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The genomes of the Tomato mosaic virus and many other plant and animal positive-strand RNA viruses of agronomic and medi-
cal importance encode superfamily 1 helicases. Although helicases play important roles in viral replication, the crystal structures
of viral superfamily 1 helicases have not been determined. Here, we report the crystal structure of a fragment (S666 to Q1116) of
the replication protein from Tomato mosaic virus. The structure reveals a novel N-terminal domain tightly associated with a
helicase core. The helicase core contains two RecA-like o/3 domains without any of the accessory domain insertions that are
found in other superfamily 1 helicases. The N-terminal domain contains a flexible loop, a long a-helix, and an antiparallel six-
stranded (3-sheet. On the basis of the structure, we constructed deletion mutants of the $666-to-Q1116 fragment and performed
split-ubiquitin-based interaction assays in Saccharomyces cerevisiae with TOM1 and ARLS, host proteins that are essential for
tomato mosaic virus RNA replication. The results suggested that both TOM1 and ARLS interact with the long a-helix in the N-
terminal domain and that TOM1 also interacts with the helicase core. Prediction of secondary structures in other viral super-
family 1 helicases and comparison of those structures with the $666-to-Q1116 structure suggested that these helicases have a
similar fold. Our results provide a structural basis of viral superfamily 1 helicases.

H elicases are motor proteins that use the free energy of nucle-
oside triphosphate (NTP) hydrolysis to unwind nucleic acid
duplexes during gene replication, transcription, translation, re-
combination, and repair (1). Helicases are encoded in the ge-
nomes of all living organisms and have been classified into six
superfamilies (SF1 to SF6) according to their conserved motifs
(11, 42).

Helicases are also encoded in the genomes of most viruses and
play important roles in viral replication (20). Viral helicases be-
long to SF1, SF2, or SF3. The genomes of alpha-like viruses encode
SF1 helicases. Those of potyviruses and flaviviruses encode SF2
helicases, and those of vaccinia virus and picornaviruses encode
SF3 helicases (12). For the SF2 helicases of hepatitis C virus (21,
22, 29) and dengue virus (30, 51), three-dimensional structures
have been determined. Viral SF3 helicase structures have also been
determined (14). Conversely, a structure for an SF1 viral helicase
has not been reported, although the genomes of many important
positive-strand RNA viruses, e.g., severe acute respiratory syn-
drome (SARS) coronavirus and hepatitis E virus, encode SF1 he-
licases.

The tobamovirus group belongs to the alphavirus-like super-
family of positive-strand RNA viruses and includes Tobacco mo-
saic virus (TMV) and Tomato mosaic virus (ToMV). These viruses
have long served as models of positive-strand RNA viruses to in-
vestigate the mechanisms of multiplication and interaction with
host organisms (4). The genome of a tobamovirus encodes at least
four proteins (10). After infection, the genomic RNA is translated
in the cytoplasm of the host cell to produce a protein with a mo-
lecular mass of ~130 kDa (130K protein) and a read-through
product with a molecular mass of ~180 kDa (180K protein).
These two replication proteins are both involved in viral-RNA
replication, and they harbor an SF1 helicase-like domain. The
helicase-like domain interacts with itself (13) and with more than
10 host proteins (17) during viral-RNA replication and control of
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host defenses. For example, tobamovirus helicase domains inter-
act with TOM1 and ARLS, which are host proteins required for
tobamovirus multiplication (34, 52, 53), and with the protein
products of the resistance genes N (46) and Tm-1 (16). The TMV
helicase also interacts with auxin/indole-3-acetic acid proteins to
avoid leaf age-related resistance (36, 37).

To fully characterize the functions of tobamovirus replication
proteins, the structure must be solved. We recently reported that
the fragment S666 to Q1116 (here denoted ToMV-Hel) from the
ToMYV replication proteins is stable and, notably, has NTPase ac-
tivity (49). Here, we report the ToMV-Hel structure solved by
X-ray crystallography to 1.9-A resolution. We found that ToMV-
Hel contains a core helicase domain composed of two RecA do-
mains and an N-terminal accessory domain containing a long
a-helix, which is structurally unlike the accessory domains found
in nonviral SF1 helicases. A series of deletion mutagenesis studies
based on the ToMV-Hel structure revealed that the long a-helix in
the N-terminal domain is involved in the binding of the host fac-
tors TOM1 and ARLS required for viral replication.
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MATERIALS AND METHODS

Protein expression and purification. Escherichia coli Rosetta(DE3) cells
were transformed with the expression vector pDEST-trx-ToMV-Hel and
cultured in Luria-Bertani medium. ToMV-Hel was then expressed and
purified as described previously (49). To express selenomethionine-la-
beled ToMV-Hel, B834(DE3)pRARE cells were prepared by transferring
the pRARE plasmid from Rosetta(DE3) cells (Novagen) into B834(DE3)
competent cells (Novagen) and then transforming the cells with pDEST-
trx-ToMV-Hel. The cells were cultured in LeMaster medium (28). SeMet-
labeled ToMV-Hel was expressed and purified in the same manner as the
unlabeled protein. MgCl, (2 mM) and adenosine 5'-O-(3-thio)triphos-
phate (0.1 mM) were added to the purified ToMV-Hel preparations. The
proteins were each concentrated to 2.0 mg ml~' using an Amicon
Ultra-30 (Millipore) with the buffer changed to 20 mM sodium phos-
phate, pH 7.5, 150 mM NaCl, 2 mM 2-mercaptoethanol, 0.4 mM ATP«S,
and 0.4 mM MgCl,.

Crystallization and data collection. The native and SeMet-labeled
ToMV-Hels were crystallized using the hanging-drop vapor diffusion
method at 285 K. The crystals were grown on siliconized coverslips by
equilibrating a mixture containing 1.5 pl of a protein solution (2.0 mg
ml ™! protein in 20 mM sodium phosphate, pH 7.5, 150 mM NaCl, 2 mM
2-mercaptoethanol, 0.4 mM ATPyS, and 0.4 mM MgCl,) and 1.5 pl of the
reservoir solution (0.1 M sodium phosphate, pH 6.5, 1.7 M ammonium
sulfate) with 500 .l of the reservoir solution.

The crystals were flash frozen under a cryogenic stream of nitrogen.
The X-ray diffraction data set for the native crystal was collected at the
KEK Photon Factory BL17A beamline, Japan (wavelength, 1.0 A) at 100 K.
The crystal-to-detector distance was set to 299.6 mm, and diffraction
images were recorded using an ADSC/Quantum 315 charge-coupled de-
vice (CCD) detector. Data were collected in 1°-oscillation steps for a total
rotation of 180° and an exposure time of 20 s per frame. The X-ray dif-
fraction data set for the SeMet-labeled ToMV-Hel crystal was collected at
the Spring-8 BL38B1 beamline, Japan (wavelength, 0.97914 A), at 100 K.
The crystal-to-detector distance was set to 300 mm, and diffraction im-
ages were recorded using an ADSC/Quantum 315 CCD detector. Data
were collected in 1°-oscillation steps for a total rotation of 225° and an
exposure time of 20 s per frame. The detailed crystallization conditions
and data collection have been described elsewhere (50).

Structure determination. The diffraction data sets were processed
using the HKL2000 suite of programs (35). The data collection statistics
are summarized in Table 1. Of the 12 possible selenium atoms in an
asymmetric unit, seven were found by SHELXD (41) using the anomalous
signal in the peak data set of SeMet-labeled ToMV-Hel. Initial phases for
SeMet-labeled ToMV-Hel were calculated and refined using SHELXE
(41) with the graphical interface HKL2MAP (39). ARP/WARP (33) was
used for autotracing. Then, manual model building was carried out using
COOT (7). The crystallographic model was refined to 1.9-A resolution
using CNS (2). More than 90% of the residues in the model were found in
the most favored regions of the Ramachandran plot by PROCHECK (26).
Phasing and refinement statistics are given in Table 1.

Split-ubiquitin-based interaction assays in yeast. The Saccharomyces
cerevisiae reporter strain L40 and plasmids for NubG-ALG5, TOM1-Cub-
PLV, and ARL8-Cub-PLV expression have been described previously (34,
43, 45). DNA fragments corresponding to the ToMV helicase and up-
stream regions were PCR amplified from pTLW3 (24) with primer sets 1
and 4 (S666 to Q1116), 2 and 4 (V802 to Q1116), 1 and 3 (S666 to V801),
and 5 and 6 (G699 to A732) (see Table S2 in the supplemental material).
The fragments were each digested with Ncol and Pstl. To create an ex-
pression plasmid for each ToMV-Hel fragment as an N-terminal NubG-
tagged fusion protein, the TOM2A fragment bordered by the Ncol and
Pstl sites in pTN-NubG-TOM2A (45) was replaced with one of the
ToMV-Hel fragments. The DNA fragment encoding G699 to A732 from
the N-terminal domain of ToMV-Hel that also encoded an N-terminal
methionine [Met-(G699-A732)] was PCR amplified from pTLW3 using
primers 7 and 8 (see Table S2 in the supplemental material). The fragment

7566 jviasm.org

TABLE 1 Data collection and refinement statistics for ToMV-Hel

Value
Parameter Native SeMet
Data collection
Wavelength (A) 1.00 0.9780
Temp (K) 100 100
Space group P2,2,2, P2,2,2,
Unit cell parameters (A) a = 85.44 a = 85.52
b =128.82 b = 128.54
c=40.74 ¢ = 40.55

Resolution (A)®
Reflections
Unique (no.)"

50.0-1.9 (1.93-1.9) 50.0-1.75 (1.81-1.75)

36,315 (1,776) 43,116 (3,045)

Completeness (%)” 99.8 (97.8) 93.6 (67.4)
Redundancy (no.)" 9.1 (6.1) 3.9 (2.0)
I/o(I)* 8.5 (1.3) 12.5(1.8)
Ry (I)° 0.080 (35.3) 0.069 (38.6)
Phasing
Heavy-atom sites (no.) 7
Correlation coefficients®
SHELXD CC/CCen 37.62/22.69
SHELXE CC,...y 33.04
CClee left/right hand 67.7/59.36
FOM“ 0.55
Refinement
Resolution (A) 40-1.90
Reflections (work/test) (no.) 35,277/1,752
Ry Revee (%) 18.0/22.3
No. of water molecules 568
No. of SO, ions 7
Avg B factors 19.6
RmsD
Bond length (A) 0.005
Bond angle (A) 1.6
Ramachandran (no./% of
residues)
Allowed 29/7.2
Favored 372/92.5
Disallowed 1/0.2

@ Data for the highest-resolution shell are given in parentheses.

¥ Ryym(D) = Ty L (hKl) — <I(hk)> /%% | (hkD)| for n independent reflections
and i observations of a given reflection; <I(hkl)>, average intensity of the i
observations.

“CC = [SwEoEcSw — SwEoSwEc]/{[EwEo*Sw — (SwEo0)?] [SwE Sw —
(SwEc)?]}"; w, weight (see http://shelx.uni-ac.gwdg.de/SHELX/shelx_de.pdf for full
definitions).

4 FOM (figure of merit) = |F(hkl)best|/|F(hkl)|; F(hkl)best = 3 P()Fyyq(c)/S P(ar).

was digested with Spel and Sall and used to replace the mating factor
coding region bordered by the Spel and Sall sites in pTEF-MF (Dualsys-
tems Biotech) to obtain an expression plasmid for Met-(G699-A732). For
the three-hybrid experiment, the reporter strain NMY51 [MATa
his3delta200 trpl1-901 leu2-3,112 ade2 LYS2:(lexAop),-HIS3 wura3:
(lexAop)g-lacZ (lexAop)g-ADE2 GAL4; Dualsystems Biotech]| was trans-
formed with a Clal-linearized pTN-TOM]1-Cub-PLV plasmid (45) that
was then integrated into the leu2 locus of NMY51. A transformant con-
taining a single copy of the integrated plasmid was selected using Southern
blot hybridization (3). Then, the strain was transformed with the pMN-
ARL8-NubG (34) and pMN-TEF-699-732 plasmids. The B-galactosidase
assay was performed as described previously (45).

Accession number. The coordinates and structure factors for the na-
tive ToMV-Hel structure have been deposited in the Protein Data Bank
(PDB) under accession number 3VKW.
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FIG 1 Structure of ToMV-Hel. (A) ToMV-Hel domain structure. (B) Ribbon diagrams of the ToMV-Hel crystal structure before and after a 180° rotation
around a y axis. Domains 1A (V802 to R964) and 2A (T965 to Q1116) and the N-terminal domain (S666 to V801) are colored green, blue, and yellow, respectively.
Sulfates are represented as space-filling models, with the oxygen and sulfate atoms colored red and yellow, respectively.

RESULTS AND DISCUSSION

Overall structure of ToMV-Hel. The asymmetric unit of the crys-
tal contains one ToMV-Hel molecule. The final model contains
440 of the 451 expected residues (E672 to V1111), 7 sulfate mol-
ecules, and 568 water molecules. Two RecA-like o/ domains (1A
and 2A) (42) are present and form the helicase core (Fig. 1A).
Domain 1A (residues V802 to R964) contains a parallel six-
stranded B-sheet surrounded by four helices on one side and two
helices on the other (Fig. 1 and 2A). Domain 2A (residues T965 to
Q1116) contains a parallel four-stranded 3-sheet sandwiched be-
tween two helices on each of its sides (Fig. 1 and 2A). Three sulfate
ions are found in a deep cleft that separates domains 1A and 2A
(Fig. 1B). The N-terminal region (residues S666 to V801) forms a
domain that tightly binds domain 1A (Fig. 1B; see Fig. S1 in the
supplemental material). The N-terminal domain contains a flex-
ible loop (L688 to P700), a long a-helix (L701 to D730), and an
antiparallel, six-stranded (3-sheet (F742 to E798) (Fig. 1B). The
long a-helix in the N-terminal domain interacts with the groove
formed by the domain 1A a-helices D805 to R814 and H911 to
F918 (see Fig. S1 in the supplemental material). E674, K702, Q704,
and K707 in the N-terminal domain interact electrostatically with
R814, E956, K954, and E820 in domain 1A, respectively. Nonpolar
residues, e.g., V703, F709, and W763 in the N-terminal domain
and V823, F918, and Y803 in domain 1A also interact and help
stabilize the association of the two domains (see Fig. S1 in the
supplemental material). Consistently, two fragments (residues
K549 to R868 and R814 to S1128) from the TMV replication pro-
tein interact with each other in a yeast two-hybrid assay (13).
Structure comparison of ToMV-Hel by the DALI server (15)
showed that the ToMV-Hel helicase core is most similar to those
of Upfl-like, UvrD/Rep, and Pifl-like helicases. These helicases
are members of three different nonviral SF1 helicase families as
defined by their structures and sequential placements of their ac-
cessory domains (32) (Fig. 2; see Table S3 in the supplemental
material). All previously characterized SF1 helicases have acces-
sory domains, which are inserted in domains 1A and/or 2A (Fig.
2). Upfl, which is a member of the Upf1-like family, contains two
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accessory domains, 1B and 1C, situated in 1A. Domain 1B is a
six-stranded antiparallel B-barrel, and domain 1C is a-helical (5).
In UvrD, which is a member of the Uvr/Rep family, there are two
large insertions, one found in 1A (domain 1B) and the second in
2A (domain 2B). Domains 1B and 2B are composed of a-helices
and act as a wedge to destabilize double-stranded nucleic acid
(27). RecD2, which is a member of the Pifl-like family, contains
three accessory domains, an N-terminal domain, and domains 1B
and 2B. Domain 1B is a rigid B-hairpin turn, and domain 2B has
an SH3-type fold (40). These accessory domains are spatially lo-
cated over the nucleic-acid-binding sites of the helicase cores (19),
and this arrangement encloses the bound nucleic acid strand. In
contrast, no insertions are found in the helicase core of ToMV-
Hel. Instead, ToMV-Hel has an N-terminal domain. The N-ter-
minal domain of the ToMV-Hel forms a novel fold not repre-
sented by the aforementioned families.

SF1 helicases contain at least 12 characteristic sequence motifs
at defined positions in their helicase cores (9). However, it was
difficult to identify all the helicase motifs in viral SF1 helicases only
through comparison of amino acid sequences because of low se-
quence conservation. The three-dimensional structure of ToMV-
Hel allowed easy identification of helicase motifs by comparing it
with the previously determined structure of SF1 helicases. The
positions and sequences of these motifs in ToMV and other SF1
helicases are summarized in Table 2. Motifs I, II, and VI, which
mediate binding to and hydrolysis of NTPs, are well conserved.
Motif Q forms part of the a-helix in the N-terminal region of
domain 1A, and the glutamine side chain in the motif interacts
with the adenine base of the ATP analog in nonviral SF1 helicase-
ATP analog complexes (Fig. 2 and 3) (5,47). However, ToMV-Hel
does not contain a Q motif or an a-helix at the corresponding
position in the crystal structure (Fig. 2 and Table 2). The tyrosine
residue in motif IIIa of nonviral SF1 helicases provides a stacking
platform for the adenine base of the ATP analog, but this tyrosine
residue is not found in the ToMV-Hel sequence or structure (Ta-
ble 2 and Fig. 3). Motifs I1I and Va, which contribute to the bind-
ing of NTP and nucleic acids, are conserved in ToMV-Hel (Table
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FIG 2 Comparison of the ToMV-Hel structure with those of nonviral SF1 helicases. (Left) The three-dimensional structures shown as ribbon diagrams.
Domains 1A and 2A, which form the helicase cores, are colored green and blue, respectively. N-terminal domains are shown in yellow. Accessory domains are
shown in light orange and orange. (Right) Topology diagrams of the helicase core domains. DNAs are shown in gray. The positions of the 12 conserved motifs
defined by Fairman-Williams and colleagues (9) are marked. The sequences for the motifs labeled in gray are absent in the corresponding proteins. a-helices and
{-sheets are shown as cylinders and arrows, respectively. The representative structures of the three nonviral SF1 helicases that have the highest Z scores against
ToMV-Hel core domain in the DALI (15) conservation list (see Table S3 in the supplemental material) are shown in panels B, C,and D. (A) ToMV-Hel. (B) Upfl
(PDB code 2GK7; Z score, 21.7; root mean square deviation [RMSD], 3.3 A). (C) UvrD (PDB code 21S1; Z score, 18.4; RMSD, 3.1 A). (D) RecD2 (PDB code
3GPL; Z score, 15.2; RMSD, 3.7 A). The diagrams were created using PyMol (http://pymol.org/pymol).
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TABLE 2 Conserved helicase motifs in SF1 helicases

Crystal Structure of a Viral SF1 Helicase

Motif*  Sequence” Biological function Position
Q Consensus .xxl NTP binding site N-terminal helix
UviD(11-14) BNpxg Q:NTP binding
Upf1(471-475) BRasg Q:NTP binding
RecD2(339-342)  [sEE@ Q:NTP binding
ToMV Not found
I Consensus Ix- NTP binding site The loop between B1 and the following a-helix in domain 1A
UvrD(29-36) acABsERE G, GKTR:NTP binding
Upf1(492-499) GPPGTGKT KT:NTP binding
RecD2(360-367)  [BCEGHGRS KT:NTP binding
ToMV(833-840)  [GVBGCERE
Ia Consensus xx.xlx Nucleic acid binding The loop between B2 and the following a-helix in domain 1A
UvrD(61-68) TFINKAA FTN:ssDNA binding
Upf1(521-527) apsNIBvV PSN:ssDNA binding
RecD2(388-304)  APficrEA GissDNA binding
ToMV(855-862)  VPGROEA
Ic Consensus IXIXX Nucleic acid binding The loop between B3 and the following a-helix in domain 1A
UvrD(89-93) firfcL HissDNA binding
Upf1(548-553) SREAI
RecD2(407-411)  [VERL T, HR:ssDNA binding
ToMV(884-888)  [BVDSF
1 Consensus Y.XXI NTP binding site The loop between B4 and the following a-helix in domain 1A
UvrD(219-224) V.FQD DE:NTP binding, D:catalytic base in ATP hydrolysis
Upf1(635-640) 1BEsT8 DE:NTP binding
RecD2(434-444)  VDBVSMMGDAL ~ DE:NTP binding
ToMV(905-910)  IPHGLM
111 Consensus .xx.xx Coordination between nucleic acid and NTP binding site  The loop between B5 and the following a-helix in domain 1A
UvrD(247-257) .DDIS IYGWR  Q:NTP binding; Y, W, R:ssDNA binding
Upfl1(661-671) .HC.GPVVM Q:NTP binding; V:ssDNA binding
RecD2(462-472)  @BTD@HPPVDA  V:ssDNA binding
ToMV(932-942)  @BTOBIPYINR
Ila Consensus xx.x NTP binding site The loop connecting domains 1A and 2A
UvrD(281-285) oNERs YR:NTP binding
Upf1(700-703) vollv YR:NTP binding
RecD2(490-494) oviRo YR:NTP binding
ToMV(965-969)  TTLRC
v Consensus Low consensus Nucleic acid binding The loop between B2 and the following a-helix in domain 2A
UvrD(350-357) AILYISNAQS RN:ssDNA binding
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TABLE 2 (Continued)

Motif*  Sequence” Biological function Position
Upf1(793-800) ITPYEGQOR PYE:ssDNA binding
RecD2(550-560) LT PMIKGPLGM RK:ssDNA binding
ToMV(1018-1025) LTFTQSDK
\4 Consensus Xx-x Nucleic acid binding The loop between B3 and the following a-helix in domain 2A
UvrD(556-561) LMELEs T, HissDNA binding
Upf1(823-828) 1asfioa S, DA:ssDNA binding
RecD2(642-647) ALEVEAR T, H:ssDNA binding
ToMV(1036-1041)  VHEVHE
Va Consensus F.XI Coordination between nucleic acid and NTP binding site The loop between a-helix and the following B4 in domain 2A
UvrD(562-566) AKGLE G, E:NTP binding
Upf1(829-833) F.RI E:NTP binding
RecD2(648-652)  ABGSE E:NTP binding
ToMV(1042-1047)  VQGET
Vb Consensus IRXXIXX Nucleic acid binding The loop between B4 and the following a-helix in domain 2A
UvrD(583-589) omusLBEG
Upf1(842-848) firRanEHQ R:ssDNA binding
RecD2(661-667) HEAHMPM PM:ssDNA binding
ToMV(1064-1068) ~ IIARBSP
VI Consensus .x-x NTP binding site The loop between a-helix and the following 35 n domain 2A
UvrD(600-608) fcvEREvo R:NTP binding
Upf1(861-868) VALTRARY R:NTP binding
RecD2(675-682)  THLERARD RINTP binding

ToMV(1072-1079)  MSLSRHTK

@ Helicase motifs as defined by Fairman-Williams et al. (9).

b Conserved and conservatively replaced residues are highlighted in green and yellow, respectively. Gray shading indicates that there are no consensus amino acids, but they are at

the same positions as other proteins.

2). Motifs Ia, Ic, IV, V, and Vb are located on the face opposite the
ATP-binding and nucleic acid-binding sites in other helicases
(Fig. 2 and 4). However, except motif V, the ToMV-Hel sequences
at the positions of those motifs show low similarity (Table 2).
The NTP-binding site of ToMV-Hel. As the structure of the
ToMV-Hel core domain is very similar to those of nonviral SF1
helicases, recognition of NTPs by the 130K replication protein
likely involves a mechanism similar to those of nonviral SF1 heli-
cases. Although we crystallized ToMV-Hel in the presence of
ATPvS, ATPvS was not observed in the crystal structure. Instead,
sulfates, which were included in the crystallization solution as a
precipitant, are found in the deep cleft formed by domains 1A and
2A (Fig. 3A). ToMV-Hel residues Q936 in motif I1I, R968 in motif
IIIa, and R1076 in motif VI directly contact one of these sulfates
(Fig. 3A). The position of this sulfate corresponds to those of the
5’-adenylyl-B,y-imidodiphosphate (ADPNP) and adenylyl imi-
dodiphosphate (AMPPNP) y-phosphates in the PcrA-ADPNP
and hUPf1-AMPPNP complexes, respectively (Fig. 3B and C).
The ToMV-Hel K839 in motif I directly contacts a second sulfate
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also positioned deep within the cleft (Fig. 3A). This sulfate posi-
tion corresponds to those of the ADPNP and AMPPNP 3-phos-
phates in the PcrA-ADPNP and in the hUPfI-AMPPNP com-
plexes, respectively (Fig. 3B and C). Notably, Wang and colleagues
reported that amino acid substitutions in the TMV helicase at
positions equivalent to K839 in motif I and R1076 in motif VI in
the ToMV 130K replication protein disrupt ATPase activity (48).

The aspartic and glutamic acid residues in motif II are highly
conserved among SF1 helicase sequences (Fig. 3B and C). The
ToMYV sequence also contains the aspartic and glutamic acid res-
idues (D906 and E907), and they are positioned in a spatial ar-
rangement similar to those in nonviral SF1 helicases (Fig. 3A).
These residues coordinate an Mg”" that is essential for NTP hy-
drolysis. As noted above, ToMV-Hel does not have a Q motif or
the tyrosine residue in motif IIla, which are important for the
binding of the ATP adenine base. The absence of substrate speci-
ficity found for the hydrolysis of NTPs by ToMV-Hel (49) may be
a consequence of the lack of a Q motif and conserved tyrosine
residue.
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Possible RNA-binding site in ToMV-Hel. A fragment of TMV
replication protein containing the helicase domain has been
shown to bind RNA (48), and it is therefore reasonable to assume
that the ToMV-Hel binds RNA. The -sheet of the N-terminal
domain of TOMV-Hel is located over the putative nucleic-acid-
binding site (Fig. 4), which is topologically similar to the posi-
tions of accessory domains in nonviral SF1 helicases. Further-
more, the net charge on the B-sheet surface is positive (Fig.
4A), which has been found for the RNA-binding surfaces of
nonviral SF1 helicases. Therefore, the surface of this B-sheet
might interact with RNA.

Saikrishnan and colleagues reported that the modes of interac-
tion between DNA and different SF1 helicases are not conserved,
as those for Rep and PcrA mainly involve aromatic side chains
stacked against the DNA bases whereas those for RecD2 mainly
involve ionic pairs formed by cationic side chains in the protein
and the phosphates of the DNA backbone (Fig. 4C and D) (40). It
was interesting, therefore, to compare residues in these regions in
the SF1 helicases studied by Saikrishnan and colleagues with those
of ToMV-Hel. For PcrA, F64 (motif Ia) regulates access to the
pocket by the translocating base in response to ATP binding and
hydrolysis. In RecD2 and ToMV replication protein, the corre-
sponding positions contain a proline residue (P389 in RecD2 and
P857 in ToMV replication protein). Furthermore, the residues
that correspond to W259 in PcrA (motif III), which binds the
bases of single-stranded DNA (ssDNA), are nonpolar (V470 in
RecD2 and 1940 in ToMV replication protein) (Fig. 4B). The
backbone positions are similar for Y939 in ToMV-Hel and Y257 in
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PcrA (motif IIT), which stacks against two of the bound ssDNA
bases, even though their side chain conformations are different.
Between PcrA and RecD2, other DNA-recognizing residues, e.g.,
the threonine in motif Ia, the histidine in motif Ic, the arginine in
motif IV, and the threonine and histidine in motif V, are well
conserved (Fig. 4C and D). However, these residues are not con-
served in the sequence of ToMV-Hel, with the exception of the
histidine in motif V. Taken together, the similarities and differ-
ences in the motif sequences between the nonviral SF1 helicases
and ToMV-Hel suggest that ToMV-Hel might recognize the bases
and backbone phosphates of RNA via a mechanism(s) that is dif-
ferent from those of nonviral SF1 helicases. To clarify how ToMV-
Hel recognizes RNA, the structure of a ToMV-Hel-RNA complex
should be solved.

Locations of previously characterized mutations in the heli-
case domains of tobamovirus replication proteins. The helicase
domains of tobamovirus replication proteins interact with many
host proteins (17). Some residues involved in these interactions
have been identified (16, 36, 46). In Fig. 5, we have highlighted the
residues that correspond to the residues known to be involved in
the interactions with host proteins.

The helicase domain polypeptide of TMV (residues R814 to
G1211) interacts with the Aux/IAA protein PAP1 (IAA26) from
Arabidopsis thaliana and tomato, a putative regulator of auxin
response genes involved in plant development. The TMV V10871
helicase mutant has a decreased affinity for PAP1 (36). The sol-
vent-accessible V1087 is positioned in the loop that connects B5
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and a6 in domain 2A, which suggests that the surface region near
or surrounding V1087 interacts with PAP1.

The tomato Tm-1 encodes a protein that inhibits ToMV RNA
replication by binding to the replication proteins (16). ToMV mu-
tants capble of multiplying in Tm-1-containing tomato plants
have mutations in their replication proteins, e.g., Q979E and

180°

H984Y (31) or D1097V and R1100Q (44). Both sets of mutations
abolish the interaction between the replication proteins and Tm-1
(16) (K. Ishibashi and M. Ishikawa, unpublished results). Q979 is
positioned in al of domain 2A, H984 is positioned in the loop
between al and B1 of domain 2A, and D1097 and R1100 are
positioned in a6 of domain 2A. Despite the relatively large sepa-

FIG 5 Locations of previously characterized mutations in tobamovirus helicase domains. The residues that are important for interaction with the N
protein (46), with PAP1 (36), and with Tm-1 (31, 44) are shown as green, orange, and magenta stick and surface models and are labeled by residue name

and number.
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rations between these two sets of residues in the replication pro-
tein amino acid sequence, the four residues are in close spatial
proximity on the surface of domain 2A in ToMV-Hel, suggesting
that Tm-1 targets this surface region.

Tobacco plants harboring the N gene elicit hypersensitive
responses (HR) when infected with TMV. The HR is also in-
duced by the expression of p50 (residues E672 to Q1116),
which is a helicase domain-containing fragment from the TMV
replication proteins; however, deletion derivatives of p50 (res-
idues A733 to Q1116 or M692 to K1082) are ineffective (8).
Ueda and colleagues reported that p50 directly interacts with
the N protein, whereas a p50 mutant (P821L) does not (46).
P821 is positioned in the domain 1A loop between a1 and 1
and is at the interface formed by the N-terminal domain and
domain 1A (Fig. 5). P821 is surrounded by the hydrophobic
residues V703, M706, and 1710 of the long a-helix in the N-ter-
minal domain and L1815, L816, and V823 in the loop between
al and B1 in domain 1A. We speculate that the N protein
recognizes a TMV-Hel region containing the N-terminal do-
main and that the structure of this region cannot be maintained
in the P821L mutant and the P50 deletion derivatives.

The N-terminal domain of ToMV-Hel interacts with host
proteins. We previously demonstrated, using a split-ubiquitin-
based yeast two-hybrid assay, that the host seven-pass transmem-
brane protein TOM1 and small GTP-binding protein ARLS,
which are essential for TOMV RNA replication, interact with a
fragment (residues M648 to Q1116) of the ToMV replication pro-
tein that contains the helicase domain (34, 43). Because replica-
tion protein mutants that cannot bind TOM1 or ARLS8 are not
available, we designed deletion mutants of ToMV-Hel, consider-
ing its three-dimensional structure, and used them to determine
which region(s) of ToMV-Hel binds these host proteins by the
split-ubiquitin system. The results suggested that TOM1 interacts
with both the N-terminal domain (S666 to V801) and the helicase
core (V802 to Q1116) and that ARL8 strongly interacts with the
N-terminal domain (Fig. 6A to C). However, the signal arising
from the interaction of ARL8 and ToMV-Hel was weak, suggest-
ing that the helicase core sterically hinders the binding of ARL8 to
the N-terminal domain. Because in vivo ARLS strongly binds the
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full-length 130K replication protein (34), conformational changes
in ToMV-Hel that ameliorate steric hindrance may be responsible
for the in vivo association and/or additional factors might be in-
volved in ToMYV replication protein-ARLS association in infected
plant cells. Additional assays suggested that the fragment (G699 to
A732) that contains the long a-helix could interact with TOM1
and ARLS (Fig. 6B and C) and that the interaction between TOM1
and ARLS was facilitated by the presence of the long a-helix (Fig.
6D). Therefore, the a-helix probably binds TOM1 and ARLS si-
multaneously, which also suggests that the two host proteins in-
teract with distinct sites on the a-helix. These results are consis-
tent with our previous finding that TOM1 copurifies with ARL8
more efficiently from ToMV-infected tobacco cells than from un-
infected tobacco cells (34).

Comparison of the ToMV-Hel structure with those of other
viral helicases. We have determined the first viral SF1 helicase
structure and, by doing so, have found an a-helix that is impor-
tant for the association of the helicase and host factors. Therefore,
it is interesting to compare the secondary structural elements of
ToMV-Hel with those predicted for other viral SF1 helicases. To
investigate this, the secondary structures of SF1 helicases of eight
positive-strand RNA viruses were predicted using Jpred (6), and
then the sequences were aligned according to their secondary
structures. For ToMV-Hel, the secondary structures predicted by
Jpred agree with those in the crystal structure, with the exceptions
of the sequences for the 4th and 5th a-helices in domain 2A, which
were predicted by Jpred to be (3-strands. The alignment of their
sequences indicates that none of the viral helicases contain in-
serted accessory domains, which allows easy identification of SF1-
type helicase motifs (Fig. 7). For the N-terminal domain se-
quences examined, with a few exceptions, the long a-helix and
B-sheet sequences were predicted by Jpred in positions similar to
those in ToMV-Hel, even though the sequences of the N-terminal
domains are not similar. Because the host factors involved in viral-
RNA replication vary from one virus to another (23, 25, 38), and
because TOM1 and ARLS are specifically required for RNA repli-
cation of ToMV and related viruses belonging to the genus To-
bamovirus (18, 34, 53), the N-terminal accessory domains, and
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especially their conserved long a-helices, may act as customized
scaffolds for the different sets of host factors.
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