positions of se\gEX1genomic elements (drawing not to scale). Coding regions
are represented by open boxes, with the exon number indicated above.afte38UTRs are shown as shaded boxes. CpG islands are marked by boxes containing
diagonal lines. Arrows display the location and direction of interspéisa@petitive sequences. The up arrow marks tem8 of the IMAGEHEX1cDNA clone

843301 in both (A) and (B)B) The proximal promoter diIEX1 Consensus binding sequences for several transcription factors are indicated.

Mrell was recently shown to operate as-a53 exonuclease3(), A
a polarity that is contrary to what has been predicted for this enzyr
or for the facilitation of most recombination events.

Seeing thaHEX1 is expressed at low levels in all tissues
examined, the encoded protein may in fact contribute globally 1
aspects of recombination and repair. However, the observatir
thatHEX1 mRNA expression is highest in fetal liver and adult
bone marrow, areas of active hemopoiesis, suggests that He
could act more prominently in DNA metabolic processes the
occur during differentiation of the various stem cell lineages. It
tempting to speculate that the nuclease activity of Hex
participates in V(D)J rearrangement and the generation 1
antibody diversity or also, potentially, in antibody class switching
(35-37). Given the broad spectrum of DNA structures recognize
by the Rad2 nuclease family, it will be of interest to see if Hex:
processess specific DNA conformations (such as hairpins) that ¢
uniguely formed during V(D)J recombination, although incision of
some hairpin loops has recently been appointed to Mgl (

Of the putative promoter elements identified near tieaé of the B
sequenced cDNA clone (FigB), the NP-TCII consensus element
is most intriguing. While this sequence motif is found upstream ¢
several genes, the TC-Il transcription factor is constitutivel
expressed only in lymphocytes and not in non-hemopoietic ce
types B8) and, thus, it may be an important factor in determining
the specificity oHEX1expression. The CpG islands located nea
exon 1 may also influence transcriptional regulation via thei
methylation status3@). The promoter elements that act coordinately
to regulateHEX1transcription obviously need to be determined.

As for mismatch repair, Hex1 may operate with Msh2 to excis
mismatched nucleotides that arise from misincorporations durir
DNA replication or from the inexact complementarity of DNA
strands annealed during homologous rec.omb'”at'on- AIthOUgh Eigure 5.Chromosomal mapping of thtEX1gene. FISH was performed with
was reported that the yeast Exol protein interacts with humaghac pnas spanning thelEX1 genomic region (see Materials and Methods).
Msh2 (14), it is presently unknown whether there is a directThe arrow indicates the position HEX1 hybridization signal as detected by
interaction between Hex1 and hMsh2. FITC staining. A) FISH signal obtained on a complete mitotic chromosome

Whereas the N-terminal region of Hex1 maintains several of th&?'é2d- &) Expanded view of the hybridization signal on chromosome 1,

. - - ndicating localization near the telomere of the long arm. Images were
active site residues and.the conserved N and | nuclease-_ domaiScessed without the use of digital enhancement.
found in the Exol proteins (as well as other Rad2 proteins), the
C-terminal region of Hex1, which is distinguished by its high serine

content, displays no obvious homology to any protein in thdatabase. This portion of the protein may determine the biological
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