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ABSTRACT

One, two or four copies of the ‘helix-hairpin—helix’
(HhH) DNA-binding motif are predicted to occur in 14
homologous families of proteins. The predicted DNA-
binding function of this motif is shown to be consistent
with the crystallographic structure of rat polymerase B,
complexed with DNA template—primer [Pelletier, H.,
Sawaya, M.R., Kumar, A., Wilson, S.H. and Kraut, J.
(1994) Science 264, 1891-1903] and with biochemical
data. Five crystal structures of predicted HhH motifs
are currently known: two from rat pol 3 and one each
in endonuclease lll, AlkA and the 5 ' nuclease domain
of Taq pol I. These motifs are more structurally similar
to each other than to any other structure in current
databases, including helix—turn—helix motifs. The
clustering of the five HhH structures separately from
other bi-helical structures in searches indicates that all
members of the 14 families of proteins described
herein possess similar HhH structures. By analogy
with the rat pol 3 structure, it is suggested that each of
these HhH motifs bind DNA in a non-sequence-specific
manner, via the formation of hydrogen bonds between
protein backbone nitrogens and DNA phosphate
groups. This type of interaction contrasts with the
sequence-specific interactions of other motifs,
including helix—turn—helix structures. Additional
evidence is provided that alphaherpesvirus virion host
shutoff proteins are members of the polymerase |
5'-nuclease and FEN1-like endonuclease gene family,
and that a novel HhH-containing DNA-binding domain
occurs in the kinesin-like molecule nod, and in other
proteins such as cnjB, emb-5 and SPT6.

INTRODUCTION

zipper and helix—loop—helix motifsl) These may arise in
different molecular contexts which has been interpreted to be due
either to divergent evolution via gene duplication and insertion or
to structural convergence via the effects of selective pressures on
protein function. Thus the helix—turn—helix (HtH) motif is found
both in molecules with similar folds (e.g. homeodomain proteins)
and in others with different folds (e.g. lambda repressor and cro
proteins). Unlike gene regulatory proteins, other molecules that
bind DNA do so in a manner that is non-sequence-specific. These
proteins include nucleases;glycosylases, ligases, helicases,
topoisomerases and polymerases that are essential for the
protein-mediated synthesis and repair of DNA structure. Much
less is known about how such proteins bind DNA or how this
sequence independent binding is coupled to their funcjon (
These proteins, unlike sequence-dependent DNA binding proteins,
have not previously been shown to possess a common structural
motif.

Recently, the N-terminal region of an open reading frame
(ORF) of the cyanobacteriuBynechocystisp. has been shown
to be a member of a family of phosphodiesterases that includes
phospholipases D and endonuclea3g$-(rrther investigation of
this ORF indicated that the sequence of its C-terminal region is
similar to a previously proposed family of DNA-binding proteins
(4) that includesBacillus subtiiscomE ORF A and human
OriP-binding protein (OriP-BP). This suggests thatSyeecho-
cystissp. ORF encodes a nuclease with a C-terminal DNA-binding
domain. The family of DNA-binding domains was suggested (
to include regions oEscherichia coliuvrC (a subunit of the
uvrABC DNA repair enzyme) andHaloarcula marisortui
ribosomal protein HL5.

Further studies indicated that this family of DNA-binding
domains also was significantly similar in sequence to a variety of
other molecules, each of which possessed a DNA-binding function,
over regions of 20 amino acids. It was considered that these
sequence similarities either arose as results of evolutionary
divergence from aotmon ancestor (i.e. homology) or by localised

The interaction of proteins with DNA, in a sequence-dependenbnvergence of sequence due to adaptive replacements that were
manner, is fundamental to DNA synthesis, repair and degradatigrysitively selected (ch). Here evidence from similarity searches
and to the regulation of gene transcription. Many of these proteiok sequence and structural databases is presented that sugges
contain small, discrete structural motifs that utilize ettheelices  that a ‘helix—hairpin—helix’ motif occurs in 14 families of proteins

or B-strands to bind the phosphate backbone or the groovesanfd that this mediates a non-sequence-dependent interaction with
DNA. Among these are the helix—turn—helix, zinc finger, leucin®NA.
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METHODS statistically significant similarities to a 16 residue profile calculated
from regions ofSynechocystisp. ORFComEORF A, OriP-BP,
Searches of sequence databases HL5 and uvrC sequences.

Sequence searches were undertaken using a local similarityhe initial search@) provided evidence that such sequences
method of Bartonf) and Searchwise?): a generalised profile €Xist predominantly in I_DNA-lnteractmg proteins. The 11 sequences,
method. Additional searches for homologues used BLAgag that were most similar to the profile (i.e. the top scoring
implemented at the National Center for Biotechnology Informatiofeduences), were three NADependent DNA ligase£,.coli
(NCBI) USA. Estimation of-values for ungapped blocks within '€CR and ruvA (both involved in DNA repair processes), rat DNA
multiple alignments was provided by the program MACA) ( Polymerase, Pseudomonas fluorescens/rC, Drosophila
Calculations op-values were overestimations due to the use dhelanogastenod (a DNA-binding kinesin homologue), human

a maximal search spac8) (equal to the product of proteins’ flap endonuclease-1 (FENTJhermus aquaticuBNA-binding
sequence lengths. The BLOSUM62 amino acid substitutigprotein 1a (DNAB1a), and an endonuclease fsaccharomyces
matrix (L0) was used for each of these computational methodéerevisiagORF YKL113c). Using MACAWY), comparisons of
Secondary structure predictions from multiple alignments wet&€ese sequences in pairs and in groups demonstrated that the

provided by the neural network method (PHD) of Rost ang@robabilities that these similarities in sequence arose by chance
Sander {1). were small. For example, aligning 16 residue regions of

Rhodothermus marinu8NA ligase, nod, FEN1 and DNABla
yielded ap-value of 1x 1077,

A new profile, containing both the original five sequences and
Comparison of individual HhH structures with current structurd1 that were the next most similar, was calculated and compared
databases was provided by the dynamic programming algorithi@) once more with databases. The top-scoring 53 sequences in
encoded within STAMP 1@). The algorithm was used to this iteration contained the 16 residue motif; significantly the
calculate length-independent degrees of similafyv@lues) motif was conserved also for their close homologues, as defined
between a query structure and all other known structures whéyg conservation at five or more of eight positions of
maximum values ofg, = 9.8 represent a comparison of anyhxxhxGhGxxxAxxhh, where h is a hydrophobic residue
structure with itself. The putative HhH motifdSicoliendonuclease  (VILMWFYA). Four exceptions to this, where homologues did
[l (residues 111-126), rat polymeraBgresidues 59—74 and not conserve the motif, were discarded; these four were:
100-115) andk.coli AIKA (residues 209-224) were subjected toStreptococcus pneumonigenicillin-binding protein, trout cellular

Searches of structure databases

database searches each as the query structure. tumour antigen p53, varicella-zoster virus gene 53 protein and
S.pombesexual differentiation process protein ISP7. A slight
Comparison of HhH structures reduction of the acceptance threshold suggested the presence o

o . . . multiple copies of the motif in NADdependent ligases (four
The four bi-helical structures were superlmposed using matrlcgépies), ruvA, polymerag®and HL5 (two copies each).
generated by STAMP and examined using RASMQB).( comparison of a newly-generated profile with databases using
Examination of the hierarchical lists of scores from searches a?s@archwise, a profile method),( corroborated and extended
visualisation of superpositions using RASMOL demonstratefhese findings. In this iteration, the top scoring 68 sequences were
that superpositions witlg, scores >8.00 represented highly 5 represented among previously-identified sequences, together
similar structures. Multiple _allgnment of the four similaryiin radc homologues, that also scored highly. Collating these
structures was performed using STAMP and valueg-ofi@re o5 scoring sequences with their homologues yielded a total of
calculated, these represent the confidence in the alignment at €57 sequences. In order to decrease redundancy, one of each pa
C-a position. Crossing angles between the two helices of the HW{ ¢jose homologues whose motifs showed >60% sequence
structures were determined using the structural analysis progrgfntity was removed from the list. Unexpectedly, each of these
ACTIVE (Hyeon Son, in preparation); helical regions were, o7 yas found to represent a protein known to interact with DNA,
defined using Quanta (Molecular Simulations). except for four ORFs whose functions are unknown; no protein
whose known function is unrelated to DNA was present among
RESULTS AND DISCUSSION the 107. This procedure was unlikely to have identified by chance
such a set of proteins with functions so disproportionately related
to DNA (as an illustration of this it is noted that only 2% of
Regions ofcomEORF A, OriP-BP, HL5 and uvrC have been SwissProt database entries have the string ‘DNA in their title);
suggested elsewhere to form a family of DNA-binding domaitherefore, this motif is likely to have arisen in each of these
homologues4). Results of preliminary database searches indicategquences as a result of a common DNA-related function. From
that the sequences of several other DNA-binding proteins weliterature data (discussed below), this function is likely to be a
apparently significantly similar to a 16 residue motBphecho- DNA-binding function. Given the stringent selection criteria for
cystis sp. ORF,comE ORF A, OriP-BP, HL5 and uvrC: for this motif it is likely that many more examples, with slightly
example, regions similar to the motif@ynechocystisp. ORF, differing sequences, remain to be identified in current sequence
rat polymeras@, E.coli ruvA andE.coli recR, when aligned in databases. Seven of the 107 sequences could not be identified a
pairs, yielded probabilities of being aligned by chapeslues) close homologues of any other proteins (Tahle
of <5 x 1072 calculated using MACAWSY). In the absence of  The 107 sequences could be clustered into 14 homologous
known structures for each of these proteins it was consider&milies (Tablel). Some care was taken to ensure that sequences
prudent to search, using both a local similarity algoritbraifd  were demonstrably homologous by ensuring that significant
a generalised profile method)/( for sequences that possesssequence similarity existed outside of the motifs. This precaution

Sequence-based searches



CLASS
Residue
1 5&
w7
223
FLT
57
L
213
7
208
250
i 191
158
FLH
192
177
204
233
LET
LIS
LET]
118
ars
dEH
213
a 108
141K
133
108
143
115
i 1TH
CE
FLp
227
5 L] ]
152
10
107
A3
i
816
153
-] 1372
13
£33
I 446
450
512
S44
"7
451
513

LB
L8T
521

Table 1.HnH sequence alignment

Copy

1 io 10

i i
AEAEELFGVGETEIREEIDEF
HFLTREVTOIGPSARRRLYDE
EQLEENPGCGFPEIVALWEEF
LLFYHIFOVOASHAAEWEQE
QDLEAFSGFGARLLEEAEET
QELTOVEGFIPPRRAALFDR
BAETELRNIGPSIARRIQVI
EYFERCYGIGEEIRERWHLL
FOTEGIPCLOSEVREGIIEET
ELFTEVFGVELETSEEWFRM

DHLPGVEGIGEETRRELLEE
DHIFGVFEVEEETAQALLOG
DHLEGIFOVIERTRAEWLIAE
DHLAGIEGIGPIKGIELLOD
SEVPGVAGIGPESATOLLYVE
DHIRGVEGIGAERGYNIIRE
DYCESIRGIGPERAVDLIQE
DYTHGLERVGPVLALEILEE
DYTEGIFTVOCVTANE ILNE
DYTHGLEGHGFVSSIEVIAE
DY TDGVAGHOLETALRYLOE
DFTERIFEIGPVRALELIRY
DYHNRGVECGLGENESLOLAQC
YFPOQRGVONIGIVEVFDILGE

ARLEALPGVORET ANV VLET
DELCALPOVIPEMANL VEO I

HELLGLPOVGFEMAYLTLOE
EEVAALPGVORSTAGAILSL
EWREGIFPGVGEPYTAGAVLEL
KEAILDLPOVORYTCRAVHCL

SLVIHVREGIGFWSAENFLIS
EQLTAIRGCIGPWTAQLFLLF
ETLOTFPGIGEWTANY FALE
ENLIEIRGIOFHTANYVLME

EELESLPGIGFSTAEEIIST
EELQGIBGVOPSKEAEAIIAY
EELVLLEGIGTVEAQAIVDY
RDLESLORIGCFEEAQLIVGH
EQLOEIPGIGFESAFSLALE
HLLORINGLEERTAEEIVOY
DCLGFIPGFGPRESHFFISO
PLLTAVAGLTRMMAQNIVAW

PPFHVIDGLGETLAQKIVDS

PPFHEIFPGLGTHAALNIVEA
TGIGAIEGVGEGPIERITER

ERAHDVDOCHGDEI IDJLVEE
GELTGLERHUPESAQHNYVHA
LYRLGTREVGEARTAAGLARY
EELOEVFDVGIVVASHVHENF
AEAMDIQGLEERLIERLLEK
EDLVGLERMGERS AQNLLEQ
LYALGLEGVGEVLARNLAAR
EELLEVEEVGELTARAILET
ROAMDIECGMOSOVARQLAES
EDLLELEGFAETRARNLLEA
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Accession
Ccoda

Dpob_Rat
 Rat
Ya2é_schpo
Ta6_schpo
ASSHTA
AS58TE
bpod_Yeast
Dpod_Yeast
Tdt_ Human
Tdt_Human

Dpol_Theag
Dpol_Ecooli
Dpol Myetu
Hgu3s705_2

Exo_Ecoli

ExoS_Bpts
Fenl_Buman
Ral3_Schpo

¥py Human
Radl_Yeast
Yapexola 1
Tail_schpo
¥Yenl_Yeast
Celelzaz &

End3_Ecoli
Cerloed_6

¥abS Yeast
Moty Ecoli
Spaci6al_2
Gtmr_Mettf

Hag_Yeast
Sycalrb 123
Img? Ecoli
imga_Bacsa

Eycslrd &9
Cmal_Bacsau
DnuZE684 1
HumobpZa_ 1
Bod_Oromo
Caldyneinh
Tetcnjba_1
Ecouwh7_332

MpuO6833_1
Dpda_Racsu
Dpla_Booli

Dalj_Beoli
Dnlj_Beoli
Dalj_Beoli
Dulj_Ecoli
Dnlj_Theth
Dalj_Theth
Dnlj_Theth
onlj_Theth
Faul10483_1
Fmul0483_1

NAME/FUNCTION
Species
Ene  DNA Polymerass B
Rao  DINA Polymerass p
Spe DIMA Polymerase f homologue
Spe  DNA Polymemse | homologue
Cfa DNA Polymerase § homologie
Cfa  DNA Polymsrase i homodogue
See DMNA Polymemse [V
Sre  DNA Polymerase |V
Hsa  DNA nuclectdylesntransfense
Hsa  DNA niscleondylesotrans]erass
Tag DMNA polymersse | (5 puclease domun)
Ero  DNA polymerase [ (5 ouclease domain)
M DNA polymernse [ (5 nuclease domai)
Mge DNA polymerase [ (5 ouclease domain)
Eca 53 exonoclemse
BTS 5 exonuclesse
Mg 5 FLAP endonuchese
Spe  RADIZ, DMA repair prolein
Hea  EROCC-5 DNA excesion repasr prolein
See radd, DMNA repar prolein
Excnuchese |
ORF (SPACIERL1.O1C)
ORF (YERMIW)
ORF(TIZAZH)

Endopuclease and DA Neglyoosylase (Endo [T}
Endo 11 bomologes

Endo I11 homologue

Mury | ASG specific adensne glycosylase
Muty homaologas

Muty homologise

MAG, DMNA-3-methyiadenine glvoosidas
MAD bomologue

Alka, DNA-3-methyladenine glyoosnlase 11
D A-3-methylademine glyoosidase

Phospholipase [ homodogue, nuclease?
comE ORF A, DMA-binding progein
Cmel orthologes

oriF-binding profein

DMA-binding kinesin

ORF near dynein locas

cnjB, geme active duning meiosis

ORF (ofi22)

DA polymerase [11 {poll)
DA pedymeerase 111, a-chain
DA polymerase 111, a~chain

HAD -dependent DMA igase
MA D -dependent DA L1
MAD* dependent DA Iipp:
NAD* dependent DA ligase
HA D -dependent DMA ligase
MAD* -dependent DMA ligase
MAD* -dependent TIMNA, ligese
MA D -dependent DMA ligase
WA D -dependent DMA ligase
MA D -dependent DMNA ligase
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Table 1. €ont) 553  LPGLGIREVGETTAELLVQR 3 Feul0483_1 Rhm MNAD*-dependent DINA ligass
585 DELAALEGVOPITAESIANW 4 FEuld483_1 Rbm MNAD*-dependent DMNA ligase
172 RTAFEIDGLGESHIESFFAD | mmlj_Zymmo Zym NAD®-dependent DA lignse
08 QLLIEREGWGELSVDNLISA 2 Dnlj_Zymmo Zym MNAD*-dependent DMA ligase
540 LFALGIREVOAVTARDLAES 3 Dnlj_Zymmo &y NAD*-depondent DNA ligase
&00 ISFFHIPHMGGEIIRSLLDF 4 Dnlj_Zymmo Zym NAD"-dependent DMNA ligase
435  ETAMDINGLNINTITELYER 1 Mgu39703_12 Mge MNAD*-dependent DNA lipase
172 QVLELDLEICDELFHNELVDH 2 HgulSTo3_12 Mge MNAD-dependeni DMNA ligase
30 LTGLGIEHVGHVLAENLANE 1  HgquiST03_12 Mge MAD*-dependent DMA liguse
536 EMLISLNDVGITVAESLYNW 4 Mgui9703_12 Mge NAD*-dependent DNA ligase
317 ERLDEVEGIGEVRAQKIEEG Yack_Bacsa Hss ORF(yack)
-} 556 SOLETIECVOFERROMLLEY Were_Booli Eee  uwiC, exonuclease ABC subumit O
517 SVLODIPGIGERREEHLLER Dere_Bacsu B uviC, exonoclease ABC subumit ©
73 QELIAFPOIGPAEATTILAK Sycslrb 14 Sgp  uwl, cnoneclease ABC subunit C
) TFLDEIFGVGAARKRALLAR RauZz9587 1 Rgp  uw(, exonaclesse ABC subunmsi C
377 WHPLLOIPGWGEITAQILFDH MogulPE98_1 Mee wuvC, exonuclease ABC subunil ©
9 73 EELIETHOVOGPELALAILSG 1 Ruva Booli Eco  mavA, Holliday junction DA helicase subamit
108 GALVELPGIGEKTAERLIVE 2 Fova_Ecolil Eeo pavA, Holliday junction DA helicase sabunit
72 LALLSVSGVOPRLAMATLAY 1 Ruva_Hycle Mle nvA, Hollidey joncoos DA belicase subumit
107  ASLTRVPGIGKRGAERIVLE 2 Fova_Mycle Mle nvA, Hollidey juncion DA belicase subunit
10 12 EALRCLFOVOPESAQRHAFT Reor Ecoli Eeo  pech, DA repair protein
! DISFHELPGIGPETAVRLAFF Recr_Bacsu B peck, DMA repair proiein
UFLEVLFGVGFESAEEYAEL Spmmsagen 2 Spm rech, DNA repadr prodein
i = BEELESIPGIGHVEAIQILAR Rado_Bacsu Biw  radC, DNA repair protein
a4 EQFSGVHOGIGVAKFAQLEGI kada Eooli Eco  mdC, DA repair proiemn
78 FAFCSVEOGLOITOFIQLOAI Radc Hasin Hin  radC, DINA repair prolein
1d % EDLALCPGLGFOEARRLFDV Ercl Buman Mee ERCC-1, DMA excision repais protein
211 DELEQLECWGPTEVHRFLEA Swll_Schpo Spe  swill, DMNA exaision repair protein
13 16 IALTEIYGWGETREEATLAN Rsl3 Booli Ece 513, ribosomsl proten
10 IALTYIFGIGLESARTILEER U01733_1 Mpe 513, ribosomal protein
if ISLTYIFGIGRTTAQOVLEE Rsl3 Baosa Fa 513, nbosomal prolein
&3 TELOYIRGIGRTRARQILYD Ral3_Arath At 513, ribosomsl proten
17 ISLTYIYGIGPALSEEIIAR Chtrpsl 2 Cir 513, ribosomal protein
15 FTALAMIEGIGYNTAMIIIRE Be13_Sulac Sac 513, ribosomsl protein
3%  RALTELRGIGHRAARIIAQE Rell_Balma Hma S13, ribssomal protein
17 IASTEIDGIGFEEAIQVRYR Rtl] Tobaa Me 513, dbosomal protein
17 QACAQIYGLGHARCLOICDV Fe02570_16 Pwi 513, ibosomal prodein
218 FAITAIEGVGRRYAHNVVLEE Rald Boman Ao 518 dbosomal protein
195 SLLATIPGIGEETLPRLLVV Piv Morla Mia Pilin gene invening protemn
181 EILLSFPGLGPLLGARVLAE ¥ml Stroo Sce Min-circle hypotbetical proiein
270 EIIESHFOMOPVLAAEFVAI Till_strcl Sof Insermom clement (15116)
193  EVLHALPGVGPQVAAAVLAL TTHISOR 5 Tag DHNA-binding protein LA
IT4 PFVLTSMPOVOVETAAVLLYVT Tisl Stroo Sce  Inscroom clement {15110)
10 QRLETIPGIGTITASLLATE Yanislli2l 1 Yem Inserison clement {IS1338)
13 QRVQSIFOVOTLTALSVTAS Coxtranspo 1 Chu  Trensposss (151111a)
194 CILOSHMEGIGEIASASIISH AJ2B16 Pat  Imserison element (15557)
miige. 14 TELTDISOVOFSEAESLRER 1 R132 Halma Hmas HLS ribosomal prodein
i¥ SALADVSGIGHNALAARIEKAD 2 R132 Halma Mma HLS, nibosomal prodein
Il GITLVNIOVOPSHAETICDH hmn Ecoli Eso  AMP suclecsidase
14 ELLSGVPNIGEELAAEILED AsulB46é 54 An  ORF(EPMR)
135 DDLERIEGIGPEISDWLHAQ Yngi_Parde Pde ORF
148 IPLOFVPGVWIPETLDELEEA _Baoso B ORF (ygxk)
130 EELMSYHOVOPEVADCVCLH 545801 See  ORF(YMSSR0D)

Fourteen homologous families of HhH sequences. Every pair of motifs shares <60% sequence identity. The HhH motif, from the 5’ nucleaghmiriaimasf

been added to this set as a consequence of its known tertiary stflisjut®cations of the initial residues of the HhH sequences and (Swissprot or GenBank)
accession codes are shown preceding and following the alignment respectively. Abbreviations: Asv, African swine fever irabjddpsis thaliana
Bsu,B.subtilis BT5, bacteriophage T5; CbGpxiella burnetij Cel, C.elegansCfa, Crithidia fasciculata Ctr, Chlamydia trachomatjsDme, D.melanogaster
Dno,Dichelobacter nodosyg&co,E.coli; Hin, Haemophilus influenzaéima,H.morismortuj Hsa,Homo sapiendMige,Mycoplasma genitaliunMIla, Moraxella
lacunata Mle, Mycobacterium leprgeMith, Methanobacterium thermoformicicuivpu, Mycoplasma pulmoni$tu, Mycobacterium tuberculosilta, Nicotiana
tabacum Pat,Pseudomonas atlantic®de,P.denitrificans Pwi, Prototheca wickerhamiRhm, Rhodothermus marinuRno, Rattus norvegicudksp,Rhodobacter
sphaeroidesSac,Sulfolobus acidocaldariuSce,S.cerevisiagScl, Streptomyces clavuligeruSpn,Streptococcus pneumonjé&po,S.pombeSsp,Synechocystis

sp.; Tag;Thermus aquaticyudth, Tetrahymena thermophil&en, Yersinia enterocoliticaZym, Zymomonas mobili®ther abbreviations in text.
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was warranted by the observation that the five known structures
that contain the motif (pg, AlkA, endonuclease Il andlaq
polymerase I; see below) do not adopt a common fold and may
be results of localised sequence and structural convergence.
Secondary structure predictions were provided by the PHD
server (1) using multiple alignments of all homologues in Tdble
whose tertiary structures remain unknown, as query information.
At an expected accuracy of prediction of 7209 ,(eight out of
13 alignments produced a prediction of wbelices, 4 (radC,
uvrC, NAD"-dependent ligase motif 1 and ruvA motif 2) yielded
an uncertain prediction for the first half of the motif followed by
prediction of ar-helix, and 1 (tranposase homologues) yielded
a B-strand-strand prediction. These predictions are consistent
with the proposal that the majority of these sequences represent:
a bi-helical structure; the possibility that a minority of these do not
contain a N-terminak-helix can not be discounted.

Structure-based searches

These observations of sequence similarities were able to be
correlated with structural similarities given that the crystal
structures of five of these motifs have been determined. Rat
polymerase (pol B; containing two motifs)1(4), T.aquaticus
polymerase | Taq pol 1) (15), E.coli AIKA (T. Ellenberger,
personal communication) aidcoli endonuclease Il (endo Il1)
(16) do not ‘."‘” adopta common fold yet each cqnte_uns a bl_he“C.qugure 1. Structural comparison of four HhH motifs. Superposition of the
structure with a short inter-helical loop that coincides with theity_carhon atoms of HhH motifs (positions 1-20) of the@shH 1 (yellow)
sequence-similar motifs. Since tandem helices are a comm@Ad HhH 2 (blue), endonuclease |1l (green), AKA (red) using STAMP (12). The
occurrence in protein structurés) it was important to assess the root-mean-square deviations of backbone atoms between HhH positions 3 and
significance of the perceived similarities between the bi—helica]éﬁ(;’z’)elflfﬁﬂﬁg"%t%% tj‘i t(’eog-z?]é (Zﬂgf]'&'lr% d%”ﬁlﬂh%?%’&g épgz*g'ﬁHﬁ g”ld
motifs of polB, pol 1, endo 1l and AlkA. Henceforth these motifs 2%y "Vt "0 65 Ap(poB HhH 2 and AIKA HhL) and 075 A (endo I
shall be termed ‘helix—hairpin—helix’ (HhH) motifs in accordancenhH and AlkA HhH). The figure was prepared using RASMOL (13).
with Thayeret al (18) (see below).

The STAMP algorithml(2) was used to compare, in a pair-wise
manner, each of four HhH motifs of known structure (AIkA, significantly dissimilar to other structural motifs, including other
endo Il and two from pdB) with all structures contained in the bi-helical motifs such as helix—turn—helix motifs, in the arrange-
Brookhaven database, and with other structures obtained localiyent and crossing angle of the helices and also in the type of turn
the resolution of the pol I HhH structure was inappropriate tehat bridges the helices.
allow its comparison with databases. STAMP-derived values of
scores &) quantified the pairwise similarities between the query,o ‘helix—hairpin—helix’ motif
structure and all other structures in a length-independent manner
(Table2). The most striking finding of the STAMP search wasComparison was made at this stage with literature sources. The
that each of the HhH probe structures was identified as beingptif derived here corresponded exactly with the ‘helix—hairpin—
similar to each of the other predicted HhH motifs withhelix’ (HhH) DNA-binding motif suggested by Thaysral (18)
significantly highS, values (Table). S values=8.33 demon- to occur in 13 sequences; the number of putative HhH-containing
strated the signficance of their structural similarities; these valussquences was extended by five by Seeddeat{19). However,
are similar to the top scores obtained when searching using otlieee homologous sequences, human, mouse and yeast replicatior
query structures, for example the helix—turn—helix motif (resultactors C, suggested by Thageal. (18) and Seeberet al.(19),
not shown). The reliability of these scores was supporteg:by Ro contain HhH motifs were not contained among the 107
values that exceeded 10 throughout the alignment. Russell asstjuences identified in this study. On closer inspection it was
Barton (L2) have previously shown thaf-Ralues >6.0 represent apparent that these three sequences (consensus sequenc
regions where the structural alignment are of high reliability; thiSPPG[V/I[GKT) conformed better to the ‘P-loop’ consensus
was confirmed by direct visualisation of superpositions. Supesequence (JA/GIxxxxGK[S/T]) 20) than to the HhH maotif,
position of Pol3 1 and 2, Endo Ill and AlkA HhH structures described here. Although similar in sequence, P-loops contain
demonstrated the remarkable similarity between the topology Bfstrand—loope-helix secondary structure8((21) in contrast
these structures (Fid), highlighting that the HhH motif is with thea-helix—loop-ei-helix structures of HhH motifs.
composed of two helices, of conserved length, linked by a Type IIThe five HhH-containing proteins, whose structures have been
B-bend held by a single hydrogen bond, and crossing at simildetermined, do not share a common fold, indicating that the HhH
angles (Tabl&). TheTaqpol | HhH, although poorly ordered in motifs, in these examples, are likely to have arisen either by local
the crystal structure, also demonstrates many of these characteristieguence convergence or by gene duplication and insertion. The
It is evident that these bi-helical structures are significantly alikerystal structures of the five HhH motifs, and the DNA-bound
both in sequence and in structure. Furthermore, they af@m of one of these (the second HhH of ratff)phave allowed
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Figure 2. HhH motif. Thea-carbon backbone of the second HhH motif from rafpBbsitions with high propensities for particular types of amino acids have been
coloured consistent with the colour scheme of the sequence alignment (below). The side chains of these residues have also been included to demonstrat
contribution to the HhH motif structure. High propensity for hydrophobic residues at HhH positions 3 and 14 (van der Waals surfaces shown in red and ore
respectively) suggest their importance in the maintenance of the relative orientations of the two helices. An alanine or small hydrophobic residue is most comn
found at HhH 14 preventing steric clashes between the helices at their crossing point. The multiple sequence alignment of HhH motifs of known structure, as disp
using Alscript (45), shows hydrophobic residues (VILMFYWA) at positions 3, 6, 9, 17 and 18, glycines at positions 8 and 10, and small residues (AGCS) at posi
14, with coloured backgrounds.

the first detailed examination of the structural basis for thstabilise thd-turn. An anti-parallel type hydrogen bond between
significant sequence similarities among HhH motifs Bigand  these amino acids also stabilises the hairpin. Glycines at positions
the amino acids that are important for DNA recognition. It i8 and 10 form important elements of the hairpin loop: glycine
particularly striking that several positions with high propensitieslhH8 appears to be important for the formation of the type I
for hydrophobic residues (positions 3, 6, 9, 14, 17 and 18:turn, whereas glycine HhH10 contributes to a pronounced
numbering as Tabl®) are all buried at the interface between theextended surface that mediates DNA-binding (discussed below).
two helices. It would appear that residues at positions 3, 17 aAd alanine or small hydrophobic residue is most commonly
18 stabilise helical packing whereas residues at positions 6 anth@nd at HhH 14. The absence of a bulky side chain at this
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position on the second helix in the majority of putative HhHEscherichia coliAlkA is involved in base excision repair; this
sequences appears to prevent steric clashes with helix 1 at wWark indicates that the AIKA HhH motif is likely to mediate its
helices’ crossing point (Fig).

Table 2. The top scoring hits and ‘false positives’ in a search of structural

databases

affinity for DNA during repair processes.

The crystal structure of DNA polymerase | frdmaquaticus
(Taq pol 1), containing the first description of the structure of a
5'-nuclease domain, has been reported recebfly A HhH
motif, predicted to reside in thé Buclease domain (residues

Search query Name/PDP Score (Sc) 191-211), does indeed adopt a helix—hairpin—helix-like structure
PDB code (residues)  (residues) although the structure of this region could not be determined
PoIp 1 PolB 1 (59-74) 917 unambiguous_ly du_e to high c_rystallographic B-.factors and poor
2BPF 1 (59-74) P 2 (100-115) 8.67 electron densny., with no densny present fpr residues 200 and 201
Endo lll (111-126) 8.59 (15_). However it was po_SS|bIe to superimpose a_ccurat_e_ly t_he
AlKA (209-224) 833 helices of the pol I HhH with other HhH structures; in addition it
has a crossing angle similar to other HhH structures (3pfdlbe
1pdn (C29-C42) 7.42 Tagpol | structure does not contain bound DNA, but Kinal
3wrp (60-74) 7.32 (15) have proposed three metal ion binding sites formed by
1trh (362-377) 7.30 conserved carboxylates situated at the base of the major cleft in
1ledd (191-206) 6.97 the B nuclease domain as constituting an active site. Interestingly,
the HhH protrudes into this cleft adjacent to the metal binding
PolB 2 PolB 2 (100-115) 9.17 sites and it seems plausible that the motif presents DNA to the
2BPF 2 (100-115) Endo Il (111-126) 8.91 nuclease active site.
AlKA (209-224) 8.75 The B-nuclease domain of polymerases | from a diverse range
PolB 1 (59-74) 8.67 of organisms is highly conserved?|. Analysis of mutations
within theE.coli pol | 5 nuclease domair2g) reveals that two
lecl (377-391) 7.95 mutations (Glygs—Asp and Glygo— Asp), which result in
3wrp (60-74) 7.79 defective 5-3-nuclease activity, occur in or near the predicted
1trh (362-377) 7.74 HhH motif (Fig.3a). The Glygs— Asp variant polA480ex has
1mys (539-553) 7.68 a markedly reduced-8-nuclease activity with little effect on
polymerase activity, whereas the gy Asp variant folA214
Endo Il Endo IIl (111-126)  9.17 has a more pronounced effect on both polymerase and nuclease
2ABK (111-126) Pop 2 (100-115) 8.88 activities. In vitro, both these activities are thermolabile in this
/;”‘IA (209-224) 8.75 mutant, andn vivo, the mutation is lethal at high temperatures
olB 1 (59-74) 8.59 suggesting an essential role for this residue. It has recently been
1gky (132-146) 765 reported that s.ubstltutlon of the corresp_ondlng eg_c_lne residues
2dnj (235-249) 7e4 b,y aspartates, |B.cald_o§ena>pol l, results in the abolition of the
lecl (377-391) 2 42 5-3 exor_lu_clease a<_:t|V|t32'(1). These data |n_d|_cate that the pol |
1bip (79-93) 719 HhH motif is essential for'53 nuclease activity.
AlKA (209-224) AlKA (209-224) 9.33 Table 3.HhH crossing angles
Pol B 2 (100-115) 8.91
Endo 11l (111-126) 8.75 HhH structure  Helix 1 Helix 2 Crossing angle
pol B 1 (59-74) 8.33 (residues) (residues) (degrees)
PolB 1 56-61 67-75 154
1ctf (72-86) 8.03 PolpB 2 97-102 108-116 133
lapl (165-179) 7.84 Endo Il 108-113 119-127 130
1mss (98-112) 7.68 AlkA 201-211 217-228 131
1lib (20-33) 7.53 TaqPol | 189-197 204-212 129

HhH motifs in Endo I, AIKA and pol |

A DNA-binding function has been proposé®)(for the putative
HhH motif in endonuclease lll, based on its identification as th&he crystallographic structure of p@ bound to a DNA
binding site of thymine glycollf), a known inhibitor of the template—primer (Fig8) (14) and the identification of putative
N-glycosylase activity of the enzyme. In this structure thélhH motifs has enabled us to predict the mode of DNA-binding
electron density for the inhibitor was weak and the authors couldr each putative HhH sequence. Seele¢ral (19) suggested

not identify unambiguously the nature of its interactions with ththat the central residues G[I/V]G of the HhH hairpin bind to DNA
HhH motif (16). Resolution of this question awaits thethrough hydrophobic interactions with the bases in the grooves.
determination of the tertiary structure of the DNA-bound form oHowever this proposal is not supported by th8mtucture. As
endonuclease lll. The crystal structure of another DNA glycosylasdiscussed by Pelletiegt al (14), the pol B~DNA template
AlkA, has recently been determined (T. Ellenberger, personebmplex structure reveals that fbbackbone nitrogens form
communication) and, as predicted, it also contains a HhH motifon-specific hydrogen bonds with DNA phosphate oxygens. Of

HhH motifs in pol : determinants of HhH
DNA-binding function
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Figure 3. DNA recognition by the second g®HhH motif. Non-specific hydrogen bond interactions between the backbone nitrogens of the second HhH motif of
rat polB and phosphate oxygens of DNA (primer strand) based on the co-crystal structufelmfyral to a DNA template—primer (14). The HhH motif has been
coloured according to the temperature factor (B factor) of the residues [red (high) to blue (low)]. This indicates that the DNA-bound hairpin loop is the most rigid rec
of the HhH motif while the helices are more flexible. The figure was prepared using RASMOL (13).

two regions in pop involved in this interaction, four backbone resonance chemical shift dag). Lys 72, located in the HhH
nitrogens in the second HhH motif, between Gly105—-Alallénotif, has been implicated in binding dNTP from the results of
(HhH 8-13) form hydrogen bonds with phosphates of the prim@ryridoxal phosphate modification studigg)( The first putative
strand (Fig3). It is suggested that all HhH motifs bind DNA in HhH motif of the pol3 homologue terminal deoxynucleotide
an analogous manner to that of the seconfl pitiH motif. Itis  transferase also appears to possess affinity for ssBRAa(d
notable that there is a high propensity for glycine residues at Hhidcleotides %3).
positions 8 and 10 (Tabl®), which in polf are critical for Recently it was reported that ffiotan be specifically inhibited
DNA-recognition and provide an extended surface for DNA-by its N-terminal 14 kDa domain (residues 1-14%)) that
protein recognition. A high propensity for lysine at HhH 12 andontains both its HhH motifs. This domain, like the intact
threonine or serine at HhH 13 within a subset of proposed Hhehzyme, binds both ss and double-stranded (ds) DNA but is
sequences suggests that these interact with DNA phosphdedicient in polymerase activity. A smaller 8 kDa fragment
groups in a similar manner to the same residues in P-loggesidues 3—75), encompassing its first HhH motif binds ss DNA
structuresZ0). DNA recognition by HhH motifs, in the manner but not ds DNA while another fragment containing the second
proposed above, would provide non-sequence-specific interactiontif and the catalytic domain (residues 87—-334) binds only
of proteins with DNA. This type of interaction would contrastds DNA. This evidence supports the prediction that the first HhH
with the sequence-specific interactions of other motifs such #simportantin ss DNA recognition and we propose that a minimal
helix—turn—helix motifsZ5). region containing both HhH motifs (residues 50-120) would also
A second HhH, predicted by our search, but not othi&sg),  inhibit pol  activity by competing for the DNA substrate.
is located in the 8 kDa domain of gblwhich appears to be
responsible for the short-gap filling activity of the enzymeHomologues of the pol | 5nuclease domain
(26,27). The crystal structures of (®(14,28) do not demonstrate
DNA-binding to the 8 kDa domain, which is assumed to be 8tructural and functional homology between theuglease domain
result of it adopting one of many non-productive conformationsf pol | enzymes and a range of other nucleases has been reporte
in the crystal. However, other experimental evidence strongl{22,35). During the clustering of sequences into homologous
implicates the 8 kDa domain, and its HhH motif, in binding DNAclasses it became apparent that these nuclease sequences sho
Kumaret al (29) have demonstrated single-stranded (ss) DNAignificant similarities to a family of endonucleas@§) (that
binding to the 8 kDa domain; this interaction is mediated by thacludes mammalian FEN1 (or DNase IV) and ERCC-5 (or XPG)
two helices of the HhH motif as shown by nuclear magnetiand yeast RAD2 (Fig4). This observation corroborates the
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Figure 4. Alscript (45) representation of an alignment of sequences representiiag| tie | 5-nucleaseE.coli and bacteriophage T5 exonucleases, T4 RNase H,
human flap endonuclease | (FEN1 or DNase $f)pmbexonuclease and two virion host shutoff (vhs) proteins from pseudorabies virus (PRV) and Herpes simplex
virus (HSV) type 1, strain 17. Numbers represent the number of amino acids between sequence blocks. Accession codes and domain limits are given followir
alignment. The alignment was constructed using MACAW (9). No putative HhH-like sequences could be found in vhs proteins; although a sequence homologo
pol I-like HhH motifs is present in T4 RNase H, it differs substantially from the HhH consensus sequence (22) and is not shown here. Positions marked with an as
are mutated ifk.coli polymerase | variants with defective exonuclease activities (reviewed in 22). The position marked with an exclamation mark is that mutated
an HSV vhs variant with reduced function (46). The known secondary strucTagpafl | (15) is represented below the alignment: cylinders repredesiices,

and arrows represepistrands. Positions where the chemical character of residues are conserved in >66% of sequences are shaded; absolutely conserved aspar
and/or glutamic acid putative active site residues, and alanine residues at position 44, are shown as white-on-black.
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Figure 5. Multiple alignment of nod-like DNA-binding domain (NDD) sequences, displayed using Alscript (45). Positions where the chemical character of residu
are conserved in >66% of sequences are shaded. Putative HhH motifs are apparent between positions 16-31, and possibly 49—62. Sequence similarities outsit
regions, particularly positions 1-7, suggest that these sequences are homologous. A subset of these sequences exhibit significant sequpnagmilarity (
1.6 x 1010 over a range df200 amino acids that encompasses the NDD; these are a hypoEhetitialequence (Hyp_Ec) and several eukaryotic sequences,
includingS.cerevisia&PT6, theC.elegans emb-§ene producietrahymena thermophitajB, a human expressed sequence tag (EST)@rdegan©©ORF. These
observations are novel, excepting previously observed similarities between emb-5 and SPT6 (47), and ccttABEPRRIA (4). Accession codes, domain limits

and total number of amino acids in these sequences are given following the alignment. Secondary structure, predicted using PHD (11), is shown beneath the alig
as Figure 4.

original finding of Robingt al (37) that these two families are containing two of the four proposed active site carboxylate
homologous. Scanning current sequence databases againgjraups. Interestingly, both vhs and phage T4 RNasé)ldppear
multiple alignment of FEN1- and pol I-liké-Buclease domain to lack the HhH DNA-binding motif present in their homologous
sequences using scan, (identified the family of alpha- counterparts (Figl).

herpesvirus virion host shutoff (vhs) proteins as candidate

homologues. Sequence conservation, particularly in three alignménhomologous family of DNA-binding domains

‘blocks’, indicates that these three protein families are homologous

(Fig.4). The alignment shows conservation of several Asp and/&equence clustering also indicated that regioBssabtiliscomE

Glu residues that have been suggested to coordinate metal iI@RF A, the Synechocystisp. phospholipase D homologue,
within the Taq polymerase | Bnuclease structurel4{). The human oriP-BPD.melanogastemod and other proteins are
alphaherpesvirus vhs proteins are known to degrade host and virainologous (Fig5) and are likely to possess DNA-binding
MRNAs during infection and therefore have been proposefijnctions. A subset of the putative nod-like DNA-binding domain
although not shown, to function as nuclea38s The observation (NDD) homologues possibly possess a second HhH motif
of their sequence similarities to exonucleases is consistent w{tositions 49-62 in Fich). The observation of one or two HhH
this proposal. Additional support is provided by a vhs mutant witmotifs at the C-terminal end of nod is particularly intriguing. Nod
defective activity which contains a substitution of a threonings a kinesin-like molecule required for proper segregation of
with an isoleucine in a conserved tripeptide (Asp—Thr—Asmon-exchange chromosomesamile meiosisiQ). Although the
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