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Thesis Director:  
Dr. Joseph Marcotrigiano 

 

Alphaviruses are a globally distributed group of enveloped, positive-sense RNA 

animal viruses.  The 5’ two-thirds of the RNA genome is translated into a single, large 

polypeptide of ~2500 amino acids.  This polypeptide is autoproteolytically cleaved into 

four subunits, termed nonstructural proteins (nsP) 1-4, which form the replication 

complex.  The nsP1 is the enzyme responsible for capping the viral mRNA and a 

membrane associated protein.  The nsP2 has RNA helicase, triphosphatase activities and is 

an autoprotease responsible for cleaving the nonstructural polyprotein.  The nsP4 is an 

RNA-dependent, RNA polymerase.  The function of nsP3 remains unknown, however, it is 

the only viral protein phosphorylated by unknown cellular kinases.  The nsP3 contains a 

macro or X domain that binds ADP-ribose and is highly conserved with homologues in 

rubella virus, hepatitis E virus and coronaviruses, including severe acute respiratory 

syndrome (SARS) virus.  The protease domain of viral nsP2 protein cleaves the nsP1234 

polyprotein replication complex into functional proteins.  During replication of alphavirus 

genome, the positive strand of RNA genome is transcribed into a minus strand by the 

cleavage intermediate nsP123 and nsP4.  Cleavage between nsP2/3 causes a template 
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switch from minus strand to positive strand.  Although the nonstructural protein 2/3 is 

essential for RNA replication, its function in viral replication is still not well understood.  

Here we report the crystal structure of Sindbis virus precursor form of nsP2/3 at 2.94Å 

resolution.  The structure of Sindbis nsP2/3 protein consists of four distinct domains, which 

are the protease domain, methyltransferase like domain, macro domain and zinc binding 

domain.  Surprisingly, nsP3 contains a novel folding with a previously uncharacterized 

zinc coordination site.  In addition, the cleavage site between nsP2 and nsP3 is buried the 

two proteins and not accessible for proteolysis.  Furthermore, the loop connecting the 

macro and zinc-binding domains makes direct contact with and causes a structure shift in 

the nsp2 protease domain.  We have observed considerable differences between the 

pre-cleavage and post-cleavage forms of nsp2/3.  The structure suggests that a 

conformational change in nsP2/3 is required in order for the nsP2 protease to gain access to 

the nsP2/3 cleavage site. 
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Chapter 1 

Introduction 

The alphavirus is a member of the Togaviridae family, a group of positive strand 

RNA viruses that is an important human and animal pathogen with global distribution.  

Some alphaviruses can cause encephalitis in animals and humans, while others cause mild 

symptoms of disease such as fever, rash and arthritis (Laine et al., 2004). 

Sindbis virus (SIN) is a prototype of alphaviruses and has been intensively studied 

for the replication of alphaviruses (Lemm and Rice, 1993; Lemm et al., 1994; Shirako and 

Strauss, 1994; Gorchakov et al., 2008).  Sindbis virus was first isolated in August 1952, 

from a pool of mosquitoes, and was transmitted to vertebrate hosts by mosquitoes (Taylor 

1955). The Sindbis virus genome is a single, positive-stranded RNA of 11703 nucleotides.  

It includes a methylguanylate cap at the 5’ terminus and a poly-adenylated tail at the 3’ 

terminus.  The genomic 49S RNA produces mRNA in infected cells.  After a cell is 

infected, the viral nonstructural proteins (nsPs) nsP1, nsP2, nsP3 and nsP4 are produced by 

translation of the genomic RNA (Strauss et al., 1994).  Initially, the nonstructural proteins 

are synthesized as two polyproteins, P123 and P1234.  Alphaviruses terminate at an opal 

codon between nsP3 and nsP4 to produces the P123 polyprotein including nsP1, nsP2 and 

nsP3.  Polyprotein P1234 is randomly produced upon read through of the opal codon and 

contains all four nsP sequences.  Sequential cleavage event of the nonstructural 

polyproteins was known to be an important process for regulation of minus and plus strand 

synthesis.  During replication of the alphavirus genome, the positive strand RNA genome 

is transcribed into a minus strand by the cleavage intermediate nsP123 and nsP4 (Strauss et 

al., 1994).  Cleavage between nsP2/3 causes a template switch from minus strand to 
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positive strand synthesis.  The structural proteins are translated from a 26s subgenomic 

mRNA which has the same sequence as the 3’ end one third of genomic RNA.  The 

synthesis of the negative and positive strand and transcription of the subgenomic RNA is a 

highly regulated process (Fig. 1).  

 

 

 

 
 
Figure 1. Replication of alphavirus genome.  The positive strand, RNA genome is 
transcribed into a minus strand by the cleavage intermediate nsP23 and nsP4.  The fully 
proteolyzed nonstructural protein (nsP1, nsP2, nsP3, nsP4) synthesize progeny, positive 
strands and subgenomic RNA, which encode for the viral structural protein. 
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Although the viral protein processing has been extensively studied, the molecular 

mechanism of the nsP2/3 site cleavage and sequential processing are not well known. 

The nsP1 is a membrane-associated protein and has methyltransferase (MTase) and 

guanylyltransferase activity.  It is involved in capping the viral RNA.  Initiation of minus 

strand synthesis occurs by a subsequent interaction between nsP1 and nsP4 protein (Ahola 

and Kaarianinen, 1995; Wang et al., 1996).  It is also known that nsP1 is associated with 

the plasma membrane, endocytic vesicles, and lysosomal vesicles (Peränen et al., 1995).  

The nsP2 is composed of three domains and has multiple functions.  The amino terminal 

half is an RNA helicase, RNA dependent 5’ triphosphatase and nucleoside triphosphatase 

(Gomez et al., 1999; Vasiljeva et al., 2000).  The carboxy terminal portion of nsP2 contains 

a papain-like cysteine protease domain and a methyltransferase-like domain of unknown 

function.  The C-terminal of nsP2 contains a papain-like protease domain for autocatalytic 

processing of P1234 and P123 polyproteins and can sequentially cleave the nonstructural 

polyproteins into each nonstructural protein (nsP1, nsP2, nsP3 and nsP4).  It is also 

involved in regulating synthesis of the subgenomic RNA and 50% of the translated nsP2 is 

translocated into nucleus where it shuts off host cell gene expression (Peränen et al., 1990).  

The nsP4 protein is the viral RNA-dependent RNA polymerase.  It also has terminal adenyl 

transferase activity that is involved in adding the poly (A) tail at the 3’ end of the genome 

(Lemm et al., 1994; Tomar et al., 2006).  The nsP3 protein is not well understood in terms 

of the function and specific roles.  There is no precise evidence describing the nsP3 protein 

function or activity yet, although it is known that nsP3 play an important role in the 

transcription process at the early stage of the infection.  The N-terminal two thirds of nsP3 

are well conserved.  The amino terminal region contains a macro or X domain (Koonin et 
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al., 1992).  This domain derives its name from a variant of histone H2A, called macroH2A 

(Pehrson and Fried, 1992).  Macro domains are widely distributed throughout all kingdoms 

of life, including eukaryotic organisms, pathogenic bacteria, such as Listeria and 

Salmonella (Karras et al., 2005), archea and single stranded RNA viruses including 

hepatitis E virus, rubella virus, coronavirus and alphavirus (Fig. 2) 

 

               
 
Figure 2. Schematic representation of various viral and cellular X domain containing 
proteins, highlighting conserved motifs.  The four alphavirus nonstructural proteins are 
marked with a vertical line and labeled nsP1-4.  The conserved motifs are as follows: X 
domain (X), RNA methyltransferase (Mtf), RNA helicase (Hel), papain-like protease 
(Pro), RNA-dependent, RNA polymerase (RdRp), histone 2A (H2A), a protein interaction 
module (WWE), domain in homologues of a Saccharomyces cerevisiae 
phosphatidylinositol transfer protein (SEC14), AAA ATPase (AAA), conserved domain 
found only in alphaviruses (C), location of several nsP3 phosphorylation sites (*).  
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The macro domain was initially characterized to contain enzymatic activity of 

ADP-ribose-1”-phosphate phosphatase.  Later it was shown that most domains lack the 

phosphatase activity but retain ADP-ribose binding site.  The ADP-ribose plays an 

important role for posttranslational modification in DNA repair, transcriptional activation, 

chromatin modification and long term memory (Karras et al., 2005).  However, 

ADP-ribose binding affinity is not quite consistent in different organisms.  For example, 

ADP-ribose-1”-phosphate phosphatase high activity shows in Af1521 (A. fulgidus) and 

SARS-CoV, but low activity in Semliki Forest virus (SFV) alphavirus.  The macro domain 

of SFV could bind to poly ADP ribose (PAR) as well.  PAR proteins are known to be 

involved in the cellular response to viral infection, inflammation and stress as well as 

cellular processes involving DNA repair and programmed cell death.  The carboxy 

terminal region is not conserved well among alphaviruses and is phosphorylated on serine 

and threonine sites.  

Here we report the crystal structure of the Sindbis virus precursor form of nsP2/3 at 

2.94 Å resolution.  The structure of Sindbis nsP2/3 protein consists of four distinct 

domains, which are the protease domain, methyltransferase like domain, macro domain 

and a previously unknown and uncharacterized zinc binding domain (Fig. 3).  
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Figure 3. Genome organization of alphaviruses.  The highlighted domains indicate 
Sindbis nonstructural protein 2/3 (nsP2/3).  
 

 

 The zinc binding domain is a novel fold.  In addition, the cleavage site between 

nsP2 and nsP3 is buried between the two proteins and not readily accessible for proteolysis.  

Furthermore, the loop connecting the macro and zinc-binding domains makes direct 

contact with and causes a structure shift in the nsP2 protease domain.  We have observed 

considerable novel aspects within the pre-cleavage forms of nsp2/3.  The structure suggests 

that a conformational change in nsP2/3 is required in order for the nsP2 protease to gain 

access to the nsP2/3 cleavage site. 
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Chapter 2 

Materials and Methods 

2.1 Cloning, Expression and Purification of Sindbis nsP2/3 

DNA construct was designed as wild type, 470 residues deletion from the 

N-terminus of Sindbis nsP2 and 13 amino acid deletion from residue number 341 of nsP3 

(wt dN470dC13).  DNA coding for nsP2/3 (wt dN470dC13) was amplified by polymerase 

chain reaction (PCR) and cloned into pGEX-6p-1 vector (GE lifesciences).  E. coli strain 

UT5600 were transformed with pGEX-6p-1 vector, grown at 30°C in Lysogeny broth (LB, 

10 g Bactotryptone, 5 g Yeast extract, 10 g NaCl)  medium overnight.  The next day the 

overnight culture was diluted 1:100 into one liter of LB plus antibiotics grown to a density 

of 0.7~0.8 OD at 600 nm, chilled at 4°C for 45 minutes, and induced by 0.2 mM isopropyl 

β-D-1 thiogalactopyranoside (IPTG) at 18°C overnight. Cells were harvested by 

centrifugation at 4500 rpm.  Cell pellets were resuspended in 50 mM HEPES, 150 mM KCl 

and 10% glycerol and lysated by homogenization in french press (Avetsin) and the 

supernatant were centrifuged at 16000 rpm.  The proteins were purified using glutathione 

S-transferase (GST) affinity column (GE healthcare) (Fig. 4A).  Fig. 4B shows SDS-PAGE 

analysis of GST-nsP2/3 protein purification. 
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Figure 4A. Purification of GST-nsP2/3.  Chromatogram showing the absorbance at 
280nm (blue) and 254nm (red) as a function of time (x axis).  
 

                 
Figure 4B.  SDS-PAGE analysis of GST-nsP2/3 protein purification. 



9 

Purification sequentially required use of a hydroxyapatite column (Biorad), 

desalting column (GE healthcare) and heparin column (GE healthcare).  The first 

purification was performed on a 5 ml GST prep column.  The proteins were eluted with 0.1 

M Tris-HCl (pH8), 150 mM KCl, 15 mM glutathione and 5% glycerol.  After GST 

purification, overnight dialysis was performed against 20 mM HEPES (pH7.5), 150 mM 

KCl, 5% glycerol and 2mM dithiothreitol (DTT).  The next day, the dialyzed sample was 

centrifuged at 16000 rpm for 15 min to remove precipitant.  After centrifugation, the 

protein was purified by hydroxyapatite column.  A linear gradient was used to elute the 

protein using loading buffer A (5 mM phosphate buffer (pH7.5), 150 mM KCl, 5% 

glycerol) and elution buffer B (200 mM phosphate buffer (pH7.5), 150 mM KCl, and 5% 

glycerol).   Normally, the protein eluted at 70 mM~100 mM phosphate buffer.  Fractions 

were analyzed by SDS-PAGE with Coomassie blue staining and the best fractions were 

pooled.  The protein was desalted using a Hiprep 26/10 desalting column (GE healthcare).  

The composition of the desalting buffer was 50 mM HEPES (pH7.5), 50 mM KCl and 5% 

glycerol.  Finally, the protein was purified by heparin column using 50 mM HEPES 

(pH7.5), 1 M KCl and 5% glycerol.  Before concentration of the protein, it was desalted by 

using 20 mM HEPES, 150 mM KCl, 5% glycerol and 1 mM Tris 2 carboxyethyl phosphine 

(TCEP).  The protein was then concentrated to 15 mg/ml.  The concentration of protein 

was determined by Bio-Rad assay. 

 

2.2 Crystallization and crystal freezing 

Crystallization screens were done using Hampton index kit.  After optimization, the 

best crystallization was found in 2 M ammonium sulfate and 0.1 M 2-(N-morpholino) 
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ethane sulfonic acid (MES) (pH6.5).  Crystals were soaked in a cryoprotectant solution 

containing 2 M ammonium sulfate, 0.1 M MES (pH6.5), 35% xylitol and 5% 

Trimethylamine (TMAO) for 30 sec ~ 1 min before being flash cooled in liquid nitrogen. 

 

2.3 Data collection and structure determination 

Diffraction data were collected at beamlines X25 and X29 at Brookhaven national 

lab synchrotron light source.  The crystal diffracted to a resolution of 2.94 Å.  Integration 

of the different data sets, scaling and merging of the intensities were performed using 

HKL2000 program.  Determination of the phasing was accomplished by a combination of 

molecular replacement and single wavelength anomalous dispersion of zinc atom.  The 

molecular replacement was done with Phenix program.  The map was improved with 

several rounds of manual model building using Coot and Phenix program.  
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Chapter 3 

Results 

3.1 Protein purification and crystallization 

The cloned insert contains 662 amino acids from Sindbis nsP2/3.  It is a 

monomeric, which was confirmed by using a gel filtration column (Superdex 200) that 

estimated a molecular weight of 78 kD.  The final nsP2/3 protein construct was determined 

by analyzing the results of limited proteolysis experiment using trypsin digestion (wt 

dN470dC13), with digestion products verified by mass spectrometry.  This construct was 

expressed in E. coli.  The protein was purified using four different columns and crystallized 

(Fig. 5).  

 

Figure 5.  Crystallization of Sindbis virus nsP2/3.  Crystals of wild type nsP2/3 
construct (wt dN470dC13) in 2M (NH4)2SO4, 0.1M MES(pH6.5).  



12 

 Analysis of the diffraction data indicated that the Sindbis nsP2/3 crystal belonged 

to the P3121 space group.  The asymmetric unit contains three molecules of nsP2/3, and 

crystal solvent content was determined to be ~75% based on the Mattews coefficient (Vm 

= 4.8 Å3/Da) (Mattews, 1968).  Crystal is diffracted to 2.94 Å resolution.  Diffraction data 

were collected at beamline X-25 at Brookhaven national lab synchrotron light source.  The 

nsP2/3 structure was solved by a combination of SAD and molecular replacement.  The 

final model was refined to an Rfactor and Rfree of 21.5% and 25.2%, respectively.  Structure 

refinement statistics are summarized in Table 1. 

 

 

 Table 1. X-ray crystallographic Data collection and refinement statistics 
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3.2 Overall structure of Sindbis nsP2/3  

The polypeptide chain folds into four distinct compact domains (Fig. 6A).   

 

 

 

Figure 6A.  Ribbon diagram of Sindbis virus nsP2/3 colored from blue (N terminus) 
to red (C terminus).  Sindbis nsP2/3 protein is composed of four different domains: 
Protease domain, Methyl transferase like domain, Macro domain and Zinc binding 
domain. 
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The N-terminal protease domain of Sindbis nsP2/3 is from residue Ala 471(Ala1011) to 

residue Asn614(Asn1151).  The conserved cysteine protease domain contains residue 

Cys481 and residue His558 which form the catalytic dyad.  The protease domain of the 

Sindbis nsP2/3 protein consists of seven α helices and two regions of short β hairpins 

structure (Fig. 8).  The next domain is the methyltransferase like domain (MT like domain) 

that extends from Arg615(Arg1155) to Ala807(Ala1347).  This domain contains a central 

twisted six stranded β sheets surrounded by four α helices (Fig. 9).  The structure of this 

domain is similar to the S-adenosyl-L-methionine (SAM) dependant methyltarnsferases 

superfamily by SCOP (Jennifer and Fiona, 2002).  The first domain of Sindbis nsP3 is the 

macro domain which extends from residue Ala 808 (Ala1348) to residue Ala966 

(Ala1506). This macro domain consists of a central twisted six-stranded β sheets 

surrounded by four α helices on one side and two short helices on the other (Fig. 10).  The 

macro domain has a deep hydrophobic pocket for binding ADP ribose or PAR.  

Electrostatic surface analysis of the Sindbis nsP3 macro domain shows a highly positively 

charged patch.  Lastly, the second domain of Sindbis nsP3 domain is a novel folded 

zinc-binding domain, which starts at residue Glu967 (Glu1507) to end of sequence at 

residue Tyr1132 (Tyr1672).  Four cysteine residues from the loop coordinate a zinc ion 

within the domain (Fig. 11).  The coordination of this zinc binding domain is a totally novel 

fold and the biological role is not yet known.  

The cleavage site between nsP2 and nsP3 is buried between the MT like domain 

and macro domain.  It is not accessible for proteolysis.  Furthermore, the loop connecting 

the macro domain and zinc-binding domains makes direct contact with the α2 helix in the 

MT like domain, causing a kink in the helix and subsequent downstream structural shifts in 
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the nsP2 MT like domain.  When the Sindbis nsP2/3 structure was superimposed with the 

VEEV nsP2 structure, the MT like domain was shifted down compared to the structure of 

Sindbis nsP2/3 due to this contact of the connecting loop (Fig. 6A and Fig. 6B). 

 

 

 

 

Figure 6B. Superposition of representations of Sindbis virus nsP2/3, the Venezuelan 
Equine Encephalitis Alphavirus nsP2 protease domain and methyltransferase like domain.  
The loop connecting the macro domain and zinc binding domain makes direct contact with 
and causes a shift in the nsP2 methyltransferase-like domain. 
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Electrostatic surface analysis of the Sindbis nsP2/3 shows that the negatively 

charged loop connecting the macro domain and zinc-binding domains makes direct contact 

with the α2 helix in MT like domain, which is half highly positively charged surface and 

half negatively charged surface.  In addition, there is a channel between the MT domain 

and the macro domain.  Interestingly, this channel has a positively charged hole on one side 

and negatively charged hole on the other, forming a very nice pocket.  This channel may 

have an important function in the viral polyprotein processing (Fig. 7). 
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          180’ rotation view               opposite side of the channel 
 

 

 
Figure 7. Electrostatic surface of the Sindbis nsP2/3.  The loop connects between the 
macro domain and the Zinc binding domain. The channel is located in macro domain. 
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3.3 Sindbis nsP2 protease domain 

The protease domain consists of helix and random coil regions (Fig. 8).  

 

 

 
Figure 8. Structure of Sindbis nsP2 protease domain shown in Blue.  The protease 
activity of nsP2 protein is important for cleaving the nonstructural polyprotein (nsP1234) 
into functional single protein.  
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 Cys481 (VEEV Cys477) and His558 (VEEV His546) form the conserved cysteine 

protease catalytic dyad within the N-terminal proteolytic domain, which runs from residue 

Ala471 to residue Asn614.  The orientation of the catalytic dyad residues in nsP2 is similar 

to the catalytic dyad conformation observed in papain (Drenth et al., 1968).  The catalytic 

cysteine is positioned at the N-terminal end of α helix, and the catalytic histidine is part of 

a β strand.  However, organization of the tertiary structure of the Sindbis nsP2/3 protease 

domain and VEEV nsP2 protease domain is different from that observed in papain and any 

other known protein structure.  

The protease domain of Sindbis nsP2 consists of seven α helices with two regions 

of short β hairpins.  Based on the DALI (Holm and Sander, 1995), the structure of nsP2/3 

was very similar to the structure of the VEEV nsP2 protease domain by superposition using 

the Pymol program.   With the exception of this protease domain, the structure of nsP2/3 

shows very low similarity to several cysteine proteases, including papain, several 

cathepsins, and the ubiquitin carboxyl terminal hydrolase.  The root mean square deviation 

(RMSD) between the Sindbis nsP2/3 protease domain and the VEEV nsP2 is 0.987.  The 

DALI program identified the VEEV nsP2 protease (PDB code: 2hwk) as having a high 

similarity to the Sindbis nsP2/3 protease domain, with a z score of 22.8 and 47% identity.  

Also the DALI program identified papain like protease inhibitor (PDB code: 3mj5) and 

cathepsin B (PDB code: 1gmy) as having little structural similarity to the nsP2protrease 

domain.  Both the Sindbis nsP2/3 protease domain and the VEEV nsP2 protease domain 

have limited similarity in structural alignment. 

The Sindbis nsP2/3 protease domain is identified as having low similarity to the 

cysteine proteinase superfamily (SCOP).  The structure of these cysteine proteinases 
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consists of a common catalytic core made of one α helix and three strands of β sheet 

(Murzin et al., 1995).  Among the cysteine protease structures, the Sindbis nsP2/3 protease 

domain, the VEEV nsP2 protease domain and papain like protease, the catalytic cysteine is 

situated at the N terminus of a helix, with the catalytic histidine located on a β strand. In 

papain like protease domain, the cysteine and histidine residues of the catalytic dyad are 

located in two separate domains, and the active site occupies the interface between these 

domains (Drenth et al., 1968).  In contrast, in Sindbis nsP2/3 and VEEV nsP2 protease, the 

β strand containing the catalytic histidine is part of a short β hairpin within the N-terminal 

protease domain.  The structure of Sindbis nsP2/3 supports the hypothesis, derived from 

mutagenic analysis (Strauss et al., 1992), which suggests a catalytic dyad within the 

protease active site is composed of Cys481 and His558.  A conserved asparagine (Asn561) 

is located near these residues, and could potentially function as the third element of a 

catalytic triad.  However, the structure shows that this asparagine residue is not oriented to 

interact with the histidine residue. Moreover, mutational studies of the related Sindbis 

virus (SINV) show that this residue is not essential for activity (Strauss et al., 1992).  In 

addition, Trp559Ala is completely inactive, suggesting that Trp559 is essential for a 

functional proteinase.  This trp559 is located in a β strand and close to Cys481 and His 558.   

 

3.4 Sindbis nsP2 methyltransferase like domain (MT like domain) 

Sindbis nsP2 MT like domain extends from Arg615 to Ala807.  This domain 

contains a central twisted six stranded β sheets surrounded by 4 helices, two on one side 

and two on the other (Fig. 9).   
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Figure 9. Structure of Sindbis nsP2 methyltransferase like domain shown in rainbow.  
Structural similarity between S-adenosyl-L-methionine-dependent RNA methyltransferase 
and methyltransferase-like domain 
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The function of the MT like domain in nsP2/3 protein is not well known, but based 

on the Dali program (Holm and Sander, 1995), all data indicate that the tertiary structure of 

the second domain of Sindbis nsP2/3 has high similarity to the structure of the VEEV nsP2 

C-terminal domain with a z-score of 26.7%.  Both the Sindbis nsP2/3 second domain and 

the VEEV nsP2 C-terminal domain are similar to the methyltransferase family of enzymes 

(Russo et al., 2006).  Although the Sindbis nsP2/3 second domain has a very similar 

structure to the VEEVnsP2 domain, the main structural difference is in the connection 

between the β2 sheet and β3 sheet.  The RMSD between the Sindbis nsP2/3 MT like 

domain and the VEEV nsP2 MT like domain is 0.667.  In the case of the VEEV nsP2 

domain, it contains an extra short β sheet and α helix between the β2 sheet and β3 sheet.  

The MT like domain in Sindbis nsP2/3 has a significant tertiary structure which is similar 

to proteins belonging to the S-adenosyl- L-methionine (SAM)-dependent 

methyltransferases superfamily. This family includes methyltransferases from a wide 

variety of organisms, including RNA polymerase NS5 and the E. coli heat shock protein 

FtsJ RNA methyltransferase.  However, S-adenosyl-L-methionine binding site between 

Sindbis nsP2/3 MT like domain and FtsJ methyltransferase domain showed low similarity 

among individual residue and the overall structural alignment was very poor in binding 

site.  Based on Dali (Holm and Sander, 1995), there is a 38% sequence identity between the 

Sindbis nsP2/3 MT like domain and the VEEV nsP2 C-terminal domain.  Also, this domain 

has 13% sequence identity with the ribosomal RNA large subunit methyltransferase J, 

ribosomal RNA methyltransferase and the E. coli heat shock protein FtsJ RNA 

methyltransferase.  In a previous study (Sawicki et al., 2006), sequence similarity between 

alphavirus nsP2 and 2’-O-methyltransferase (2’-O-MT) suggests that this domain is 
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enzymatically inactive.  The common core SAM-dependent methyltransferase superfamily 

fold was described as having seven stranded β sheets and three helices on each side as 

sandwiched form.  The β sheets of seven strands are arranged in the order 3-2-1-4-5-7-6 

with antiparallel to the other strands (Jennifer and Fiona 2002).  One of the α helix layers 

consists of a single helix that is 5 residues long.  The Sindbis nsP2/3 second domain has a 

tertiary structure similar to SAM dependent methyltransferase structures (e.g., VEEV nsP2 

C-terminal domain, FtsJ, and RNA polymerase NS5).  All of the β strands between Sindbis 

nsP/2 and FtsJ(PDB:1ejo) align well.  However, the backbone alignment, when compare to 

SAM is poor.  The SAM substrate binding sites show no significant similarity to each 

other.  

 

3.5 Sindbis nsP3 Macro domain 

The structure of the Sindbis nsP3 macro domain consists of a central twisted 

six-stranded β sheet surrounded by three helices on one side and three on the other (Fig. 

10). 
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Figure 10. Structure of Sindbis virus nsP3 macro domain shown in orange.  It is known 
that the macro domain binds to ADP-ribose. Electrostatic surface of Sindbis macro 
domain. 
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Based on previous structural studies of macro domain in alphavirus, the core β 

sheet and the positions of the α helices are well conserved within the structures of macro 

domains.  Sequence identity between 160 amino acid residues of the Sindbis nsP3 macro 

domain and the CHIKV macro domain was very high with 57% identity and z-score of 31.  

Apparently, the most closely related structures to the Sindbis nsP3 macro domain are the 

CHIKV and VEEV nsP3 macro domain as well as the putative phosphatase of Escherichia 

coli macro domain.  The RMSDs among the alphavirus macro domains are between 0.8 

and 1.1 Å for 160 amino acids.  When searching the Dali server (Holm and Sander, 1995), 

the Sindbis nsP3 macro domain had significant structural and functional similarity to a 

putative poly protein of E.coli, core histone macro H2A, and the replication polyprotein of 

SARS-CoV macro domain as well as other alphavirus macro domains such as CHIVK and 

VEEV macro domain (Ratia et al., 2006; Saikatendu et al., 2005). 

Interestingly, the active site of the Sindbis nsP3 macro domain contains 

2-(N-morpholino) ethane sulfonic acid (MES) binding pocket, which may function as a 

substrate-binding site.  This MES binding cleft matches with most conserved active site 

residue.  The highly conserved residues surrounding the buffer molecule suggest that the 

MES is mimicking a natural ligand.  In addition, glycin rich conserved residues in the 

active site are solvent exposed. 

The binding pocket of the macro domain was similarly defined as an ADP-ribose 

1”phosphatase active site (Karass et al., 2005).  The ADP ribose-binding site is located in a 

deep hydrophobic pocket, which is on the upper side of the β2, β4 and β5 near the by α1- β2 

and α3- β5 connecting loops.  Previous structural studies of other macro domains proved 

that the adenine moiety is selectively H-bonded by its N6 nitrogen to the Asp817 side chain 
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(Malet et al., 2009; Karras et al., 2005).  Although the Asp817 residue is conserved in most 

macro domain sequences, only Sindbis virus macro domain has an Asn817 residue that 

could provide a carbonyl group to form a hydrogen bond with the N6 of an adenine. 

Electrostatic surface analysis of the Sindbis nsP3 macro domains shows a highly 

positively charged patch located both in the crevice, (previously known as an ADP-ribose 

1-phosphate phosphatase active site) and at its periphery.  The opposite site of the nsP3 

macro domain, located far from the active site, is negatively charged.  The positive and 

negative charge distribution is more commonly found in alphavirus macro domains than in 

other macro domain structures (Malet et al, 2009).  

Residues near the active site in the macro domain define a positively charged 

pocket, which is likely to bind a bulky negatively charged group.  Conserved positive 

patches on the electrostatic surface of the protein suggest possible binding site for longer 

negatively charged chains such as PAR or RNA.  Studies have shown that the alphavirus 

macro domains show stronger PAR binding than SARS-CoV macro domain (Malet et al., 

2009; Kumar et al., 2005).  Neuvonen and Ahola (2009) proved that several viral macro 

domains could bind RNA.  Those studies suggested that alphavirus macro domain could 

function in viral RNA replication and transcription.  

In addition, there is a channel in the macro domain near the linker connecting the 

macro domain and zinc binding domain.  Interestingly, this channel is positively charged 

hole on one side and negatively charged hole on the other.  Moreover, the structure of the 

macro domain alone does not contain this channel at all.  This is totally new observation 

that appears to provide a nice binding pocket, possibly functioning in the viral polyprotein 

processing (Fig. 7). 
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3.6 Sindbis nsP3 Zinc binding domain    

Zinc binding domain begins at residue Glu967 (Glu1507) and continues to the end 

of the sequence at Tyr1132 (Tyr1672).  The 48 amino acids in length begin right after the 

macro domain, connecting it to the zinc binding domain (Fig. 11).   
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Figure 11.  Structure of Sindbis virus nsP3 zinc binding domain shown in 
rainbow(upper) and red(bottom).  The nsP3 contains a novel fold with a previously 
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uncharacterized zinc coordination site. Electron density of the zinc atom corresponding to 
8σ is shown.  
 
 
 
 

The C-terminal domain of the Sindbis nsP2/3 protein turned out to be a zinc 

binding domain.  The phasing was determined through a combination of molecular 

replacement and single wavelength anomalous dispersion from the zinc.  The zinc binding 

domain consists of four α helices and two stranded β sheets.  The zinc ion is located 

between two loops.  One connecting the α2 helix and α3 helix and the other connecting the 

β2 sheet and α4 helix.  Four cysteine residues are involved in the zinc coordination.  The 

distances observed between the cysteine side-chain sulphur groups and the zinc atom are as 

follows: Cys1610 (2.63 Å), Cys1612 (2.69 Å), Cys1635 (2.69 Å) and Cys1653 (2.54 Å).  

All cysteine residues are absolutely conserved among all known alphavirus.  Based on 

structural classification of zinc fingers (Krishna et al., 2003), Sindbis nsP3 zinc binding 

domain is possibly categorized as a short zinc binding loops in fold group 7.  Commonly, 

the zinc-binding domain in this group has at least three zinc ligands that are closely located 

within the sequence and the zinc ion could stabilize loops.  Using the DALI server (Holm 

and Sander, 1995), no structures were found related to the Sindbis nsP2/3 protein, 

indicating that this protein contains a novel fold with a previously uncharacterized zinc 

coordination site.  However, the biological function of this zinc binding domain is still 

unknown and would provide an interesting topic of study.  

The linker connecting the macro domain and zinc binding domain starts at residue 

Glu967 (Glu1507) and end at Phe1014 (Phe1554).  This linker directly contacts the long 

α2 helix in the MT like domain.  When the Sindbis nsP2/3 structure was superimposed 
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with the VEEV nsP2, the structure of the MT like domain was shifted down due to the 

contact between the connecting loop and the α helices in MT like domain. However the 

structure of the VEEV nsP2 protease domain did not shift down and aligned well with the 

structure of Sindbis nsP2 protease domain (Fig. 6A and Fig. 6B). 

Electrostatic surface analysis of the Sindbis nsP2/3 shows that the macro domain 

contains/zinc binding domain linker contains almost half highly negative charged from 

residue Glu967 (Glu1507) to residue Glu982 (Glu1522) and half highly positive charged 

from residue Leu983 (Leu1523) to residue Phe1014 (Phe1554).  Interestingly, temperature 

sensitive mutations in the MT like domain, Pro 726 (Pro1266) and Arg751 (Arg1291), are 

located in very close proximity to this loop region (Fig. 12). 
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Figure 12.  Location of temperature Sensitive Mutants is shown onto the Sindbis 
nsP2/3 structure.  Arg615 hides in the middle of nsP2/3 structure.  Arg 615 contributed to 
efficient plus strand RNA replication.  Arg751 and Pro726 are toward to the loop 
connected between the macro domain and the zinc binding domain.  Pro726 is known to 
reduce the viral cytopathic effect and replication in cell culture. 
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3.7 Functional mutations in Alphavirus nsP2/3  

A number of temperature sensitive (ts) mutations in the protease and the MT like 

domains in nsP2 have been identified which cause defects in subgenomic RNA synthesis, 

defects in protease activity and cessation of minus strand synthesis in Sindbis virus, Semlik 

forest and Venezuelan Equine Encephalitis alphavirus (Russo et al., 2006; Hardy et al., 

1990; Suopanki et al., 1998; Sawicki et al., 2006).  Importantly, temperature sensitive 

mutations have been shown to be very well conserved among alphavirus strains.   The 

temperature sensitive mutation, ts24 (G723S) of glycine to serine in VEEV MT like 

domain results in defects both protease activity and 26S RNA synthesis at nonpermissive 

temperatures.  In the structure of Sindbis nsP2, the glycine residue at ts24 (G736S) is 

completely buried and surrounded by the side chains of conserved residues His619, 

Tyr798, Tyr737and Ala738.  Residue R615 in Sindbis nsP2 plays an important role for 

efficient plus strand RNA replication.  Mutation of R615 causes specific defects in the 

protease activity of nsP2 and results in inhibition of host translation, during minus strand 

RNA synthesis (Mayuri et al., 2008).  In addition, the adaptive mutation of MT like domain 

at residue P726 of Sindbis nsP2 (P713 VEEV nsP2) has been reported to reduce the viral 

cytopathic effect and replication in cell culture in a cell line dependent manner (Frolova et 

al., 2002).  Pro726 is found in a tight turn at the end of a helix and participates in a parallel 

special β bulge (Russo et al., 2006). 

 In Sindbis macro domain nsP3, highly temperature sensitive mutations CR3.36 

and CR3.39 are defective in their ability to synthesize minus-strand RNAs at the 

nonpermissive temperature (LaStarza et al., 1994; Lemm and Rice, 1994).  Mutations of 

asparagine residue 817 and 831 to alanine in the ADP-ribose binding region of the nsP3  
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macro domain impaired Sindbis virus replication and viral RNA synthesis for neuronal 

study.  This mutation study of the nsP3 macro domain at amino acid 10 and 24 showed 

impaired virus replication, impaired viral RNA amplification, and induced instability of 

nsP3 in neurons (Park and Griffin, 2009). 
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Starting number of Sindbis Sequence is Ala 471 (Ala 1011)  
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Figure 13. Sequence alignment of Alphaviruses. Strictly conserved residues are boxed 

in red. 
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Chapter 4 

Discussion 

Proteolytic sequential processing of the alphavirus polyprotein is still not well 

understood. The nsP3/4 site can be cleaved in trans by the nsP2 protease C-terminal 

domain, and then the nsP1/2 junction is cleaved in cis by the same protease.  However, it is 

not known how the nsP2/3 junction is recognized and cleaved by the nsP2 protease.  There 

is evidence which shows that the nsP2/3 cleavage site can not be recognized by only the 

nsP2 protease C-terminal domain (Vasiljeva  et al., 2003).  This study proved that the 

amino terminus of nsP2 is necessary  to cleave the nsP2/3 site in trans.  Based on our 

structural data, the cleavage sites for nsP2 and nsP3 are buried in the two domains, making 

them inaccessible for proteolysis.  It is possible that structure might requires a 

conformational change to enable cleavage site access for proteolytic processing.  A 

structure of the Sindbis nsP2/3 precleavage form plays an important role for further studies 

of alphavirus polyprotein proteolytic processing and viral replication. 

Recently, the functional importance of MT like domain within the nsP2 C-terminal 

region has been discussed.  Several important temperature sensitive mutations are located 

within the MT like domain.  The S2 mutation (Pro726) in Sindbis virus is known to reduce 

the viral cytopathic effect and results in persistent infection of Sindbis virus.  Residue 

Pro726 is found at the end of a α2 helix within the structure and toward the loop region.  

Myuri et al., (2008) proved that mutation of residue Arg615 in Sindbis nsP2 MT like 

domain had the viral noncytopathic effect and could not inhibit host cell translation.  Based 

on our observations, this Arg615 residue is located in the linker region between the 

protease domain and the MT like domain and hides in the center of overall Sindbis nsP2/3 
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structure to difficult to access this residue.  It has been proposed that this linker region 

plays an important role in forming a functional substrate binding pocket for the protease 

between the protease domain and MT like domain (Myuri et al., 2008).  

  Based on previous studies (Malet et al., 2009), the nsP3 macro domain of 

alphaviruses exhibited a higher affinity for binding ADP-ribose, ADP-ribose 1”phosphate 

phosphatase activity and PAR binding activity.  Based on the structure of the macro 

domain, the ADP- ribose binding pocket in the macro domain is a highly positively 

charged region.  This positively charged binding pocket is well conserved among 

alphaviruses and shows possible binding of negatively charged molecules and even longer 

molecules such as PAR and RNA.   

Interestingly, Sindbis nsP3 macro domain has a channel next to the negatively 

charged linker connecting the macro domain and zinc binding domain.  This channel is 

positively charged on one side and negatively charged on the other side.  This novel 

channel observed in the Sindbis nsP2/3 structure did not exist in the structure of the macro 

domain only.  This channel has a nice binding pocket and may function in the viral 

polyprotein processing. 

  Structural comparisons using DALI (Holm and Sander, 1995) and Protein Data 

Bank showed that zinc binding domain of Sindbis nsP3 had no similarity with any other 

zinc binding proteins known to this point.  It indicates that Sindbis nsP3 contains a novel 

fold with a previously uncharacterized zinc coordination site.  We found a new zinc 

binding domain in Sindbis nsP3 protein, although its biological function of zinc binding 

domain is still unknown. 
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Another interesting observation within the structure is the linker between the macro 

domain and the zinc binding domain.  The half negatively and half positively charged long 

linker directly contacts α helices within the MT like domain.  It causes the structure of MT 

like domain to shift down without changes in any other domain.  This long linker runs right 

through the middle of the overall structure.  Important temperature sensitive mutants such 

as Pro726 (Pro1266) and Arg751 (Arg1291) is located nearby this linker region.  The 

mutation in residue Pro726 (Pro1266) disrupts nsP2-mediated viral RNA synthesis 

(Sawicki et al., 2006).  In addition, it is known that this mutation could reduce the viral 

cytopathic effect and replication in Sindbis virus and Semliki forest virus (Frolova et al., 

2002).  Based on the observation of the linker region position and a couple of mutants, this 

linker region is likely to play an important structural role in viral RNA synthesis and viral 

replication. 
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