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Abstract

Sesbania mosaic virus (SeMV) polyprotein is processed by its N-terminal serine protease domain. The crystal structure of the protease domain

was determined to a resolution of 2.4 Å using multiple isomorphous replacement and anomalous scattering. The SeMV protease domain exhibited

the characteristic trypsin fold and was found to be closer to cellular serine proteases than to other viral proteases. The residues of the S1-binding

pocket, H298, T279 and N308 were mutated to alanine in the DN70-Protease–VPg polyprotein, and the cis-cleavage activity was examined. The

H298A and T279A mutants were inactive, while the N308A mutant was partially active, suggesting that the interactions of H298 and T279 with

P1-glutamate are crucial for the E–T/S cleavage. A region of exposed aromatic amino acids, probably essential for interaction with VPg, was

identified on the protease domain, and this interaction could play a major role in modulating the function of the protease.

D 2005 Elsevier Inc. All rights reserved.
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Introduction

Sesbania mosaic virus (SeMV) is an ss-RNA plant

sobemovirus found infecting Sesbania grandiflora in India.

Its genome of 4149 nucleotides codes for four open reading

frames (ORFs) (Lokesh et al., 2001). ORF1 codes for an 18-

kDa protein predicted to be a movement protein (Sivakumaran

et al., 1998). The ORF2 codes for a polyprotein, which

encompasses more than one functional domain, while ORF3 is

present as an internal ORF in ORF2 and is expressed via

ribosomal frame shifting mechanism (Lokesh et al., 2001). The

ORF4 is expressed from a sub-genomic RNA and codes for the

coat protein of the virus.
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Polyprotein processing is one of the major strategies

employed by both animal and plant viruses to generate more

than one functional protein from the same polypeptide chain

(Wellink and van Kammen, 1988). To accomplish cleavage

at specific sites, viruses employ one or more proteases with

unique cleavage specificities. In an earlier study, we have

shown that in SeMV, the processing is mediated by the N-

terminal protease domain coded by ORF2 (Satheshkumar et

al., 2004). It is a serine protease, similar to cellular

proteases like trypsin and chymotrypsin (Gorbalenya et al.,

1988). The catalytic residues are H181, D216 and S284.

The protease cleaves the ORF2 polyprotein at three different

positions, at E325-T326, E402-T403 and E498-S499 to

release four different domains—protease, VPg (viral protein

genome linked), p10 and RdRP (RNA-dependent RNA

polymerase) (Satheshkumar et al., 2004). In most other

viruses that have VPg at the 5V end of their genome, the

domain arrangement is VPg–protease, whereas, in sobemo-

viruses, it is protease–VPg.

Recent biochemical studies on the protease–VPg domains

of SeMV have shown that the interaction of VPg with the
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Table 1A

Data collection statistics for native and derivative datasets

Native HgCl2 Thiomersal HgI2 PCMBS

Crystal DN92-Pro DN92-Pro DN92-Pro DN70-Pro DN70-Pro

Concentration of heavy atom solution – 2.5 mM 25 mM 2.5 mM 2.5 mM

Time of soak – 3 h 30 min 2 h 48 h

Unit cell (Å) a,c 74.07, 68.75 74.11, 68.70 73.42, 68.82 75.05, 68.88 74.47, 68.61

Space group P3121 P3121 P3121 P3121 P3121

Resolution range 50–2.3 Å 50–2.8 Å 50–2.8 Å 50–3.5 Å 50–3.2 Å

Overall completionb 92.3 (56.5) 99.4 (98.7) 99.9 (99.6) 97.4 (90.1) 97.8 (85.7)

Rmerge
a,b 5.5 (26.6) 10.8 (34.5) 10.9 (47.0) 9.0 (25.6) 6.7 (17.6)

<I>/<rI>b 32.1 (3.8) 16.0 (4.8) 18.72 (3.4) 12.2 (3.5) 20.2 (5.6)

Wilson B 45.606 63.655 69.435 49.981 87.152

a Rmerge = R Ihj � <Ih>
� �

=RIhj, where <Ih> is the average of the intensities of symmetry related reflections.
b Values in parenthesis refer to the highest resolution bin.

Table 1B

MIRAS phasing statistics

HgCl2 Thiomersal HgI2 PCMBS

No. of heavy atom sites 2 7 2 2

R_Cullis (acentric)a 0.65 0.67 0.73 0.69

R_Cullis (centric) 0.75 0.78 0.77 0.77

Phasing power (centric)b 1.51 1.42 1.40 1.42

Phasing power (acentric) 1.24 1.19 1.12 1.16

R_Cullis anomalous 0.91 0.91 0.93 0.91

a R�Cullis ¼ RjjFPH F FPj � jFHjcalcj=RjFPH F FPj.
b Phasing Power = ½RF2

H=R jFPH obsj � jFPF calcjð Þ2�1=2, where FPH and FH are

the derivative and calculated structure factors respectively.
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protease domain modulates the protease activity (Satheshkumar

et al., 2005). The serine protease domain lacking the 70 amino

acids (DN70-Pro) was found to be inactive in trans. However,

the presence of VPg at the C-terminus of DN70-Pro rendered

the polyprotein active in cis and trans. By mutational analysis,

it was demonstrated that interaction of W43 in the VPg domain

with the protease was responsible for both cis and trans

proteolytic activities and the associated conformational

changes. It was suggested that the natively unfolded VPg is

an activator of the protease and could regulate the polyprotein

processing.

In the present study, the crystal structure of SeMV protease

domain was determined to a resolution of 2.4 Å by multiple

isomorphous replacement coupled with anomalous scattering,

with a view to identify the residues involved in substrate

binding as well as protease–VPg interactions. Based on

structural alignment of the S1-binding pocket with proteases

of Glu/Gln specificity, H298, T279 and N308 were identified

as glutamate-binding residues, and their role has been

established by mutational analysis. A region of exposed

aromatic residues, probably essential for interaction with the

VPg domain, has been identified on the protease domain.

This is the first report of the structure of a non-structural

protein from the genus Sobemovirus and provides the

framework for understanding polyprotein processing in the

genus.

Results and discussion

Protein crystallization and data collection

Cloning and expression of the full-length protease domain

(residues 1–325 of the polyprotein) in Escherichia coli

resulted in insoluble aggregates. Examination of the amino

acid sequence of the protease domain suggested that its amino

terminal residues might correspond to a transmembrane region.

It was found that the solubility and the activity of the protease

were enhanced by the deletion of 70 (DN70-Pro) and 92

(DN92-Pro) residues. The DN70-Pro and DN92-Pro domains

of the polyprotein were cloned, expressed and purified as

described earlier (Satheshkumar et al., 2004). Both DN70-Pro

and DN92-Pro domains were crystallized using microbatch
method in the presence of 0.2 M Tris, pH 8.0, 0.2 M

ammonium sulphate, 0.6 M 1,6-hexane diol, 5 mM h-
mercaptoethanol and 4% glycerol. The protein crystals were

shown to belong to the space group P3121. The cell parameters

were determined to be a = b = 74.07 Å, c = 68.75 Å, a = b =

90-, c = 120-. The asymmetric unit of the crystal was

compatible with a monomer of the protease with a Matthew’s

coefficient of 2.5 Å3/Da and a solvent content of 52%

(Matthews, 1968).

A very mosaic diffraction pattern of limited resolution

was observed with many crystals. The quality of diffraction

of such crystals could be substantially improved by repeated

soaking of the crystals in the cryoprotectant solution

(crystallization buffer with 20% ethylene glycol) followed

by flash freezing in liquid nitrogen. Interestingly, the data

from the annealed and non-annealed crystals scaled well.

Hence, both types of datasets were combined and used for

structure solution. The use of a similar annealing procedure

to improve diffraction has been reported earlier (Kriminski

et al., 2002).

Surprisingly, both the DN70-Pro and DN92-Pro crystals had

identical cell parameters even though DN70-Pro was 22 amino

acids longer than DN92-Pro. On mass spectroscopic analysis, it

was observed that both had the same mass of ¨20,000 Da

suggesting an internal cleavage. N-terminal sequencing of the

proteins suggested a possible cleavage between the residues

A134 and V135 (data not shown) in both the mutants. The N-

termini of both DN70-Pro and DN92-Pro therefore correspond

to the residue V135. Henceforth, the DN70-Pro and DN92-Pro



Fig. 1. Quality of electron density map. Stereo view of a representative section of the electron density (2Fo�Fc) contoured at 1.2r is shown.

Table 1C

Refinement statistics

R factor (%) 25.04 (35.3

Rfree (%) 28.46 (35.1

No. of atoms

Protein atoms 1349

Solvent atoms 45

Ligand atoms 6

Model quality

Average B-factors (Å2)

Protein atoms 40.800

Water 44.096

Ligand atoms 54.538

RMS deviation from ideal values

Bond length (Å) 0.008

Bond angle (degree) 1.208

Dihedral angles (degree) 6.605

Residues in Ramachandran plot (%)

Most allowed region 81.7%

Allowed region 18.3%

Generously allowed region 0
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were considered indistinguishable, and data from both con-

structs were combined for phasing. SeMV protease does not

have any significant sequence similarity to any of the cellular

or viral serine proteases. Hence, molecular replacement method

could not be used for phase determination, and data from heavy

atom derivatives and anomalous scattering were used to

determine the structure. The data collection statistics for the

native and derivative datasets and phasing statistics are shown

in Tables 1A and 1B, respectively.

Quality of the model

Most of the residues in the final map are in good electron

density, except for a few residues at the protein surface. The

side chains of a few lysines, arginines and aspartates with poor

density have been truncated according to the extent of density

observed for them. A section of the electron density map is

shown in Fig. 1. Electron density is absent for the first three

residues at the N-terminus and two residues at the C-terminus.

Hence, the final model includes residues 138 to 323. The

electron density for the stretch of residues from 171 to 173 is

poor, and these residues are omitted in the model. The loop

region comprising of residues 251 to 254 is partially

disordered, and there is a break in the electron density at

S252. A total of 45 water molecules have been added. The

structure has been refined to a resolution of 2.4 Å though the

data extended to 2.3 Å, due to the presence of very few test

reflections in the last resolution bin. Table 1C lists the

refinement statistics.

Polypeptide fold

SeMV protease belongs to the trypsin-like family of serine

proteases. The overall fold exhibits the characteristic features

of the trypsin fold. Fig. 2 shows the overall fold of the

protease and a topology diagram with the secondary structure

elements labeled according to the convention followed for
trypsin. It consists of two h barrels (domains I and II)

connected by a long inter-domain loop. Both the domains

belong to the all h class of proteins. The active site and the

substrate-binding cleft occur in between the two domains and

are fairly exposed to the solvent. There are only three helices

in SeMV protease.

The barrel formed by the h-strands aI, bI, cI, dI, eI and fI

constitutes the domain I. The first h-strand aI of domain I

begins at L152. The active site residue H181 occurs in the

small helix in the segment connecting cI and dI strands (Fig. 2).

Strand eI extends from residues 197 to 210 and consists of two

strands eIa and eIb connected by the stretch of residues from

201 to 205 in an extended but irregular conformation. D216 of

the catalytic triad occurs at the end of the loop eI–fI. The loop

connecting the two domains is a long stretch of residues

extending from 222 to 243. This region contains a small helix,

formed by the residues 223 to 231.
)

)



Fig. 2. Polypeptide fold of SeMV protease. (A) Overall fold of the SeMV serine

protease. The active site residues H181, D216 and S284 are shown in ball-and-

stick representation. The secondary structure elements are numbered according

to the convention followed for trypsin proteases. The stretch of residues 171 to

173, which is missing in the model, is shown as broken line. (B) Topology

diagram for SeMV protease.

Fig. 3. Intermolecular disulfide bond. The relative orientation of the two

symmetry related molecules illustrating the sparse contacts and the disulfide

bond between them. The 2Fo�Fc electron density contoured at 1.2r is shown

around the disulfide bond.
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The domain II consists of the strands aII, bII, cII, dII, eII, fII

and the C-terminal helix. The strand cII forms part of the wall

of the S1-binding pocket. There is an intramolecular disulfide

bond connecting strands aII and cII. The loop connecting cII

and dII forms the oxyanion hole and contains the active site

S284. The polypeptide chain ends in the C-terminal helix

formed by residues ranging from 312 to 320.
Intermolecular disulfide bond

The asymmetric unit consists of amonomer of SeMVprotease.

However, it was observed that there is an intermolecular disulfide

bond between C256 of 2-fold symmetry related molecules. This

bond was formed despite the presence of 5 mM h-mercaptoetha-

nol in the crystallization buffer. Fig. 3 shows the two molecules

connected by the disulfide. This disulfide is likely to be an artifact

of crystal packing as gel filtration studies have shown that the

protease is a monomer in solution. This is further reflected in the

area of the interface formed between the molecules (470.1 Å2),

which is not very extensive. Hence, the protease can be

considered as a monomer in the crystal also, consistent with its

behavior in solution. Similar intermolecular disulfide bonds have

been observed in the tobacco etch virus (TEV) NIa protease

structure (Phan et al., 2002) and in a few other cases.

Comparison with other members of the protease family

A comparison of the three-dimensional structure of SeMV

protease domain with all the available entries in the Protein

Data Bank was carried out using the DALI server (Holm and

Sander, 1993). The DALI server identifies significant similar-

ities in the three-dimensional structures of polypeptides

irrespective of the sequence similarities between them. The

highest z score (17.1) was observed for the heparin-binding

protein (1a7s), a serine protease homolog. The list of the top 20

structures from the DALI server output is shown in Table 2A.

The z scores and RMSD values suggest that the SeMV protease

is closer to the non-viral proteases than to the viral proteases.

The structures listed in Table 2A and other viral proteases of

known three-dimensional structure (Table 2B) were compared

to the SeMV protease by pair wise alignment. The salient

features of such a comparison are described below.



Table 2A

List of proteins superposed by DALI server and superposition statistics

Protein name PDB code Z score RMSD (Å) Length aligned Length of sequence % identity

Heparin binding protein 1a7s 17.1 2.7 169 221 12

Bovine (Bos taurus) beta trypsin 5ptp 16.9 2.7 165 223 14

Bacillus intermedius glutamyl endopeptidase 1p3c 16.7 2.9 174 215 18

Staphylococcus aureus epidermolytic toxin A 1agj 15.2 3.0 172 242 16

Achromobacter protease 1arb 15.1 3.1 173 263 17

HTRA2 serine protease (Homo sapiens) 1lcy 14.9 3.0 158 296 16

Clr complement serine protease fragment 1md7 14.1 3.0 166 304 10

Complement factor b fragment (Homo sapiens) 1dle 13.1 3.0 164 288 15

Protease DEGP HTRA 1ky9 12.7 3.1 158 311 10

Equine arteritis virus NSP4 protease 1mbm 12.5 3.1 141 198 18

Tobacco etch virus NIa protease 1lvb 12.4 3.7 154 208 14

Hepatitis C virus serine protease 1jxp 12.3 3.0 136 177 11

Hepatitis A virus 3C protease 1hav 12.2 3.2 157 216 15

Rhinovirus 3C protease 1cqq 12.2 3.2 150 180 11

Foot-and-mouth disease 3C protease 2bhg 11.6 3.6 156 184 10

Lysobacter enzymogenes alpha-lytic protease 1qq4 11.4 3.2 149 198 10

Sindbis virus capsid protein 1svp 10.1 3.0 132 160 16

Coronavirus main proteinase 1lvo 10.0 3.1 141 299 17

Dengue virus NS3 serine protease 1bef 10.0 3.0 132 177 13

Human rhinovirus 2 2A cysteine protease 2hrv 7.1 2.2 66 139 14
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A helix is present at the N-terminus in all the viral proteases

except the capsid-forming proteases of Sindbis, Semilki forest

and Venezeulan equine encephalitis viruses (1svp, 1vcp and

1ep5 respectively). This N-terminal helix is not part of the

canonical trypsin fold and is absent in the case of SeMV

protease. The N-terminal residues of the SeMV protease pack

against the bII strand of domain II and have characteristics of

h-strand-forming residues. Main chain O and N of S141 form

hydrogen bonds with the backbone atoms of the bII strand

residue S259. This conformation of the N-terminus agrees with

those of the cellular and bacterial proteases namely heparin-

binding protein (1a7s), Bacillus intermedius glutamyl endo-

peptidase (1p3c), bovine beta trypsin (5ptp) and Staphylococ-

cus aureus epidermolytic toxin A (1agj).

The rhino and polio virus proteases 1cqq and 1l1n harbor

the conserved RNA-binding motif KFRDIR (Mosimann et al.,

1997) in the helical segment occurring in the inter-domain

loop. Although this motif is absent in SeMV, the residues

H225, K229 and K233 constitute a positively charged patch in
Table 2B

List of viral protease structures of trypsin fold

Protein name PDB code Active site residue

Human rhinovirus 2 2A cysteine protease 2hrv Cys

Tobacco etch virus NIa protease 1lvb Cys

Hepatitis A virus 3C protease 1hav Cys

Rhinovirus 3C protease 1cqq Cys

Foot-and-mouth disease 3C protease 2bhg Cys

Gastroenteritis virus main proteinase 1lvo Cys

Human corona virus main proteinase 1p9s Cys

SARS corona virus 1q2w Cys

Poliovirus 3C protease 1l1n Cys

Equine arteritis virus NSP4 protease 1mbm Ser

Semilki Forest Virus 1vcp Ser

Sindbis virus capsid protein 1svp Ser

Dengue virus NS3 serine protease 1bef Ser

Venezeulan equine encephalitis virus 1ep5 Ser

Hepatitis C virus serine protease 1jxp Ser
this region. However, the RNA-binding properties of SeMV

protease have not been investigated.

Another region, which shows considerable variability among

the different families of serine proteases, is the loop connecting

bII and cII. In many of the viral serine-like cysteine proteases of

picornaviruses (1cqq, 1l1n, 1hav and 2hrv), this loop has a long

insertion that forms a h-hairpin, which extends to the substrate-
binding site. It contributes to the peptide binding and shields the

active site from the solvent. The peptide substrate binds as a

bridging strand between eII and the h-hairpin. SeMV protease

does not have this insertion, and this leads to an exposed active

site. This h-hairpin is not present in most of the non-viral

proteases. The loop is also not found in the viral serine proteases

equine arteritis virus NSP4 protease, hepatitis C virus protease

(1mbm and 1jxp, respectively) and the capsid-forming pro-

teases (1ep5, 1vcp and 1svp), suggesting that an exposed active

site is a characteristic of the viral serine proteases.

The active site

The active site residue H181 forms hydrogen bonds with

both S284 and D216, the other two residues of the catalytic

triad. The active site and the hydrogen bonds involved are

shown in Fig. 4A. The side chain of D216 is stabilized by two

hydrogen bonds—between its Oy1 and the main chain N of

H181, and its Oy2 and Ny1 of H181. The N(2 of H181 is at a

hydrogen bonding distance from Og of S284, although the

geometry for the hydrogen bond is not optimal. The electron

density for the imidazole ring of the H181 is not very clear,

implying conformational flexibility. This is a feature found in

the active site histidines of other serine proteases also. In the

HRV protease, the active site H40 exists in alternate

conformations (Petersen et al., 1999), while in the polio viral

3C protease, the electron density for the side chain is weak,

and the mean temperature factor of the atoms is above the

average (Mosimann et al., 1997). The oxyanion hole, a highly



Fig. 4. The active site and the S1-binding pocket of SeMV protease. (A) A stereo view of the active site and the S1 region of the substrate-binding site. The bound

glycerol is labeled as GOL. The hydrogen bonds are shown as broken lines. (B) The 2Fo�Fc electron density contoured at 1.0r for the bound glycerol is shown,

along with the hydrogen bonds.

Table 2C

List of Glutamic acid specific protease structures

Protein name PDB code

Streptomyces griseus protease 1hpg

Bacillus intermedius glutamyl endopeptidase 1p3c

Staphylococcus aureus epidermolytic toxin A 1agj

Streptomyces griseus protease A 2sga

Streptomyces griseus protease B 2sgp

Staphylococcus aureus V8 protease 1wcz

Equine arteritis virus NSP4 protease 1mbm

Foot-and-mouth disease 3C protease 2bhg
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conserved region of the active site in terms of sequence

(GXSG) and structure, is important for the stabilization of the

oxyanion intermediate formed during the reaction. In SeMV

protease, the main chain amide nitrogens of G282 and S284 are

involved in the oxyanion hole formation. The structure is in

conformity with the earlier mutational studies on the active site

residues of SeMV protease (Satheshkumar et al., 2004).

Substrate specificity

Viral proteases involved in polyprotein processing are known

to have very stringent substrate specificities. Mutational

analyses have demonstrated that the serine protease domain of

SeMV cleaves at E–T occurring between protease–VPg, and

VPg-p10 domains, and also at E–S between p10 and RdRP

(Satheshkumar et al., 2004). In order to understand the structural

basis of the stringent cleavage specificity of the enzyme, a

comparison was carried out between SeMV protease and the

structures of other proteases that display glutamate specificity

(Table 2C). It was observed that the histidine that binds to the

carbonyl oxygen of Glu/Gln is conserved in all Glu/Gln-specific

proteases except the S. griseus proteases (2sga and 2sgp) where

a positively charged arginine at the base of the substrate-binding
pocket stabilizes the glutamate (Read et al., 1983; Read and

James, 1988). The corresponding residue in SeMV protease is

H298, and it is directed towards the active site. Ny1of H298
forms a hydrogen bond with N(2 of H275 (Fig. 4A). The

conformation of H275 side chain is, in turn, stabilized by a

hydrogen bond from Ny1 to the main chain N of the disulfide-

bonded C277. In the glutamate-specific S. griseus protease

(1hpg), the role of the histidine triad, H213, H199 and H228

(1hpg numbering), in stabilizing the charge on glutamic acid has

been emphasized (Nienaber et al., 1993). In SeMV protease, a

corresponding histidine triad does not exist, and H275 hydrogen
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bonded to the conserved H298 is not in the same position as that

of H199 in the S. griseus protease. However, the chain of

hydrogen bonds is maintained. This can possibly help in the

stabilization of the charge of the glutamic acid side chain.

The residues present in the proposed glutamate-binding site

or the S1 pocket are T279, A280, H298, F301 and N308 (Fig.

4A). Out of these residues, only H298 and T279 are conserved

across most of the Glu/Gln-binding proteins. In a few cases,

Thr is replaced by Ser, whose Og substitutes for the Thr Og.

His and Thr have been implicated to have a major role in Glu/

Gln binding, and the mutations of these have resulted in

inactive enzymes in poliovirus 3C protease (Ivanoff et al.,

1986). In the crystal structure of TEV complexed with

substrate, it has been observed that the carboxyamide group
Fig. 5. Mutational analysis of DN70PV fusion protein. The expressed proteins upon

and 2—uninduced and induced DN70PV, lanes 3 and 4—uninduced and induced D

Lane 1—induced DN70PV-T279A, lane 2—induced DN70PV-N308A, lane 3—

DN70PV. (D) Western blot analysis of DN70PV mutants using anti-protease antibo

T279A, lane 4—DN70PV-H298A, lane 5—DN70PV.
of glutamine forms hydrogen bonds with both His and Thr

(Phan et al., 2002).

In the present structure, electron density observed near the

oxyanion hole has been interpreted as a glycerol molecule. Fig.

4B shows the glycerol bound near the S1-binding pocket with

the 2Fo�Fc electron density around it contoured at 1.0r level.

It is possible that the orientation of the glycerol is related to the

mode of glutamate binding. The main chain carboxyl group of

Glu should be directed towards the amide nitrogens of Gly and

Ser at the oxyanion hole (Perona and Craik, 1995). Accord-

ingly, the O3 of glycerol forms hydrogen bond with the main

chain N of G282 (Fig. 4). At the other end, O1 forms hydrogen

bonds with both N(2 of H298 and main chain O of A280. A

water molecule, Wat28, is present between H298 and the
induction with 0.3mM IPTG were analyzed on 12% SDS-PAGE. (A) Lanes 1

N70PV-H298A, lanes 5 and 6—uninduced and induced DN70PV-S284A. (B)

induced DN70PV. (C) Lane 1—induced DN70PV-C277A, lane 2—induced

dies. Lane 1—DN70PV-C277A, lane 2—DN70PV-N308A, lane 3—DN70PV-
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glycerol. This water molecule is close to the aromatic ring of

F301 and comes within hydrogen bonding distance from H298

and T279 side chain atoms. However, F301 aromatic ring and

the water molecule are not in well-defined density.

F301 is in a position equivalent to S170 of TEV protease

and S137 of equine arteritis virus NSP4 protease. These serine

residues are involved in substrate binding at the P1 site (Phan

et al., 2002; Barrette-Ng et al., 2002). Further, all Glu/Gln-

binding proteases, except SeMV protease, have either a Ser or

Gly at this position. The absence of well-defined density for

F301 in SeMV protease suggests that its side chain might

undergo substantial displacement on binding of the substrate or

on conformational changes induced by the interaction of the

protease domain with VPg. TEV and equine arteritis virus

proteases, in which a serine residue occurs at the position

corresponding to F301, are active in trans. Mutation of this

F301 to serine, the corresponding residue in other Glu/Gln-

binding proteases, might therefore bestow activity in trans to

SeMV protease, even in the absence of VPg domain.

An extended C-terminus results in a buried cleft in the case

of TEV protease. The absence of this extension makes SeMV

substrate-binding site significantly different from that of TEV

protease. The residues in this region constitute the specificity

pocket in TEV protease. In SeMV protease, the cleft is solvent

exposed, and the loop 212–215 appears to be closest to the

substrate-binding region. The other side of the substrate-

binding cleft is similar in TEV and SeMV proteases and is

lined by the h strand eII. This is a common feature in most of

the proteases and mainly involves main chain interactions.

Mutational analysis

As mentioned earlier, the DN70-Pro or DN92-Pro was not

active in trans. Hence, in order to confirm the role of the

proposed glutamate-binding residues (Fig. 4A) in protease

activity, the residues H298, T279 and N308 were mutated to

Ala in DN70-protease–VPg (DN70PV) fusion protein, and the

cis-cleavage of the expressed protein into protease and VPg

was monitored as described in the Materials and methods

section. The results obtained were confirmed by a Western blot

analysis using anti-protease antibodies (Fig. 5D).

Expression of DN70PV showed a band of size 27 kDa

corresponding to the protease domain (Fig. 5A, lane 2; Fig. 5D,

lane 5) confirming that nearly complete cleavage of DN70PV

(35 kDa) had occurred. The active site mutant DN70PV-S284A

(Satheshkumar et al., 2004) showed a prominent band

corresponding to 35 kDa on expression (Fig. 5A, lane 6).

The H298A mutant gave a band of size 35 kDa corresponding

to the DN70PV (Fig. 5A, lane 4; Fig. 5D, lane 4), confirming

that the mutation had affected the cleavage activity of DN70PV.

Similarly T279A mutant also did not show any cis-cleavage

activity (Fig. 5B, lane 1; Fig. 5D, lane 3). However, N308 to A

mutation in the DN70PV resulted only in a partial loss of the

protease activity (Fig. 5B, lane 2; Fig. 5D, lane 2). The mutant

DN70PV-N308A partially cleaved the DN70PV giving a 35-

kDa DN70PV band and a 27-kDa DN70-protease band,

implying that N308 is not absolutely essential for the substrate
binding, but contributes to the proper binding of the glutamate

residue and hence to the optimal activity.

Role of the intramolecular disulfide bond

Disulfides are generally implicated in the stability of the

three-dimensional structures of serine proteases (Wang et al.,

1997). Most of the prokaryotic and eukaryotic trypsins have

highly conserved disulfide bonds. On the contrary, disulfide

bonds have not been observed in any of the viral protease

structures reported so far. In the poliovirus and hepatitis 3C virus

proteases (1l1n and 1jxp), binding of a metal ion contributes to

the structural integrity (De Francesco et al., 1996).

In SeMV protease, C248 forms a disulfide bond with C277.

This disulfide bond connects the h strands aII and cII in domain

II (Fig. 4A). It holds the walls of the S1 specificity pocket and

could have a role in the maintenance of its rigid conformation. A

disulfide bond is responsible for the rigidity of S1-binding

pocket in many of the mammalian trypsins. Though the disulfide

bond in SeMV protease does not correspond to any of the

conserved disulfide bonds in trypsin, it involves the cII strand of

domain II. The same strand in trypsin has the conserved disulfide

between the residues 198 and 220 (Wang et al., 1997).

In order to assess the role of the unique disulfide bond in

SeMV protease in the maintenance of the S1-binding pocket,

C277 was mutated to alanine in DN70PV, and the effect of the

mutation on cis-cleavage was examined. As shown in Fig. 5C,

lane 2, and Fig. 5D, lane 1, the 35-kDa DN70PV-C277A

mutant was completely cleaved in cis to 27-kDa band like the

wild-type DN70PV (Fig. 5A, lane 1; Fig. 5D, lane 5). Hence, it

can be concluded that this disulfide bond is not essential for the

maintenance of the rigidity of the S1-binding pocket.

Presence of exposed aromatic residues

An interesting observation in the crystal structure of SeMV

protease is the occurrence of a stretch of aromatic residues

exposed to the surface (Fig. 6). These aromatic residues F269,

W271, Y315 and Y319 are not consecutive in sequence but form

a stack near the C-terminus of the protein. Two of these residues

form part of the C-terminal helix. These residues may be of

functional significance to the polyprotein. SeMV residues F269

andW271 are conserved across genomes of sobemoviruses. The

presence of exposed aromatic residues is believed to indicate a

protein–protein interaction interface. It has been demonstrated

that there are extensive interactions between protease and VPg,

and the conformational changes that accompany these interac-

tions enhance and regulate protease activity (Satheshkumar et

al., 2005). W43 of VPg was shown to mediate aromatic

interactions with the protease, which results in a positive peak

at 230 nm in the CD spectrum of protease–VPg fusion protein,

but the interacting partner in protease was not identified. The

presence of exposed aromatic residues in the present structure

strongly suggests that this might be the site of protease–VPg

interaction. It is probable that W271 of protease interacts with

W43 of VPg domain. The positive peak observed at 230 nm in

the CD spectrum of protease–VPg fusion protein might be the



Fig. 7. Superposition of SeMV protease (blue) and Bacillus intermedius

glutamyl endopeptidase (pink). The superposition was generated using the

output from DALI server.

Fig. 6. Exposed aromatic residues on the surface of SeMVprotease. The residues

involved are labeled. Themissing residues in the model are shown as broken line.
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result of this interaction. Further mutational studies are required

to delineate the significance of the aromatic stretch of residues in

protease activity.

Polyprotein processing

The crystal structure of SeMV protease provides insights on

the possibilities of cis (intramolecular)- or trans (intermole-

cular)-cleavages. The C-terminal helix ends at residue 320, and

this is followed by a stretch of five residues. The helix is a

stable structure and is closely packed against the rest of the

protein. The presence of a C-terminal helix is a characteristic of

many serine proteases. The disordered short segment at the C-

terminus is not long enough to reach the active site suggesting

the possibility of intermolecular cleavage between protease and

VPg (trans-cleavage). However, it is possible that there could

be a major conformational change because of the presence of

the natively unfolded VPg at the C-terminus, and this may

position the residues for cis-cleavage at the active site.

Biochemical evidences (data not shown) as well as the

present structure suggest that a cleavage occurs between A134

and V135 at the N-terminus. This is an unexpected finding, as

this site does not correspond to the canonical site for substrate

cleavage. The relative positions of the N-terminus and the

active site suggest that an intramolecular cleavage is indeed

possible. The N-terminus in the crystal structure is disordered,

and clear electron density is observed only from S138. A

further extension of approximately four residues is long enough

to approach the active site through the cleft below the bII-cII

loop of domain II. This gains additional support by the

observation that the N-terminus of SeMV protease superposes

very well with the glutamyl endopeptidase from Bacillus

intermedius (1p3c), as shown in Fig. 7. In the case of 1p3c, the

N-terminus extends to the active site, and this extension is

essential for zymogen activation and charge compensation for
glutamate specificity (Meijers et al., 2004). Therefore, based on

the relative positions of the N- and C-termini and the active site

in the crystal structure, it can be concluded that the cleavage

between protease and VPg could occur in cis or trans, while

the N-terminal cleavage could be cis.

The non-specific cleavage at Ala-Val could be due to the

conformation of the polypeptide, which positions the A134–

V135 peptide bond optimally for the cleavage. The residues Ala

and Val are small and could be accommodated in the active site

without steric hindrance. These observations also suggest that

the specificity of the protease depends not only on sequence but

also on the conformation of the polypeptide. A non-specific

cleavage on the polypeptide chain has been observed at the C-

terminus of TEV protease also (Nunn et al., 2005). There have

also been reports in the literature on other viral proteases such as

rhinovirus HRV2-2A protease, where the specificity require-

ments for cis-cleavage are less stringent than for trans-cleavage.

The entropy term for substrate binding is favorable in cis-

cleavage, and hence, the specificity requirements are less

stringent (Petersen et al., 1999). In spite of this, most viral

proteases are extremely specific, and they function mainly in the

processing of the respective polyproteins. Their activities are

modulated by the presence of VPg domains either at the N- or C-

terminus. Determination of the structure of the protease with the

VPg domain could shed light on the molecular mechanism of

such regulations.

Materials and methods

Protein purification and crystallization

The DN70-protease (DN70-Pro) and DN92-protease (DN92-

Pro) domains of the polyprotein were cloned in pRSET C vector
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at NheI and BamHI sites. The cloning strategy resulted in the

addition of 11 amino acids from the vector sequence at the N-

terminus including the hexa-histidine residues inserted for

affinity purification. The proteins were expressed in E. coli

BL21 (DE3) pLysS cells by the addition of 0.3 mM IPTG at a

culture density 0.6 OD at 660 nm and purified using Ni-NTA

affinity chromatography (Novagen) as previously described

(Satheshkumar et al., 2004). The final protein preparation was in

50 mM Tris, pH 8.0, buffer containing 200 mM NaCl.

Both DN70-Pro and DN92-Pro domains formed small

crystals in the presence of 0.2 M Tris, pH 8.0, 0.2 M

ammonium sulphate, 0.6 M 1,6-hexane diol, 5 mM h-
mercaptoethanol and 4% glycerol (crystallization buffer).

Larger crystals could be obtained using the microbatch method

when a mixture of silicone and mineral oils in the ratio 2:3 was

layered over the crystallization droplets (5 Al of 30 mg/ml

protein and 3 Al of crystallization buffer). The crystals appeared
from a layer of precipitate within 2 weeks and grew to a size of

approximately 0.3 � 0.3 � 0.2 mm3 during a period of 1

month.

Data collection and processing

The crystals were transferred to the crystallization buffer

containing 20% ethylene glycol as the cryoprotectant for a few

seconds and then mounted in a cryo-loop. The crystals were

exposed to Cu-Ka radiation at liquid nitrogen temperature (100

K). X-ray diffraction data were collected using a rotating

anode X-ray generator and a MAR Research image plate

detector system. The datasets were processed using DENZO,

and the resulting intensities were scaled using SCALEPACK

(Otwinowsky, 1997). The frames were processed in the space

group P321. Systematic absences indicated the presence of a

31 or 32 screw along the c axis.

Structure determination

The structure solution was attempted by multiple isomor-

phous replacement (MIR). Four isomorphous mercury deriva-

tives were obtained by soaking the crystals in p-chloro mercury

benzene sulfonate (PCMBS), mercuric iodide, mercuric chloride

and thiomersal (ethyl mercury thio salicylic acid or EMTS). The

native and derivative datasets were scaled using the SCALEIT

program in the CCP4 program suite version 4.2.1 (CCP4, 1994).

Both isomorphous and anomalous difference Patterson maps
Table 3

List of primers used for cloning and mutagenesis

Name Sequence De

H298A-s AGAGGCGTGGTCGACATGGCCGTCGGTTTTGAG Pri

H298A-a CTCAAAACCGACGGCCATGTCGACCACGCCTCT

T279A-s CTTGGAAATTGACCCACACCTGTCCTGCAGCTGCC Pri

T279A-a GGCAGCTGCAGGACAGGTGTGGGTCAATTTCCAG

N308A-s GAAATAGGAAAACTCGCCCGGGGTGTAAACATG Pri

N308A-a CATGTTTACACCCCGGGCGAGTTTTCCTATTTC

C277A-s GGAAGTTGACCCACACGGCGCCTACAGCTGCC Pri

C277A-a GGCAGCTGTAGGCGCCGTGTGGGTCAACTTCC
were calculated for these derivatives using CCP4 program suite

and Harker sections for the space group P3121 were plotted.

Initially, one site in the PCMBS derivative was obtained

using the isomorphous differences in the program suite SOLVE

version 2.03 (Terwilliger, 2004). The rest of the sites in all the

derivatives were identified from the difference Fourier maps

usingMLPHARE in CCP4 program suite (1994). The fractional

coordinates of all the sites, their occupancies and anomalous

occupancies were refined inMLPHARE for all the derivatives to

a resolution of 2.8 Å. The B-factors of the sites were not refined

and were fixed at the values obtained from theWilson plots. The

space group was confirmed to be P3121, as this choice resulted in

an interpretable map with the correct handedness.

The experimental phases obtained from isomorphous and

anomalous signals were used in the program RESOLVE

(Terwilliger, 2004) to perform phase extension to 2.3 Å by

density modification followed by automated model building.

This resulted in the placement of 34 residues with side chains

and 123 without side chains into the electron density map. The

coordinates of the partial model and the phases from RESOLVE

were used as input for ARP/wARP version 6.1 (Morris et al.,

2003) for building the rest of the model. 80% of the residues

were built by the program, which included residues 140–161,

174–194, 205–250, 257–303 and 306–323. The rest of the

residues were built manually in subsequent cycles of refinement

using COOT (Emsley and Cowtan, 2004) and REFMAC 5.2

(Murshudov et al., 1997). The progress of the refinement was

monitored by using 5% (459) of the total 9272 independent

reflection measurements for the calculation of the free R-factor.

The Hendrickson–Lattman coefficients were used as restraints

during the refinement (Skubak et al., 2004). Individual B-factors

of non-hydrogen atoms were refined.

All structural alignments were done using the output

from DALI server (Holm and Sander, 1993). The figures

were prepared using MOLSCRIPT (Kraulis, 1991) and

BOBSCRIPT (Esnouf, 1999) and rendered using Raster3D

(Merritt and Murphy, 1994). The topology diagram for the

protease was prepared using TOPDRAW (Bond, 2003).

Mutational analysis of DN70-protease–VPg (DN70PV) fusion
protein

Site directed mutagenesis was performed by PCR-based

approach (Weiner et al., 1994). The sense and antisense primers

were designed with desired changes in the nucleotides (Table 3),
scription

mers used for mutation of H298 to A. The created SalI site is underlined

mers used for mutation of T279 to A. The abolished HinCII site is underlined

mers used for mutation of N308 to A. The SmaI site created is underlined

mers used for mutation of C277 to A. The EheI site created is underlined
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and restriction sites were incorporated in the primers to enable

easy screening. The PCR was carried out using Deep Vent

polymerase (New England Biolabs) according to the manufac-

turer’s instructions. The PCR product was treated with 0.5

Al DpnI enzyme at 37 -C for 45min to remove the template DNA

and transformed into 2 aliquots of DH5a competent cells. The

cells were plated after transformation in antibiotic containing

plates. The colonies obtained were inoculated separately.

Plasmid isolation was carried out and digested with the

appropriate restriction enzyme. The mutants screened by

restriction enzyme digestion were further confirmed for the

presence of mutation by DNA sequencing.

E. coli BL21 (DE3) pLysS cells were transformed with the

recombinant clones, and the proteins were expressed by

induction with 0.3 mM IPTG for 4–5 h at 30 -C. The cell

pellet was resuspended in buffer A (50 mM Tris–HCl, pH 8.0,

300 mM NaCl, 0.2% Triton X100, 5% Glycerol), sonicated and

the expression was checked by SDS polyacrylamide gel

electrophoresis. The cleavage activity was monitored by the

appearance of bands of expected size on the SDS polyacryl-

amide gel. The results were confirmed by Western blot analysis

as described in Satheshkumar et al. (2004).

Protein data bank accession number

The coordinates and structure factors for SeMV protease

have been submitted to the Protein Data Bank, and the structure

has been assigned the accession code 1ZYO.
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