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Two domains of superfamily I helicases may 
exist as  separate  proteins 
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Abstract: DNA  and  RNA helicases of  superfamily I are  char- 
acterized by seven conserved  motifs.  The five N-terminal  mo- 
tifs are  separated  from  the  two  C-terminal ones by a spacer that 
is highly variable in both  sequence  and  length, suggesting the 
existence of  two distinct domains. Using computer  methods  for 
protein sequence  analysis, we show that  PhoH,  an  ATP-binding 
protein  that is conserved  in Escherichia coli and Mycobacterium 
leprae, is homologous  to  the  putative N-terminal domain  of  the 
helicases, whereas  the  putative E. coli protein  YjhR is homolo- 
gous to  the  C-terminal  domain.  These  findings suggest that  the 
N-  and  C-terminal  domains  of  superfamily I helicases have  dis- 
tinct  activities, with only  the  N-terminal  domain having the 
ATPase  activity.  It is speculated  that  PhoH  and  YjhR  have 
evolved from helicases through  deletion of the  portions  of  the 
helicase  genes  coding  for  the  C-  and  N-terminal  domain, 
respectively. 
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DNA  and  RNA helicases are  ubiquitous enzymes that  mediate 
ATP-dependent  unwinding of DNA  and  RNA duplexes and play 
a key role in gene  replication  and expression (reviewed in Mat- 
son & Kaiser-Rogers, 1990; Matson, 1991; Lohman, 1993). The 
numerous  experimentally  characterized  and  putative helicases 
demonstrate  complex  patterns  of  amino  acid  sequence  conser- 
vation.  Two large  superfamilies, as well as several smaller groups 
of helicases, have been characterized as  the result of detailed se- 
quence  comparisons (Hodgman, 1988; Gorbalenya et al., 1988a, 
1988b, 1989b; Gorbalenya & Koonin, 1993). Helicase superfam- 
ilies I and I1 each have an  array of seven conserved motifs; these 
sets of motifs  are easily distinguished  from  each  other, even 
though  they  are  thought  to be distantly  related  (Gorbalenya 
et  al., 1989b). In the helicases of  superfamily I, the five proxi- 
mal  motifs  are  separated  from  the  two  distal  motifs by a spacer 
that varies widely in length,  from  about 50 to  almost 500 amino 
acid residues (Gorbalenya & Koonin, 1993), and it has been sug- 
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gested that  the  distal  motifs belong to a separate  domain  (Gor- 
balenya  et  al., 1989a; Koonin, 1992). 

Here we show  that  distinct  proteins  homologous to the 
N-terminal  and  C-terminal  portions of superfamily I helicases 
actually exist,  even though  they  are  much less common  than 
complete helicases containing  both  regions. 

The  observations  that led to  the  above conclusion were made 
in the  course of our systematic  analysis  of  the  protein  sequences 
encoded by the Escherichia coli genome  (Koonin et al., 1995, 
1996). First,  inspection  of the results of  nonredundant  (NR)  pro- 
tein  sequence database search using the  BLASTP  program (Alt- 
schul et al., 1990) showed  that  the  ATP-binding  protein  PhoH 
belonging to  the  phosphate  regulon (Kim  et al., 1993) and its 
homologue  from Mycobacterium leprae (Smith & Robison, 
1994) share a pattern  of conserved amino  acid residues that 
strongly resembles the  superfamily I helicase motifs 1-V. Spe- 
cifically,  the  tripartite  amino  acid  signature UX,[GA]X,GX 
GK[TS]X,UX2DEXQX,UX2GDX2Q, comprising  motifs I ,  11, 
and 111, is unique  for  superfamily I helicases and  PhoH.  (A 
number of  helicases, however,  show  some  deviations  from  this 
pattern.) In BLASTP  searches,  PhoH  did  not show  statistically 
significant  similarity  to helicases or  to  any  other  proteins, ex- 
cept for the Mycobacterium homologue and a  partial  C-terminal 
sequence of the Bacillussubtilis homologue  (Kim et al.,  1999, 
even though a marginal  similarity  to  putative  RNA helicases 
from  some  RNA viruses was observed  (not  shown). Neverthe- 
less, when the  PhoH sequences from E. coli and M. leprae were 
compared with the sequences  of five superfamily I helicases (or 
helicase subunits)  from E. coli using the MACAW program 
(Schuler  et ai., 1991), the five helicase motifs readily aligned 
(Fig. 1); the  alignment  blocks  containing  motifs I, Ia, 11, and 
I11 were highly  statistically significant  (probability  of  aligning 
by chance, p < An  alignment  of  the  PhoH  sequences 
with those of helicases throughout  the  putative  ATPase  domain 
was difficult  to  construct  owing  to a  large difference in the dis- 
tance between motifs  Ia  and 11. However, in the  RecD  protein, 
this region is even shorter  than in PhoH  (Fig. 1). We generated 
an alignment of two PhoH sequences and RecD using the  OPTAL 
program  (Gorbalenyaet  al., 1989a). The alignment  scored 5 .5  SD 
above  the  random  expectation, which is typical for  distantly re- 
lated  proteins belonging to  the  same  superfamily.  The E. coli 
PhoH  and RecD contain 24.1070 identical  amino  acid residues 
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PHOH-ECOLI  169 TATGEAGCGKT~ISRRKMEAL 7  IIVTRPVLQADEDLGFLPGDI  51 
PHOH/MYCLE  153  FGIGPAGTCKTYLAMAKAVSAL  7  IILTRPAVEAGERLGFLPGTL  49 
WRD-ECOLI 24 LVLAGAGSGKTRVLVHRIAWLI  10  UAVTFTNKAAAEMRHRIGQLM  130 
REP-ECOLI 18  LVLAGAGSGKTRVITNKIAHLI  10  AAVTFTNKAAREMKERVGQTL  138 
HELD-ECOLI 212  LVLAGAGSGKTSVLVARAGWLL  10  LLLAFGRKAAEEMDERIRERL  167 
RECB-ECOLI 19  LIEASAGTGKTFTIAALYLRLL  18  LWFTEAATAELRGRIRSNI  298 
RECD-ECOLI  161  VISGGPGTGKTTTVAKLLAALI  27  GKALROLPLTDEQKKRIPEDA  27 - l"++*~* ."""d A Ill 

CODSeDSUS .UUUDE 0 . .UU ..UUU GD Q U ... UR...... 
PHOH-ECOLI WILDEAONVTAAQMKMF 7 VTVIVh'GDITOCDL 21 EDCVRSALCO  1  P31544 
PHOH/HYCLE  FIVLDEAONTTAEOMKMF  7 SKWTGDVTQIDL 21  VDWRHRLVS 30 UOOO16-8 
PHOH/BACSU 
UVRD-ECOLI  NILVDEFPNTNNIOYAUI  7 GKWIVGDDWSIY 18 EQNYRSTSNI  431  PO3018 
REP-ECOLI YLLVDEYODTNTSOYELV  1  ARFTWGDDDQSIY  18  EONYRSSGRI  390  PO9980 
HELD-ECOLI HILVDEFODISPORAALL 9 TTLFAVGDDWQAIY  18  DTTYRFNSRI  116  P15038 
RECB-ECOLI VAHIDEFQDTDPWYRIF 9 TALLLIGDPKQAIY  16  DTNWRSAPGM  121  PO8394 
RECD-ECOLI VLWDEASMIDLPHHSRL 7 ARVIFLGDRWLAS  41  AASLRDSLCL  254  PO4993 

7 . . .  IITGDVSQIDL  21 TDVVRIIPLVA 11  BSU29177-1, 

Fig .  1. Conserved  motifs in PhoH and  the  N-terminal  domain  of  su- 
perfamily I helicases from E. coli. The  alignment was constructed using 
the MACAW program  (Schuler  et al., 1991). MACAW  detects  conserved 
blocks  and  allows  subsequent  change of their  boundaries  accompanied 
by recalculation of the  statistical  significance. Thus, the  conserved  mo- 
tifs are delimited so as to ensure maximum  significance.  Designation  of 
the  motifs (I-IV) is after Gorbalenya et al. (1989a).  Motifs I and I I  cor- 
respond to the A and B motifs that are thought to be essential parts of 
many  NTP-binding  sites (Walker et al., 1982; Gorbalenya & Koonin. 
1989).  The  consensus  line  shows the  conserved  amino  acid  residues with 
one exception  allowed  (residues conforming to the consensus are high- 
lighted by bold  type).  Distances from the  protein  termini  and  distances 
between the  conserved  blocks are indicated for each protein. Accession 
numbers  from the SWISS-PROT database or the GenBank database 
( M .  leprue and B. subtilis PhoH) are indicated in the  rightmost  column. 
B. subtilis PhoH is a partial sequence. 

and 54.1 To similar  residues in  a  180-residue overlap, which is 
close to  the  threshold  of  sequence  similarity  sufficient  to  infer 
analogous  structures  (Sander & Schneider, 1991). Thus, we con- 
clude  that  PhoH is homologous  to  the  N-terminal  part  of  su- 
perfamily I helicases. 

When a stand-alone version of a domain  that  normally be- 
longs  to a multidomain  protein is discovered, there is a concern 
that  the rest of the  protein might  have been lost because of clon- 
ing or sequencing  errors.  However, in the  case  of  PhoH,  this 
concern is alleviated by the  fact  that  the  three  independently 
cloned  and  sequenced  homologues  from  distantly  related bac- 
teria  have  similar C termini  (Fig. l), and  they all lack the  puta- 
tive C-terminal helicase domain  containing  motifs V and VI. 
This indicates that  the  entire  PhoH  protein  indeed  corresponds 
to  the  N-terminal helicase domain. 

The  hypothetical E. coli protein  YjhR  (Burland  et al., 1995) 
shows statistically significant  sequence  similarity to  a distinct 
group of  putative  superfamily 1 helicases (Koonin, 1992). In par- 
ticular,  the  alignments  of  the  YjhR  sequence with those  of  the 
mouse  protein MVIO and  yeast  protein  YE06  produced by 
searching the  NR  database with BLASTP  had a very low proba- 
bility of  occurring by chance ( p  = 1.8 X a n d p  = 3 x 
respectively). YjhR  aligned only with  the  C-terminal region of 
the  putative helicases containing  motifs V and VI and  did  not 
contain a counterpart to  the N-terminal domain with motifs I-IV 
(Fig. 2). Multiple-alignment analysis revealed a striking  conser- 
vation between YjhR and this particular  group  of  (putative) heli- 
cases  in  motifs V and  VI,  as well as in an  additional,  upstream 
motif;  the multiple  alignment  was highly statistically  significant 
( p  < for  each of these  blocks.  In  the E. coli chromo- 
some,  the yjhR open  reading  frame is preceded by a "gray 
hole"-a region  more  than 1 kb  long  containing  no  apparent 

YJHR-ECOLI  49  VGVVTPFSAOVNAIKMSLRKL  10 LTVGTVHSLQGAERAIVLFSPVYS 
MVlO-MOUSE  821  VGVISPYHKPVEKIRYCITKL  12 LKVGSVEEFOCQERSVILISTVRS 
YE06-YEAST  912  IGVITPYSAQRDLLSDILTKN  42 LHVARlDSFOGliEKSFIIFSCVRN 
YKB7-YEAST  568  IGVISPYNAQVSHLKKLIHDE  5 IEISRlffiFOGREKVVIILSLV~S 
NAMl-YEAST  125  IGVITPYEGQRAYILOYUQMN  10 VEVASVDAFOGREKDYIILSCVRA 

consensus 
YJHR-ECOLI 0 KHEffiRFLDSSSTILNVAVSRAKDSTLVFGL~1II~I.I 199  P39369 
MVIO-HOUSE 1 DI.DFNI.~FLKNPKRFPTVAVTR~KALLIWGSPI.LL 78  P23249 
YE06-YEAST 0 ~TENKlGFI.HDKRRLNVALTRI\I(I(CLIWGYKrVL 27  P32644 
YKBl-YEAST 0 NEKFEVGFLKEERRLNVAUTRPRRQLWGNIFVL 30 P34243 
NAMl-YEAST 0 ~EWAIGFLRDPRRLPTVCLTRnXYGLVILGSPRSL 116  P30771 
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F i g .  2. Conserved  motifs in YjhR and the C-terminal  domain of a dis- 
tinct group of  putative  superfamily 1 helicases.  Motifs V and VI are des- 
ignated after Gorbalenya et al. (1989a); motif Va has not  been  described 
previously. A distinct group of putative superfamily I helicases.  which 
contains the yeast  NAM7 protein  involved in mitochondrial  function 
(Altamura et al., 1992), MVIO, and yeast protein SENI, has  been de- 
scribed  previously (Koonin, 1992);  SEN1  showed a lower similarity to 
Y j h R  and was  not  included in the  alignment.  Sequences of the  related 
uncharacterized  yeast  proteins  YE06 and YKB7 have  been  reported  since. 
The method of alignment construction and  designations are as in  
Figure I .  

genes (Burland et al., 1995). Comparison of the  nucleotide se- 
quence  of  the "gray hole" with protein sequence databases using 
the  BLASTX  program  (Altschul et al., 1994) did  not  show sim- 
ilarity to  helicases or any  other  proteins.  Coding-potential  anal- 
ysis using the  GeneMark  program  (Borodovsky & Mclninch. 
1993; Borodovsky  et al., 1994) indicated  that yjhR is likely to 
be  an expressed gene  that is preceded by a noncoding  region. 
Furthermore,  application of oligonucleotide  frequency  matrices 
that  differentially  identify  two classes of E. coli genes (Boro- 
dovsky  et  al., 1995) suggested that yjhR may  be a horizontally 
transferred gene. Thus,  the available data  appear  to rule out  the 
possibility that yjhR is a part  of a helicase gene  that  has been 
artifactually  disrupted by a frameshift  error,  and  indicate  that 
it is a complete  gene  encoding a stand-alone version of the 
C-terminal  domain  of  the helicases. 

We found  that  PhoH  and  YjhR  are  distinct  proteins  homol- 
ogous  to  the  N-terminal  and  C-terminal  portions  of  superfam- 
ily 1  helicases,  respectively (Fig. 3). This is compatible with the 
hypothesis  that these two  parts  of  the helicases constitute struc- 
turally  distinct  domains  (Gorbalenya  et  al., 1989a). PhoH  and 
the  homologous N-terminal helicasedomain  contain  the A and B 
motifs typical of a broad variety of NTP-using  enzymes  (Fig. 1 ;  
Walker et al., 1982; Gorbalenya & Koonin, 1989) and  are likely 
to  possess ATPase  activity, in agreement with the experimen- 
tal  demonstration of ATP  binding by the E. coli PhoH  protein 
(Kim et al., 1993). The properties of  the putative PhoH ATPase, 
and, in particular,  the  question  of  whether or not  its activity is 
nucleic-acid-dependent,  remain to  be  studied. 

PhoH -1 
I la II Ill IV V VI Superfamily I 

-1 helicase 
domain I 

F i g .  3. Superfamily I helicases  and stand-alone versions  of the N- and 
C-terminal domains. The  scheme  shows  the  general  domain  organiza- 
tion  of a hypothetical  superfamily I helicase, PhoH, and YjhR. The  po- 
sitions of the seven  conserved  motifs are indicated  approximately. 
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There is no experimental  data  on a possible  activity of  YjhR. 
One may speculate that this is a new type of nucleic acid-binding 
protein; the homologous  domain in the helicases may be directly 
involved in duplex unwinding. This hypothesis  seems to be com- 
patible with the finding that, in superfamily I1 helicases, the dis- 
tal conserved motifs  are essential for  the helicase but not for the 
ATPase  activity  (Pause & Sonenberg, 1992). 

Our database screening performed using BLASTP and motif 
searches with the DBSITE (Claverie, 1994) and  MOST  (Tatusov 
et al., 1994) programs failed to identify any  stand-alone  homo- 
logues  of the  two helicase domains  other  than  PhoH  and  YjhR. 
Although genes coding  for  such  proteins  may  be discovered 
upon  further  accumulation of nucleotide  sequences, it is obvi- 
ous that they are  much less widespread than  bona  fide helicases 
(and “helicase-like” proteins)  containing  both  domains. In ac- 
cord with this  conclusion,  the  genome of Haemophilus influen- 
zae, the first bacterial  genome  for which the  complete sequence 
has been reported  (Fleischmann  et  al., 1995), does  not  encode 
counterparts to PhoH or YjhR (E.V.K., unpubl. obs.), indicat- 
ing that these  genes are  not essential to  bacterial cell survival. 
It seems  most likely that the phoH and yjhR genes have evolved 
from helicase  genes by deletion  of  the  portions  coding  for  the 
C-terminal  domain  and  the N-terminal domain, respectively. In 
the  case  of  YjhR,  this  deletion  might  have  occurred  concomi- 
tantly with horizontal  recombinational  transfer  of the gene from 
another  organism. 

Like many groups of proteins with various functions  that have 
a complex  and flexible domain  organization (reviewed by Doo- 
little, 1995), numerous helicases are  multidomain  proteins; 
moreover, in some cases, large domains may be inserted between 
the  conserved helicase motifs  (Gorbalenya & Koonin, 1993). 
However,  the  observations  reported  here  indicate  for  the  first 
time  that  the helicase moiety itself may be split into distinct, ap- 
parently  functional  proteins. 
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