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ABSTRACT 
 
 

Sulfolobus turreted icosahedral virus (STIV) was isolated from acidic hot springs 
of Yellowstone National Park and was the first hyperthermophilic virus described with 
icosahedral capsid architecture.  Structural analysis of the STIV particle and its major 
capsid protein suggests that it belongs to a lineage of viruses that predates the division of 
the three domains of life.  Functional predictions of the viral proteins are hindered 
because they lack similarity to sequences of known function.  Protein structure, however, 
may suggest functional relationships that are not apparent from the sequence.  Thus, we 
have initiated crystallographic studies of STIV and expect to gain functional insight into 
its proteins while illuminating the viral life cycle.  These studies may also provide 
genetic, biochemical, and evolutionary insight into its thermoacidophilic host and the 
requirements for life in these harsh environments.   

The first three proteins studied in structural detail are A197, B116, and F93.  As 
anticipated, these structures suggest possible functions.  The structure of A197 reveals a 
glycosyltransferase GT-A fold.  Within the context of the GT-A fold, are the canonical 
DXD motif and a putative catalytic base, hallmarks of this family of enzymes, strongly 
suggesting glycosyltransferase activity for A197.  B116 is a unique structure that lacks 
significant homology to known protein structures.  However, sequence similarity to 
proteins from other hyperthermophilic viruses reveals conserved surface features 
suggesting interaction with a host macromolecule, likely DNA.  The F93 structure reveals 
a winged-helix fold common among DNA-binding proteins, in particular, the MarR-like 
family of transcriptional regulators.  The most likely role for F93 is thus regulation of 
viral transcription. 

Interestingly, B116 contains an intramolecular disulfide bond while F93 contains 
an intermolecular disulfide bond.  The presence of these disulfide bonds was not 
anticipated because these proteins are expected to be localized within the host cell.  This 
prompted analysis of the cysteine distribution in the STIV genome, which suggests that 
disulfide bonds are common in intracellular (cytoplasmic) proteins encoded by STIV.  
This work is in accordance with accumulating evidence that disulfide bonds are common 
stabilizing elements in the intracellular proteins of thermophilic organisms in general, and 
extends the observation to genomes of hyperthermophilic viruses. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

The research detailed in this dissertation is the beginning of a journey toward the 

complete structural characterization of a hyperthermophilic virus that infects a 

crenarchaeal host.  This chapter will provide some brief background into the Archaea and 

the viruses that infect them, and then introduce the particular virus that is the focus of this 

study, Sulfolobus turreted icosahedral virus (STIV), and the goals of this research project. 

 
Archaea, the Third Domain of Life 

The Archaea were originally “discovered” in 1977 when Carl Woese and George 

Fox were attempting to phylogenetically classify the Bacteria by comparing the 

sequences of their ribosomal RNAs (rRNA).  Through the course of this analysis, they 

realized that the methanogens were fundamentally different from typical prokaryotes, the 

bacteria (42, 141).  Further study of these unique organisms led to the proposal of a 

universal phylogenetic tree that was divided into three domains, the Bacteria, the 

Eukarya, and the Archaea, based primarily on 16S rRNA sequence comparisons (Figure 

1-1) (142).  The root of the tree points toward the last universal common ancestor 

(LUCA) of all present-day organisms and its placement is a topic of debate.  Most 

evidence points toward the root being somewhere between the primary bacterial and 

archaeal branches and the rRNA-based tree has generally been accepted.   
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Figure 1-1.  The Universal Tree of Life. 
The universal tree is organized into three domains, with branching orders based upon rRNA sequence 
comparisons and the root placed by duplications in certain protein sequences.  The two kingdoms (or phyla) 
of the Archaea are the Crenarchaeota and the Euryarchaeota.  Figure from (89). 
 

 

The domain Archaea is divided into two kingdoms (or more recently, phyla), the 

Euryarchaeota and the Crenarchaeota (142).  The Euryarchaeota are primarily 

methanogens, methane-producing organisms, and halophiles, organisms that thrive in 

hypersaline environments.  The range of environments inhabited by the methanogens is 

quite large and the majority of these organisms are strict anaerobes.  Most live at 
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mesophilic temperatures though hyperthermophilic species do exist.  The halophiles are 

found in almost all hypersaline environments and most are strict aerobes. 

 

 

 
 
Figure 1-2.  Rabbit Creek Thermal Area, Yellowstone National Park. 
Viruses have been isolated from hyperthermophilic organisms that thrive in thermal features from around 
the world.  STIV was isolated from Sulfolobus species that inhabit the acidic hot springs in the Rabbit 
Creek Thermal Area of Yellowstone National Park, USA.  Dr. Mark Young took this photo.   
 

 

The crenarchaeotes are primarily thermophilic organisms that thrive in 

temperatures above 80 °C.  Thermophilic Crenarchaea are found in thermal features 

within Yellowstone National Park (Figure 1-2) and elsewhere around the world in both 

terrestrial and marine environments.  However, Crenarchaeal organisms have been 

identified in mesophilic temperatures and even extremely low temperatures (12, 36).  

Though the majority is anaerobic, many of the best-characterized are aerobic, namely 

members of the order Sulfolobales.  Sulfolobus solfataricus (Figure 1-3) has emerged as 

the model crenarchaeal organism, primarily due to the ease of culturing it in the 
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laboratory.  It is prokaryotic, hyperthermophilic (optimal growth at T > 80 °C), 

acidophilic (optimal growth at pH < 4), strictly aerobic, chemolithotrophic (oxidizes 

elemental sulfur, So to H2SO4), and its genome has been completely sequenced (121).  

Furthermore, efforts have been made toward the production of genetic systems within 

Sulfolobus for microbiology applications (60, 126). 

 

 

 
 
Figure 1-3.  The Crenarchaeote, Sulfolobus solfataricus. 
S. solfataricus has emerged as the model crenarchaeal organism.  The majority of crenarchaeal 
(hyperthermophilic) viruses isolated to date have come from hosts who are close relatives of this species, 
likely reflecting a culture bias rather than the true extent of the diversity of these viruses. 
 

 

Fairly recently, two more archaeal phyla, the Korarchaeota (12) and the 

Nanoarchaeota (55), have been proposed.  Both appear to branch close to root of the 

archaeal branch based on 16S rRNA sequences and thrive in extremely hot environments 

but little else is known about them.  The korarchaeotes have been identified in 

Yellowstone and elsewhere but no species have been cultured.  The nanoarchaeotes are 

extremely small symbiotic organisms, barely larger than some of the largest viruses.  

They were originally isolated from a deep-sea vent but have also been found in 
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Yellowstone National Park.  At least one species has been cultured.  It is interesting to 

note that thermophily is common among the oldest branches of each of the primary 

phyla, however, so it is assumed that the ancestor common to all Archaea possessed this 

phenotype (142).  

Currently, 32 archaeal genomes have been completely sequenced (119) 

(http://archaea.ucsc.edu/cgi-bin/hgGateway) and several more are forthcoming.  Among 

many things, these genome sequences are highlighting commonalities between the 

Archaea and the other domains of life but are also emphasizing the extreme differences 

and validating their placement within their own domain of life.  Despite the growing 

knowledgebase of the Archaea, however, relatively little is known about this domain of 

life when compared to the Bacteria and Eukarya.  This is partly because they are 

relatively young as far as their recognition as a distinct life form is concerned, but also 

because the extreme environments many of these organisms inhabit make them difficult 

to study in the lab.      

 
Archaeal Viruses 

Viruses have been found to infect both the Euryarchaea and Crenarchaea.  In 

sharp contrast to the large number of viruses identified from bacterial or eukaryotic hosts, 

less than 50 have been described from archaeal hosts, with roughly equal numbers from 

the Euryarchaea and the Crenarchaea (90).  In addition to the limited effort that has been 

directed toward the discovery of archaeal viruses, this discrepancy in numbers is likely 

due to the difficulties in culturing most archaeal organisms and in isolating the viruses 

directly from the often harsh environments rather than a true reflection of their abundance 
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(123, 124).  Nonetheless, our understanding of the viruses that replicate within archaeal 

hosts is clearly very limited and warrants further study.   

The majority of viruses from the Euryarchaeota resemble typical bacterial phages 

with head-and-tail morphologies and many even belong to these established viral families 

(37).  Of these, most have been isolated from halophiles but a growing number are being 

isolated from the methanogens.  Though in the minority, it is interesting that several 

morphologically unique viruses have been isolated from the hyperthermophilic 

euryarchaeal order Thermococcales found in deep sea vents (107).  Some of these 

morphologies resemble those found among the crenarchaeal viruses, such as PAV1 that 

resembles the spindle-shaped viruses from Sulfolobus (SSV1) (107).  All known 

euryarchaeal viruses carry a double-stranded (ds) DNA genome that contains ORFs 

whose predicted products generally lack significant sequence similarity to those in the 

public databases (37).    

In contrast to the euryarchaeal viruses, the vast majority of known viruses 

infecting the hyperthermophilic Crenarchaea display remarkably diverse and unique 

morphologies (103, 104, 110, 111, 124, 145).  Linear, either stiff or flexible, and spindle-

shaped morphologies predominate but many others are commonly observed (103, 104, 

110).  Similar to the euryarchaeal viruses, all known crenarchaeal viruses possess dsDNA 

genomes with predicted gene products that display limited sequence similarity to other 

known sequences.  Sequence similarity that is present is usually confined between 

uncharacterized homologues within the genomes of other crenarchaeal viruses, typically 

within the same viral family (139).  The GC content of the genomes is typically less than 

40%, mirroring that of the hosts.  Seven new viral families have been created to reflect 



7 

the unique morphological and genomic characteristics of these hyperthermophilic viruses.  

They are: Fuselloviridae (spindle-shaped particles such as SSV1) (95), Rudiviridae (stiff 

rod-shaped particles such as SIRV1) (102), Lipothrixviridae (flexible filamentous 

particles such as SIFV) (8), Guttaviridae (droplet-shaped particle such as SNDV) (7), 

Globuloviridae (spherical particles such as PSV) (49), Ampullaviridae (bottle-shaped 

particles such as ABV) (50), and Bicaudiviridae (two-tailed, spindle-shaped particles 

such as ATV) (52).  In addition, many more distinct morphologies have been observed in 

enrichment cultures (104, 106, 110, 111), and some have even been characterized but do 

not fit into these families (112, 143).  Thus, the number of unique viral families among 

the Crenarchaea is sure to grow.   

Crenarchaeal viruses have been isolated from thermal features around the world, 

including those in Yellowstone National Park, and are thus considered thermophilic 

organisms like their hosts.  The majority has been isolated from acidophilic hosts of the 

genera Sulfolobus and Acidianus, but many have also come from the neutrophilic hosts of 

the genera Thermoproteus and Pyrobaculum.  Generally speaking, hyperthermophilic 

viruses do not lyse their hosts and live in equilibrium with their growth and replication 

cycles in a persistent state.  This may be a survival strategy of these viruses serving to 

limit their exposure to harsh environmental conditions (103, 104). 
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Sulfolobus Turreted Icosahedral Virus (STIV) 

The particular crenarchaeal virus that is the focus of the structural studies 

presented in this dissertation is Sulfolobus turreted icosahedral virus (STIV).  It is an 

icosahedral virus distinct from all the established families of crenarchaeal viruses and so 

is likely the founding member of a new family.  It infects Sulfolobus species (Figure 1-3) 

resident in the acidic hot springs (pH 2.9-3.9 and 72-92 °C) of Yellowstone National Park 

(Figure 1-2) and was first isolated from enrichment cultures by members of Dr. Mark 

Young’s laboratory at Montana State University (111, 112).  It encapsidates a circular, 

dsDNA genome of 17,663-bp containing 37 open reading frames (ORFs) (Figure 1-4), 

with 36 identified in the original annotation (112) and an additional ORF, A78 in a 

subsequent proteomics study of the purified virus (78).  The major capsid protein, B345, 

was identified due to its abundance from purified viral particles.  As is typical of 

crenarchaeal viruses, the predicted gene products generally exhibit a lack of similarity to 

sequences in the publicly available databases.  This largely precludes functional 

assignment of the viral proteins and is a driving force behind the structural studies we 

have undertaken.   
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Figure 1-4.  The Genome Map of STIV. 
Predicted open reading frames (ORFs) are named according to the reading frame they are in (A-F) and the 
number of amino acids encoded.  B345 was identified as the major capsid protein based on its abundance 
and has since had its structure determined.  Eight additional ORF products have also been identified to co-
purify with the virion particle (all the capsid-associated proteins are shaded in yellow).  The three ORF 
products that are the focus of this research are shaded in pink.  Figure was created with VectorNTI 10.  
 

 

Though viruses displaying icosahedral capsid architecture are common among the 

Bacteria and Eukarya, STIV was the first to be described from an archaeal host.  The 

cryo-electron microscopy (cryo-EM) reconstruction of the STIV particle reveals a pseudo 

T=31 icosahedral capsid with large turret-like projections extending from the 5-fold 

vertices and an apparent internal membrane (112) (Figure 1-5).  The capsid architecture 

of STIV generated much interest because it is common to viruses from all three domains 
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of life, suggesting a viral lineage that shares a common ancestor that predates the 

fundamental evolutionary events that gave rise to the Archaea, Bacteria and Eukar

11, 15, 16, 112).  Indeed the crystal structure of the STIV major capsid protein (MCP) 

reveals that it adopts the double-jellyroll fold (65) with stunning structural homology to

the major capsid proteins of bacteriophage PRD1 (16), and the eukaryotic viruses PBCV

1 (87) and adenovirus (117), further supporting this evolutionary lineage  (Figure 1-6) 

(65). 

ya (10, 

 

-

       

 

 
 
Figure 1-5.  STIV. 

he electron micrograph of STIV (left) and the cryo-EM reconstruction of the viral particle (right).  STIV 
 pseudo T=31 architecture with prominent turret-like appendages extending from 

 lineage of evolutionarily related dsDNA virus that contain large T-number 

icosahedral capsids and spanning multiple domains had been suggested (10, 16), but prior 

T
displays an icosahedral,
the 5-fold vertices.  A quarter of the capsid shell has been removed from the cryo-EM image to show the 
internal lipid bilayer.  Figure is a composite from (78, 111). 
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r 
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iscovery of STIV, a member from the archaeal domain had not been seen.  As 

genomic similarities between these viruses [bacteriophage PRD1 (7), and the eukaryotic 

viruses PBCV-1 (41) and adenovirus (55), STIV (112), and perhaps the Euryarchaeal 

SH1 (101)] are practically nonexistent, this lineage is defined on the structure and 

assembly principles of the viral capsid itself, which must be evolutionarily maintained in 

the sequences.  An ancestor virus likely existed before the divergence of the domai

life and through the course of evolution over billions of years, the sequences of the 

progeny have been altered due to specific pressures exerted by their respective hosts and 

environments and masked their common ancestry (10, 11, 15, 65, 112). 

The crystal structure of the MCP also provided insight into how this protein 

achieves thermostability in the acidic and very hot extracellular environm

end at least a portion of its life (65).  In comparison to the structures of the m

capsid proteins of other viruses in the domain-spanning lineage, adenovirus hexon, PRD1

P3, and PBCV-1 vp54, STIV MCP (Figure 1-6) is much more tightly packed with much 

less total cavity volume.  MCP also has extraordinary proline content and many of the 

prolines are in surface-exposed loops.  Proline residues are believed to contribute to 

thermostability by reducing flexibility and decreasing the entropy of the unfolded state.

It appears that improved hydrophobic packing and structural restraint are important fo

the thermostability of MCP while other common factors such as hydrogen bonding, 

electrostatic interactions, and disulfide bonds may not contribute as indeed these 

interactions will likely be disrupted in the harsh conditions of an acidic hot spring (65
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Figure 1-6.  The Structure of the MCP from STIV and Related Viruses. 
e structure of the MCP from STIV adopts the double-jellyroll fold commonly used for viral cap

A B

C

 

(A)  Th sid 
roteins.  MCP looks remarkably similar to the major capsid proteins from related viruses in the dom  

made from the pdb 

Proteomic studies of purified STIV virions have defined the subset of proteins 

that make up the virion and have helped to further characterize the virus and likely 

functions for a number of its predicted ORF products (78).  In addition to B345, eight 

viral proteins (B109, B130, A55, A78, A223, C381, B164, C557; shaded yellow in 

Figure 1-4) and two host proteins (a small DNA-binding protein and a hypothetical 

protein thought to be a VPS24 vacuolar sorting protein) were identified.  Based on the 

p ains:
(B) Bacteria (P3 from PRD1); and (C) Eukarya (hexon from adenovirus).  Panel A was 
(2BBD) with PyMol and B and C are from (112). 
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proteomics/mass spectrometry results and a critical analysis of the cryo-EM density, it i

suggested that A223, C381, and C557 likely interact and together comprise the pentamer 

subunits, the unique turret-like appendages, of the icosahedron.  Sequence-based (58, 78, 

105) and predictive structure-based analysis (78) suggest that B164 is a pumping ATPase 

similar to those found in the pox viruses.  Interestingly, molecular modeling of this 

protein and its subsequent fitting into the cryo-EM density suggest that it makes up t

base of the turret structure, filling density at the bottom of an open channel that is large 

enough to accommodate DNA (78, 112).  It is thus proposed that this protein is involved

in either the packaging of the viral genome or its delivery into the host cell.   

The proteomic studies also confirmed the existence of a lipid bilayer w

s 

he 

 

ithin the 

STIV c  

e 

that is a 

n a 

the 

rk on 

apsid and found that it is primarily composed of a specific subset of host-derived

lipids (78).  Further, this study established that the MCP is glycosylated in light of the 

results of our structural studies of A197 (to be discussed in Chapter 3).  Surprisingly, th

predicted glycosylation sites on the MCP correspond very well to the known 

glycosylation sites of the MCP (vp54) from PBCV-1  (87), a eukaryotic virus 

member of the domain-spanning viral lineage.  This proteomic analysis has clearly bee

great contribution to the overall characterization of STIV and has extended the 

similarities observed between it and viruses in the other domains of life beyond 

capsid architectures and MCP structures.  However, despite this and all the other wo

this interesting virus, the functions of the majority of viral proteins remain unknown. 
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Research Goals and Overview 

The characterization of crenarchaeal viruses inhabiting the hot springs of 

Yellow g 

seen 

infancy 

iral life 

 further 

eeks to contribute to the molecular and structural 

charact le.  In 

nd 

e 

 

stone National Park and other thermal features around the world is revealin

fascinating diversity, apparent in both viral morphologies and genomic sequences, un

in the viruses of the other domains of life.  The uniqueness of these viruses is also a likely 

reflection of the unique organisms they infect and the unique environments they inhabit.  

Despite the growth in recent years of the number of viruses known to infect 

hyperthermophilic Crenarchaea, our knowledge of these viruses is still in its 

when compared to similar studies from eukaryotic and bacterial viruses.  This is 

particularly true at the molecular level, as we know very little in regards to their v

cycles, virus-host relationships, genetics, or biochemistry.  Thus, a significant 

understanding of even a single crenarchaeal virus would be a great advance and

study is clearly warranted.     

This research project s

erization of STIV, and in turn a detailed understanding of its viral lifecyc

particular, we would like to determine the functions of the products of all of its ORFs a

to try to relate these functions to the viral lifecycle and the virus-host relationship.  The 

functions of the majority of the predicted proteins coded by the STIV genome remain 

unknown.  The identities of the nine proteins that comprise the virion are known but th

functions of many of these are still undetermined.  The deficiency of known functions for

the STIV proteins is primarily due to their lack of obvious sequence similarity to proteins 

of known function.  However, sequence analysis by our laboratory and others suggests 
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the presence of several classes of transcriptional regulators [M. Dlakic, personal 

communication and (105)], an ATPase (58, 78, 105), and two small C2H2 Zn-fin

proteins (105).  Functions for the remaining hypothetical proteins largely remain a 

mystery. 

It 

ger 

is highly unlikely that most of the STIV proteome consists of unique protein 

folds se IV 

 With 

ucture 

rence of 

ographic studies of the STIV 

proteom

 STIV 

 by 

rving novel functions.  Rather, the general lack of sequence similarity in the ST

ORFs is probably due to the unique environment in which the virus lives and to the 

evolutionary distance between them and their bacterial and eukaryotic homologues. 

respect to protein evolution, it is well established that similarity between related protein 

structures will persist longer than similarities in their corresponding amino acid 

sequences (85).  Further, there exists an intimate relationship between protein str

and function with each exerting evolutionary constraints upon a protein.  Thus, 

knowledge of the three-dimensional structure of a protein may allow for the infe

functional and evolutionary insight that is not readily apparent in the primary sequence 

(6, 15, 16, 23, 65, 67, 68, 72, 85, 116, 135, 136).   

To this end, we have initiated x-ray crystall

e.  It is expected that a thorough structural analysis will provide specific 

suggestions regarding the functions of these proteins and the roles they play in the

lifecycle.  Furthermore, since a small subset of the STIV proteins have homologues 

within other crenarchaeal viruses of unrelated viral families, the knowledge afforded

these structures will extend beyond this single virus and provide insight into factors that 

are important in the lifecycles of the crenarchaeal viruses in general.  Importantly, while 

such studies will lead to a greater understanding of the viruses themselves, they are also 
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expected to provide genetic, biochemical, and evolutionary insight into their crenarchaea

hosts and the requirements for life in the harsh environments in which these organisms 

often thrive. 

    

l 
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CHAPTER 2 

CLONING, EXPRESSION, PURIFICATION, AND CRYSTALLIZATION 

OF THE STIV GENOME 

Introduction 

Background 

The full 17,663 base pair genome sequence of STIV was obtained from George 

Rice in Mark Young’s laboratory in the Department of Plant Sciences and Plant 

Pathology at Montana State University while the initial characterization of the virus was 

ongoing.  The major capsid protein was identified from its abundance in the purified viral 

particle and determined to be the product of ORF B345 but the functions of the remaining 

ORFs remained a mystery, primarily due to the lack of homology to sequences in the 

publicly available databases (112).  Knowing that protein function is largely determined 

by its three-dimensional shape, we set out to determine the x-ray crystallographic 

structures of the STIV proteome because it may be possible to gain insight into the 

proteins’ functions and their roles in the viral lifecycle based on structural homology to 

proteins of known function.  If structurally similar proteins are not available, we still may 

gain insight into the functions based on the overall shape of the protein, its surface 

features, etc. that are apparent in the 3-D model of the protein.  The field of archaeal 

virology is relatively young so the knowledgebase about these interesting and unique 

viruses is severely lacking compared to that of viruses in the domains Eukarya and 
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Bacteria.  No virus in the domain Archaea has been studied in structural detail so the 

envisioned studies of STIV would represent an important advancement in the field.  

The STIV genome was originally annotated with fifty putative ORFs coding for 

proteins with greater than fifty amino acids and varying in length from 51 to 557 amino 

acids.  Since the annotation was not finalized, we created an internal numbering system 

for each gene starting with B109 being called #1 and each consecutive ORF on that 

strand numbered sequentially in a clockwise fashion.  When all ORFs on that strand were 

numbered, the numbering continued for the ORFs on the opposite strand, again going 

clockwise from the same starting position.  Due to the facts that the final ORF 

annotations were still in progress and many of the putative ORFs, in particular several of 

the smaller ones, overlapped with other ORFs, we decided to concentrate our cloning 

efforts on the 38 ORFs coding for proteins greater than sixty amino acids.  General 

information about each of the STIV ORFs is presented in Table 2-1. 
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The Overall Scheme to Rapidly Identify Viral Proteins 
Most Suitable for X-ray Structure Determination 

All ORFs greater than 60 amino acids in length (from the original annotation of 

the STIV genome) were cloned into E. coli expression vectors.  Small-scale expression 

and purification trials were performed to rapidly identify the subset of ORFs that 

produced detectable levels of soluble protein under “standard” conditions.  Expressions 

of these soluble proteins were then scaled-up to optimize the purification procedure with 

subsequent chromatographic steps to try to increase the yield and purity.  The subset of 

these that produced significant amounts of relatively pure protein were put through 

concentration experiments to see how concentrated the protein can get and remain soluble 

and then into crystallization experiments.  Crystallization conditions were optimized for 

those that gave promising results and then x-ray structure determination was pursued for 

those that produced diffraction-quality crystals.  This chapter describes the methods that 

were carried out in this journey and also serves to highlight what was not done.  In other 

words, issues that may be addressed in future studies of the STIV proteome to try to 

obtain soluble, well-behaved protein from those ORFs that did not result in structures this 

time around.  The first half of this chapter is devoted primarily to the methods that were 

used for all the ORFs greater than 60 amino acids in length and the second half describes 

the methods that were specific for each of the three proteins that have had their structures 

solved.   
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Cloning 

Choice of Cloning System 

The need for fairly high throughput and the desire to easily modify expression 

strategies down the road for those proteins that did not initially produce soluble proteins 

led us to use the Gateway® Technology cloning system (Invitrogen Corporation).  The 

Gateway cloning system is recombination-based and allows for expression in various 

expression systems (i.e. bacteria, insect) and with various affinity tags, if desired, after a 

single PCR event (Figure 2-1).  The gene of interest is amplified with the addition of 

specific recombination sites attB1 and attB2 to facilitate its incorporation into an entry 

clone, essentially a gene storage vector, where the gene sequence is verified.  The gene of 

interest need only be sequenced after creation of the entry clone, because all subsequent 

steps are recombination-based so there little chance of mutations being introduced.  For 

protein expression, the gene must be transferred into an expression clone that is specific 

for the desired expression system (i.e. E. coli) and incorporates the desired features (i.e. 

affinity tag) by a subsequent recombination reaction.  Directionality of the ORF is 

ensured because there are slight differences in the recombination sequences at the 5’ and 

3’ ends of the cloned gene.  
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Figure 2-1.  Gateway Cloning. 
Gateway cloning allows for ease of moving cloned gene to alternate expression systems or to incorporate 
alternate features with only a single PCR event.  Figure from (57). 
 

 

Primer Design and PCR Amplification 

PCR was used to amplify the STIV ORFs directly from purified viral particles 

(112) that were kindly provided by Debbie Willits from Mark Young’s laboratory in the 

Department of Plant Sciences and Plant Pathology at Montana State University.  PCR 

also allowed for the addition of sequences necessary for Gateway system cloning and 

incorporation of desired features into the final gene construct.  In order to insert the gene 

of interest into the Gateway DONR vectors, it must be flanked by specific recombination 

sequences, attB sites.  To increase the efficiency of expression, the ribosome signal 
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sequences, Shine-Dalgarno for Bacteria and Kozak for Eukaryotes, are also added.  To 

facilitate rapid purification of the expressed proteins via immobilized metal-affinity 

chromatography (IMAC), we chose to add an uncleavable His tag directly to the C-

terminus for simplicity.  The desired PCR-amplified gene product is schematically 

depicted in Figure 2-2A. 

 

 

 
Figure 2-2.  Desired PCR Product and Universal Primer Sequences.  

A)  attB1-Shine Dalgarno-Kozak-Start-STIV ORF-His tag-Stop-attB2 
 
B)  5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACC-3’  
 
C)  5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGTGATGGTGATGGTGATG-3’ 

(A)  Schematic of desired PCR product for creation of STIV ORF expression constructs.  Each specific 
feature is color-coded.  (B)  Sequence of 5’ Universal Primer.  (C)  Sequence of 3’ Universal Primer.  
Color-coding in B and C match the features colored in panel A. 
 

 

In order to make the cloning procedure broadly applicable to many gene 

constructs and to keep primers lengths a reasonable size, a nested PCR scheme was used.  

In this scheme, there are “universal” primers that can be used with every gene and gene-

specific primers that are designed to overlap with both the gene of interest and the 

universal primers.  The universal (outside) primers (Figures 2-2B and 2-2C) add the 

necessary recombination sequences (attB sites) as well as the Shine-Dalgarno and Kozak 

sequences at the 5’ end and the His tag at the 3’ end.  Gene-specific (inside) primers were 

designed to have an 18 nucleotide overlap with the universal primers at the 5’ ends 

followed by enough gene-specific overlap to have a melting temperature (Tm ) of at least 

54 °C, roughly calculated using the formula Tm≈(2×(A+T))+(4×(G+C)), and to contain at 
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least 16 nucleotides of overlap with the gene.  All gene-specific primer sequences are 

tabulated along with their approximate Tms in Table 2-2.  All primers were ordered from 

Sigma-Genosys.  

The nested PCR scheme was performed essentially as described in the “Preparing 

attB-PCR Products Using attB Adapter PCR” section of the Gateway manual (57) with a 

few notable exceptions.  To limit the chances of PCR-induced mutations and to decrease 

the time necessary for PCR, KOD HiFi polymerase (Novagen), a proofreading enzyme 

with very high fidelity and very high processivity, was used.  This enzyme has all the 

desirable traits of the recommended polymerases but is much faster and significantly 

reduced the time needed to complete the PCR steps.  Purified STIV viral particles were 

used for the starting template because the viral DNA could not be sufficiently purified, so 

the initial denaturation step was set to seven-minutes and that of each subsequent cycle 

was set at 30 seconds in the first, “inside”, 10-cycle PCR reaction with the gene-specific 

(inside) primers.  Times for the elongation steps in both PCR reactions were shortened 

according to the recommendations for the KOD polymerase for the length of desired PCR 

product.  10 μl of the “inside” reaction was used as the template for the 25 cycle 

“outside” reaction, which now uses the universal (outside) primers.  The remainder of the 

inside reaction was also put through this subsequent 25 cycle PCR reaction to aid in 

trouble-shooting if necessary; i.e. to help isolate the problem to either the “inside” 

reaction or the “outside” reaction.  Following the second, “outside”, PCR reaction of 25 

cycles, the quality and yield of the PCR products were checked on an agarose gel.  If 

there was only a single band of the expected size on the gel, the recommended gel 
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purification step was skipped, and the product used directly in the BP reaction, otherwise 

the band was gel purified before use in the BP reaction. 

 
Creation of the Entry and Expression Clones 

After creating PCR products containing the STIV gene flanked by attB 

recombination sites, the first recombination reaction, “BP reaction”, is performed to 

create an entry clone (Figure 2-3), essentially a gene storage vector.  The donor vector 

pDONR201 was used and BP reactions were performed as described in the Gateway 

manual (57) with two exceptions.  Only one-quarter of the recommended volumes were 

used and the reactions were incubated with proteinase K for two to four hours before the 

products were transformed into E. coli strain DH5α competent cells (Invitrogen) and 

plated on LB-agar supplemented with 50 μg/ml kanamycin.  We found that the much 

longer incubation with proteinase K increased the transformation efficiency.  Five 

colonies were then selected for each construct and PCR reactions were performed using 

the gene-specific primers to confirm that the BP reaction was successful and the entry 

clone contained an insert of the expected size.  BP clones that tested positive for the gene 

insert were then sequenced to verify that the gene is mutation-free.  Sequencing of all 

entry clones by ABI BigDye Terminator Cycle methods was performed at the DNA 

Facility, Iowa State University (Ames, Iowa) and the data were analyzed using DNAStar 

(Lasergene Inc., Madison, WI). 
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Figure 2-3.  The BP Reaction. 
A PCR product that contains the gene of interest flanked by specific recombination sites (attB) sites is 
created.  This PCR product is combined with a donor vector (pDONR201) and the site-specific 
recombinase (BP Clonase) to yield the entry clone, essentially a gene storage vector.  Figure from (57). 



31 

After an entry clone is created and the gene sequence verified, it must undergo a 

subsequent recombination reaction, the “LR reaction”, into a destination vector that will 

allow for protein expression (Figure 2-4), the expression clone.  Several destination 

vectors are available that allow for expression in various organisms and incorporate 

various features.  We chose to use pDEST14 for expression in E. coli.  This destination 

vector does not add any additional features, such as fusion tags, and is intended for native 

protein expression.  We did add C-terminal His tags to all the genes in the PCR step, 

however, to facilitate purification via IMAC.  LR reactions were performed as described 

(57) except, again, quarter volumes were used for the recombination reaction and the 

proteinase K incubation was lengthened.   Reaction products were transformed into E. 

coli strain DH5α competent cells (Invitrogen) and plated on LB-agar supplemented with 

100 μg/ml ampicillin.  Colonies were selected and the success of the LR reaction was 

verified by PCR using the gene-specific primers.  PCR verification of the expression 

clones is sufficient because they are produced by recombination from an entry clone 

containing a verified gene sequence. 

 

 

 
 
Figure 2-4.  The LR Reaction. 
The entry clone, which contains the verified gene sequence, is combined with a destination vector 
(pDEST14 in our case) and the site-specific recombinase (LR Clonase) to yield the expression clone, a 
vector suitable for protein expression.  Figure from (57). 
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A)  BP reaction: 
attB-flanked STIV ORF #1 PCR product + pDONR201   pENTR201-1 
 5 colonies chosen from transformations and colony 2 had the correct 

gene sequence so the resultant entry clone is pENTR201-1.2 
 
B)  LR reaction: 

pENTR201-1.2 + pDEST14  pEXP14-1.2  
 
Figure 2-5.  STIV Vector Naming Conventions. 
(A) BP reactions yield entry clones with vector names containing ENTR plus the number of the donor 
vector used followed by the gene identifier after a dash and the number of the verified sequence after the 
period.  (B)  LR reactions yield expression clones with vector names containing EXP plus the number of 
the destination vector used followed by the gene identifier from the entry clone after a dash.    
 

 

Vector naming conventions were essentially as established in the Gateway manual 

for all vectors created.  An example for STIV ORF B109 (#1 in our ORF numbering 

scheme) is shown in Figure 2-5.  The names of all entry clones and expression clones 

produced as well as other statistics relevant to the cloning of the STIV ORFs are 

presented in Table 2-3.   

 
Expression and Purification 

Statistics relevant to the expression and purification of the STIV proteome are 

presented in Table 2-3.  Specific information about the expression and purification of the 

three proteins whose structures were determined are presented at the end of this chapter 

after the general methods. 
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Expression in E. coli 

Bacterial expression is rather simple and so E. coli was chosen as the first 

expression system.  Since we were dealing with a large number of ORFs and knew that 

only a limited number of them would give us soluble proteins with minimal effort, we 

sought to identify this subset as quickly as possible using established protocols.  Those 

that did not produce soluble proteins under these conditions would require further 

troubleshooting by altering the expression conditions, or even the expression system or 

expression construct.  Only minimal efforts were made to address these issues because 

several proteins were found to behave nicely under these initial conditions.  Common 

tricks employed to increase protein expression, such as lower temperature cell growth, 

growth in richer medium, or co-expression with the chaperones GroEL/GroES, were not 

done.  Furthermore, we did not look at the insoluble fractions for protein expression.  As 

the majority of the proteins in the STIV proteome are fairly small, purification from the 

insoluble fraction followed by refolding should be investigated, however.  It is common 

for the expression construct itself to cause problems with protein expression.  The 

construct may be redesigned to move, change, or remove the affinity tag or to allow 

expression in a different system such as yeast or insect cells.  Furthermore, proteins that 

have transmembrane helices are not expected to give soluble protein.  In addition, some 

of the ORFs may be mispredicted.  Modification of the gene-construct to remove 

potential transmembrane regions or to utilize downstream start codons may be warranted.  

Expression clones were transformed into E. coli strain BL21-CodonPlus(DE3)-

RIL (Stratagene) and a single colony was used to inoculate 5 ml of LB medium 

containing 100 μg/ml ampicillin and grown overnight at 37 °C with vigorous shaking.  
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The overnight culture was used to inoculate a larger culture of the same medium and it 

was incubated under the same conditions.  Cells were grown to an optical density at 600 

nm (OD600) of 0.6 to 0.8 and protein expression was then induced by addition of 1 mM 

isopropyl-β-D-thiogalactopyranoside (IPTG).  After an additional 4 to 6 hours of growth, 

cells were harvested and pellets were stored at -20 to -80 °C until needed for purification.  

For the initial small-scale expression trials, 100 ml cultures in shaker flasks were used.  

Those ORFs that appeared to produce soluble protein were then scaled up to 1 L cultures 

in shaker flasks to further optimize purification conditions and those that then produced 

well-behaving protein were scaled up to 6 × 1 L shaker flask cultures and/or eventually to 

10-L fermentor batch cultures for large-scale protein production.  All shaker flask 

cultures were treated essentially the same, but, necessarily, a slightly different procedure 

was followed for fermentor batch cultures and a different medium is used.    

For fermentor batch cultures, a single colony from a transformation was used to 

inoculate 5 ml of LB medium and grown overnight, with subsequent serial expansion to a 

10-liter fermentor (New Brunswick; BIOFLO 2000) batch culture, all at 37 °C.  Medium 

for batch fermentation was as recommended by the manufacturer (109) [3.5 g/l KH2PO4, 

5.0 g/l K2HPO4, 3.5 g/l (NH4)2HPO4, 0.5g/l MgSO4·7H2O, 30 g/l glucose, 5.0 g/l yeast 

extract, 1 ml/l trace metals solution (1.6 g/l FeCl3·6H2O,  0.2g/l CoCl2, 0.1g/l CuCl2, 0.2 

g/l ZnCl2·4H2O, 0.2 g/l Na2MoO4·2H2O, 0.05g/l H3BO3, 10 ml/l HCl)] and all media 

contained 100 μg/ml ampicillin.  Fermentor batch cultures were supplemented with 

filtered air at a flow rate of 10 liters/minute and stirred at 300 to 500 rpm.  The pH and 

dissolved oxygen levels are not monitored, however.  Cells were grown to an OD600 of 

0.8 to 1.5, and protein expression was then induced by addition of 1 mM IPTG.  After an 
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additional 4 to 6 hours of growth, cells were harvested by centrifugation (IEC PR-7000 

M) at 6,000-×g for 20 minutes and pellets were stored at -20 to -80 °C until purification. 

 
Purification 

All STIV ORFs were cloned with a His tag to facilitate purification of the protein 

products via IMAC.  During the initial small-scale purifications, IMAC was the only 

chromatographic step.  Scale-up, however, involved the optimization of the purification 

scheme with the addition of further chromatographic steps to increase the purity of the 

proteins.  For the most part, purification of all proteins used the same set of “standard” 

purification protocols and only those that produced well-behaved soluble protein were 

further optimized.  As the goal is to determine as many crystal structures as quickly as 

possible, minimal effort was placed on trouble-shooting purification conditions for those 

proteins that did not appear to produce soluble proteins in the initial small-scale 

experiments.  For instance, expression in inclusion bodies and purification from the 

insoluble fraction followed by refolding was not attempted.    

The “standard” IMAC purification scheme for a large-scale prep follows.  The 

scheme was essentially the same as the initial small-scale purifications but the volumes 

were adjusted accordingly.  Cell pellets were thawed and resuspended in lysis buffer (10 

mM Tris-HCl, pH 8.0, 400 mM NaCl) supplemented with the protease inhibitor, 

phenylmethylsulfonyl fluoride (PMSF; 0.1 mM), at approximately 10 ml/g of wet cell 

pellet mass.  Cells were lysed by passage through a microfluidizer (Microfluidics 

Corporation, Newton, MA) or a power laboratory press (American Instrument Co., Inc., 

Silver Spring, MD), depending on the volume of the cell suspension.  Since the expressed 
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proteins came from a thermophilic organism, we assumed they were heat stable, so the 

cell lysate was incubated at 65 °C for 20 minutes to denature many of the contaminating 

E. coli proteins.  (Though all proteins were put through this heat denaturation step, this 

step maybe should be skipped for the proteins that did not yield soluble proteins.  Not all 

thermophilic proteins are excessively thermostable and they may actually be regulated by 

having a short half-life at elevated temperatures.)  The heat-denatured cell lysate was then 

clarified by centrifugation (Beckman; Avanti J-30I) at 22,000-×g for 20 minutes and all 

subsequent steps were carried out on ice.  The resulting cleared lysate was applied to a 

column containing a 3- to 5-ml bed volume of HIS-Select nickel affinity gel (Sigma-

Aldrich), washed with at least 10 column volumes of wash buffer (lysis buffer plus 5 mM 

imidazole), and eluted with elution buffer (10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 200 

mM imidazole).  All steps of the purification from the cleared lysate to the elution were 

monitored with SDS-PAGE using gels of an appropriate percentage of acrylamide for the 

size of the protein.  For proteins under 12 kDa in size, we routinely used a Tris-tricine 

buffer system for better resolution.   

Efforts were made to optimize the purification conditions for the viral proteins 

that showed promise of producing soluble protein under the standard expression and 

purification conditions.  Further chromatographic steps using an FPLC (Amersham-

Pharmacia) were added to try to increase their purity.  Typical chromatographic 

techniques that were tried included size exclusion with various pore sizes, ion exchange 

with both cation and anion, and hydrophobic interaction.  Though many of these were 

used, typically very little was done to optimize them on a protein-by-protein basis as 

those that worked with minimal effort were carried on and those that did not were left 
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behind.  For instance, buffer conditions such as pH, salt concentrations, and additives (i.e. 

other salts, detergents, reducing agents, etc.) were not investigated in detail.  Gel 

filtration, or size exclusion chromatography, was always the final step because it is 

desirable to have protein in a minimal buffer, i.e. 10 mM buffer with little (50 mM) or no 

salt, prior to crystallization experiments so the experimental buffer conditions dominate 

the equilibrium system.  SDS-PAGE was used to visualize peak fractions and assess 

molecular weight and purity.  Protein concentrations were determined by Bradford assay 

(20) using “protein assay reagent” (Bio-Rad) and bovine serum albumin (BSA) as a 

standard.  Occasionally, proteins were further characterized with isoelectric focusing 

gels, MALDI-TOF mass spectrometry, or dynamic light scattering.   

Following buffer exchange by gel filtration chromatography, peak fractions were 

pooled and concentrated using a spin concentrator with a molecular mass cutoff 

appropriate for the size of the protein (Amicon ultracentrifugal filter devices; Millipore).  

The initial target protein concentration for use in crystallization experiments was at least 

10 mg/ml.  If protein precipitation was observed before that value was reached, then the 

protein was concentrated as high as possible for initial crystallization experiments.  In 

addition, if protein concentration was difficult due to solubility limitations, solubility 

matrix screens that varied pH in one dimension and salt concentration in the other were 

performed to try to identify buffer conditions that maximized its solubility.  These 

solubility screens were set up using hanging drop vapor diffusion just like described 

below for crystallization screens.  If buffer conditions were identified that increased the 

solubility of the protein, adjustments were made upstream in the purification process.   

 



43 

Crystallization 

Purified, concentrated proteins were then set up in hanging drop vapor diffusion 

crystallization experiments (Figure 2-6).  Initial crystallization experiments cast a wide 

net to explore many different conditions.  Those that are identified to yield crystals, or 

“crystal-like” objects, are subsequently optimized by exploring the specific conditions in 

finer detail around pH and precipitant concentration.  Several commercially available 

screens from Hampton and Emerald Biosciences were used that employ a variety of 

strategies that may identify initial crystallization conditions that can be refined in a 

systematic manner to produce diffraction quality crystals.  We also routinely use a more 

systematic approach to explore the crystallization space in order to identify the 

precipitation edges as a function of precipitant concentration and pH.  Once the 

precipitation edge is determined, it is explored in finer detail to produce diffraction 

quality crystals. 

To optimize crystallization conditions, fine grid screens were set up around the 

identified condition with small changes in the pH in one dimension of the screen and a 

slight range of precipitant concentrations in the other to hopefully produce crystals 

suitable for diffraction studies.  The effects of changing the concentrations of other 

components within the buffer and of various additives on crystallization are also 

investigated during the optimization.  Additives include cations and anions of different 

valence, volatile and nonvolatile organics, detergents, polyamines, chaotropes, reducing 

agents, chelators, and potential ligands such as nucleotides and nucleotide analogs.  It 

was also common to explore crystallization optimization at various temperatures [4 °C, 
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17 °C, 22 °C, and room temperature (a nonconstant temperature so slight fluctuations will 

occur)] and, to a lesser extent, varying protein concentrations in the initial drop.  
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Figure 2-6.  Set-up for Hanging Drop Vapor Diffusion Crystallization. 
Trays contain 24 wells (a 6 x 4 grid).  Each well is filled with 1 ml of a defined solution.  2 μl of the 
concentrated protein (in as minimal a buffer as possible) is mixed with 2 μl of the well solution on a silicon 
zed glass cover slip.  This cover slip is then inverted over the well and sealed with vacuum grease.  The 
levels of buffer components in the drop slowly equilibrate with those in the well.  As vapor leaves the drop, 
its volume decreases, and the protein concentration increases.  If conditions are appropriate, protein crystals 
grow in the drop.   
 

 

Protein samples were also submitted to the high throughput micro-batch 

crystallization screen offered by the Hauptman-Woodward Institute in Buffalo, New 

York (77).  Using this service, it is possible to screen over 1500 conditions, many of 

which are the same commercially available conditions we were already using, with much 

less protein sample because the experiments use much smaller volumes.  If conditions 

from this screen were identified, attempts were made to optimize them as described 
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above.  This service utilizes the microbatch method of crystallization, however, so 

conditions may not always be directly transferable to vapor diffusion so it may be 

necessary to use the microbatch technique while optimizing conditions identified in this 

screen.   

Our lab has recently purchased a Honeybee crystallization robot.  This robot uses 

96-well format trays and 0.4 μl of protein per drop so it is possible to screen all the 

conditions with much less sample.  It uses the same commercially available screens and 

we have created some custom screens.  These robot screens use the sitting drop method 

of vapor diffusion so conditions are usually easily transferable back to the 24 well tray 

format for optimization in hanging drops.  This is not always the case, however and 

sitting drops may have to be used.  It has also been observed that the transfer from the 

small volumes to larger volumes sometimes requires fairly significant alterations in the 

crystallization condition in order to reproduce the crystals, as the equilibration in the 

large wells is not always scalable from the small volumes.  For this reason, it is best to do 

a fairly coarse screen in the first round of optimization. 

     Specific crystallization conditions for each protein that yielded a structure are 

presented in their respective sections at the end of this chapter and the progress towards 

the crystallization of the rest of the STIV proteome is tabulated Table 2-3. 

 
Materials and Methods for the Structure Solution of A197 

Cloning the A197 Gene 

The A197 open reading frame (ORF) was amplified by nested PCR directly from 

viral particles purified as previously described (112).  The PCR primers added attB sites 
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to facilitate ligase-free cloning using the Gateway system (Invitrogen), a Shine-Dalgarno 

sequence to facilitate efficient translation, and a C-terminal His-tag to facilitate protein 

purification via nickel-affinity chromatography.  The internal forward and reverse 

primers were 5’-TTCGAAGGAGATAGAACCATGAGAACGCTTTTTTTTATAC-3’ 

and 5’-G TGATGGTGATGGTGATGCTTTATTCTAGCTACGTGAT-3’, respectively, 

while the external forward and reverse primers were 5’-GGGGACAAGTTTGTACAAA 

AAAGCAGGCTTCGAAGGAGATAGAACC-3’ and 5’-GGGGACCACTTTGTACAA 

GAAAGCTGGGTCCTAGTGATGGTGATGGTGATG-3’, respectively.  The resulting 

entry clone was sequenced and confirmed to be mutation-free using ABI BigDye 

terminator cycle sequencing.  The His-tagged A197 construct was then inserted into 

destination vector pDEST14 (Invitrogen), yielding the expression vector pEXP14-A197, 

for protein expression in Escherichia coli. 

 
Expression, Purification, and Characterization of A197 

Typically, pEXP14-A197 was transformed into E. coli strain BL21-CodonPlus 

(DE3)-RIL (Stratagene), and a single colony was used to inoculate 5 ml of LB medium 

and grown overnight, with subsequent serial expansion to a 10-liter fermentor (New 

Brunswick; BIOFLO 2000) batch culture, all at 37 °C.  Medium for batch fermentation 

was as recommended by the manufacturer (109)(above).  All media contained 100 μg/ml 

ampicillin.  Fermentor batch cultures were supplemented with filtered air at a flow rate of 

10 liters/minute and stirred at 300 to 500 rpm.  Cells were grown to an optical density at 

600 nm (OD600) of 0.8 to 1.5, and protein expression was then induced by addition of 1 

mM isopropyl-β-D-thiogalactopyranoside (IPTG).  After an additional 4 to 6 hours of 



47 

growth, cells were harvested by centrifugation (IEC PR-7000 M) at 6,000-×g for 20 

minutes and pellets were stored at -80 °C until needed. 

For purification, cell pellets were thawed and resuspended in lysis buffer (10 mM 

Tris-HCl, pH 8.0, 400 mM NaCl) at 10 ml/g of wet cell pellet mass.  

Phenylmethylsulfonyl fluoride (PMSF; 0.1 mM) was added to the cell suspension, and 

cells were lysed by passage through a microfluidizer (Microfluidics Corporation, 

Newton, MA) or a Power laboratory press (American Instrument Co., Inc., Silver Spring, 

MD), depending on the volume of the cell suspension.  The cell lysate was incubated at 

65 °C for 20 minutes to denature many of the contaminating E. coli proteins and clarified 

by centrifugation (Beckman; Avanti J-30I) at 22,000-×g for 20 minutes.  The resulting 

cleared lysate was applied to a column containing a 3- to 5-ml bed volume of HIS-Select 

nickel affinity gel (Sigma-Aldrich), washed with at least 10 column volumes of wash 

buffer (lysis buffer plus 5 mM imidazole), and eluted with elution buffer (10 mM Tris-

HCl, pH 8.0, 50 mM NaCl, 200 mM imidazole).  Fractions containing A197 were then 

pooled and loaded onto a Superdex 75 gel filtration column (Amersham Biosciences) for 

further purification and buffer exchange into a minimal buffer (10 mM Tris-HCl, pH 8.0, 

50 mM NaCl) for crystallization.  Peak fractions were pooled and concentrated using a 

10-kDa molecular mass cutoff (Amicon ultracentrifugal filter devices; Millipore) to 10.5 

mg/ml.  Protein concentrations were determined by Bradford assay (20) using “protein 

assay reagent” (Bio-Rad) and bovine serum albumin (BSA) as a standard.  Protein yield 

was typically 2 to 5 mg/g of cell pellet.  Molecular weight and purity were assessed by 

12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).  Dynamic 

light scattering (DLS) measurements were made on a Brookhaven Instruments ZetaPals 
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(phase analysis light scattering) particle size/ζ potential analyzer.  DLS was measured at 

90° using a 661-nm diode laser, and the correlation functions were fitted using a 

constrained least-squares analysis as described previously (3). 

For expression and purification of selenomethionine-incorporated A197, pEXP14-

A197 was transformed into E. coli strain B834(DE3)pLysS (Novagen), a methionine 

auxotroph.  Methionine auxotrophy was confirmed for a single colony, which was then 

used to inoculate 5 ml of medium, prepared essentially as described previously (130) 

[Vogel-Bonner minimal medium, supplemented per L with 1 mg thiamine, 2 g glucose, a 

heavy metal mix (10 mg MoNa2O4, 2 mg CoCl2, 2 mg CuSO4·5H2O, 10 mg MnCl2·4H2O, 

10 mg ZnCl2, 5 mg FeSO4·7H2O, 50 mg CaCl2·2H2O, 10 mg H3BO3), and an amino acid 

mix (50 mg of each tryptophan, tyrosine, valine, isoleucine, leucine, serine, cysteine, 

aspartate, glutamate, lysine, arginine, histidine, alanine, and threonine)] but also 

supplemented with 1 ng/ml biotin, 50 ng/ml L-(+)-selenomethionine, and 100 μg/ml 

ampicillin, followed by serial expansion to a 10-liter batch culture (New Brunswick; 

BIOFLO 2000) in the same medium.  After growth to an OD600 of 0.6 to 0.8, protein 

expression was induced and the protein purified as described above for native protein. 

 
Crystallization of A197 and Collection of X-Ray Diffraction Data 

Purified A197 was crystallized by hanging drop vapor diffusion at 22 °C.  Drops 

were assembled with 2 μl of A197 (10.5 mg/ml in 10 mM Tris-HCl, pH 8.0, 50 mM 

NaCl) mixed with 2 μl of well solution (0.1 M morpholineethanesulfonic acid [MES], pH 

6.5, 1.2 to 1.6 M ammonium sulfate, 10% 1,4-dioxane).  Selenomethionine-incorporated 

A197 crystals were grown under identical conditions.  Single rod-shaped or wedge-
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shaped crystals were isolated, and cryoprotectant was introduced with a quick soak (10 to 

60 seconds) in well solution supplemented with 22.5 to 25% glucose.  Crystals were then 

flash frozen in liquid nitrogen. 

Multiwavelength anomalous diffraction (MAD) was used to solve the structure.  

Data were collected to 2.28-Å resolution at the Se-K edge (peak, remote, and inflection 

wavelengths) on beamline 11-1 at the Stanford Synchrotron Radiation Laboratory 

(SSRL) (Table 2-4).  An additional single-wavelength data set to 1.86-Å resolution was 

collected on beamline 1-5 at SSRL and used for refinement (Table 2-4).  Data were 

integrated, scaled, and reduced in space group I222 (Table 2-4) using the HKL-2000 

software package (91). 

 

 
Table 2-4.  X-ray Diffraction Data Collection for A197a 

Result for Data Setb Parameter 
Se-Edge Se-Peak Se-Remote Refinement 

Wavelength (Å) 0.97966 0.97935 0.94642 0.97845 
Space Group I222 I222 I222 I222 

Cell Constants (a,b,c; 
Å; α = β = γ = 90°) 

66.54, 70.96, 
81.77 

66.54, 70.96, 
81.77 

66.54, 70.96, 
81.77 

66.42, 70.56, 
81.27 

Resolution Range (Å) 30-2.28 
(2.36-2.28) 

30-2.28 
(2.36-2.28) 

30-2.28 
(2.36-2.28) 

29.1-1.86 
(1.93-1.86) 

Unique Reflections 8389 (893) 8403 (896) 8346 (890) 15646 (1575) 

Average Redundancy 3.5 (3.6) 3.5 (3.6) 3.5 (3.6) 8.6 (8.5) 
I/σ 22.9 (11.2) 23.2 (11.7) 23.4 (11.9) 18.2 (4.1) 

Completeness (%) 92.3 (99.9) 92.3 (99.9) 91.9 (99.9) 95.5 (99.1) 
Rsym

c (%) 5.0 (8.7) 5.3 (8.6) 4.7 (8.2) 5.1 (17.5) 
aData were integrated, scaled, and reduced using the HKL-2000 software package (91). 
bNumbers in parenthesis refer to the highest resolution shell. 
cRsym=100*ΣhΣi|Ii(h)-<I(h)>|/ΣhI(h) where Ii(h) is the ith measurement of reflection h and <I(h)> is the 
average value of the reflection intensity. 
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In order to identify manganese-binding sites, crystals of native A197 were soaked 

in mother liquor supplemented with 10 mM MnSO4 · H2O for 4 hours.  Crystals were 

flash frozen in liquid nitrogen as described above, and data to 3.0-Å resolution were 

collected in house using a Rigaku RUH3R X-ray generator producing Cu-Kα X-rays and 

a MAR345 image plate detector.  The data were integrated and scaled using HKL-2000 

(91) and maps were prepared using various CCP4 programs (9) and the high resolution 

model.  

 
X-ray Crystal Structure Determination and Model Refinement of A197 

SOLVE (129) was used to determine the positions of the selenium substructure 

and to calculate initial phases.  Four Se sites were identified, corresponding to one A197 

molecule per asymmetric unit.  The SOLVE output was then used in RESOLVE (127, 

128) for density modification and initial model building.  The resulting electron density 

map was of good quality, allowing the best parts of various models output by RESOLVE 

to be manually assembled into a composite model using O (59), followed by refinement 

with REFMAC5 (9, 86).  The model was then further refined against the 1.86-Å data set.  

The refinement included the use of TLS (translation/libration/screw) parameters in which 

the model was broken into 12 TLS groups (1, 1 to 27; 2, 28 to 41; 3, 42 to 52; 4, 53 to 67; 

5, 68 to 81; 6, 82 to 91; 7, 92 to 107; 8, 108 to 150; 9, 151 to 166; 10, 167 to 176; 11, 177 

to 189; 12, 190 to 198) as suggested by the TLS motion determination home (http://skuld. 

bmsc.washington.edu/~tlsmd/) (92-94).   

Iterative rounds of model building and refinement with O and REFMAC5 resulted 

in a final model with an Rcryst of 17.1% and an Rfree of 20.4% (Table 2-5).  The final 
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model has good stereochemistry, with all residues in allowed regions of the 

Ramachandran plot (74) (Table 2-5).  Amino acids 139 to 147 were not modeled due to 

the lack of interpretable electron density, presumably due to disorder in this region of the 

protein.  The protein quaternary structure server (http://pqs.ebi.ac.uk/) was used to 

calculate the surface area at the putative dimer interface.  Structural comparisons were 

performed using the DALI (http://www.ebi.ac.uk/dali) (54) and VAST (http://www.ncbi. 

nlm.nih.gov/Structure/VAST/) (46) servers. Structural figures were generated with 

PYMOL (http://www.pymol.org) (35). 

 

 
Table 2-5.  Crystal Structure Model Refinement for A197a 

Parameter Value 
Rcryst

b (%) 17.1 
Rfree

b (%) 20.4 
Real Space CCb (%) 95.5 

Mean B Value (overall; Å2) 18.3 
Coordinate Error (based on maximum 

likelihood, Å) 0.082 

RMSD from ideality:     
Bonds (Å) 0.015 
Angles (°) 1.545 

Ramachandran Plotc:      
Most Favored (%) 90.6 

Additional Allowed (%) 9.4 
PDB Accession Code 2C0N 

aModel refinement was carried out using Refmac5 (86). 
aRcryst = Σ||Fo|-Fc||/ΣFo| where Fo and Fc are the observed and calculated structure factor amplitudes used 
in refinement.  Rfree is calculated as Rcryst, but using the "test" set of structure factor amplitudes that 
were withheld from refinement (4.9%). 
bCorrelation coefficient (CC) is agreement between the model and 2mFo-DFc density map. 
cCalculated using Procheck (74). 
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Atomic Coordinates for A197 

Atomic coordinates and structure factors for A197 are on deposit in the Protein 

Data Bank (www.pdb.org) under accession code 2C0N. 

 
Materials and Methods for the Structure Solution of B116 

Cloning the B116 Gene 

The B116 open reading frame (ORF) was amplified by nested PCR directly from 

viral particles purified as previously described (112).  The PCR primers added attB sites 

to facilitate ligase-free cloning using the Gateway system (Invitrogen), a Shine-Dalgarno 

sequence to facilitate efficient translation, and a C-terminal His-tag to facilitate protein 

purification via nickel-affinity chromatography.  The internal forward and reverse 

primers were 5’-TTCGAAGGAGATAGAACCATGGGTAAGGTATTCCTCA-3’ and 

5’-GTGATGGTGATGGTGATG CCACACCTCATAAAATGAG-3’, respectively, 

while the external forward and reverse primers were 5’-GGGGACAAGTTTGTACAAA 

AAAGCAGGCTTCGAAGGAGATAGAACC-3’ and 5’-GGGGACCACTTTGTACAA 

GAAAGCTGGGTCCTAGTGATGGTGATGGTGATG-3’, respectively.  The sequence 

of the resulting entry clone was determined using ABI BigDye terminator cycle 

sequencing and is mutation free.  The His-tagged B116 construct was then inserted into 

destination vector pDEST14 (Invitrogen), yielding the expression vector pEXP14-B116, 

for protein expression in Escherichia coli. 
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Expression, Purification, and Characterization of B116 

Typically, pEXP14-B116 was transformed into E. coli strain BL21-CodonPlus 

(DE3)-RIL (Stratagene), and a single colony was used to inoculate 5 ml of LB medium 

and grown overnight, with subsequent serial expansion to a 10-liter fermentor (New 

Brunswick; BIOFLO 2000) batch culture, all at 37 °C.  Medium for batch fermentation 

was as recommended by the manufacturer (109)(above).  All media contained 100 μg/ml 

ampicillin.  Fermentor batch cultures were supplemented with filtered air at a flow rate of 

10 liters/minute and stirred at 300 to 500 rpm.  Cells were grown to an optical density at 

600 nm (OD600) of 0.8 to 1.5, and protein expression was then induced by addition of 1 

mM isopropyl-β-D-thiogalactopyranoside (IPTG).  After an additional 4 to 6 hours of 

growth, cells were harvested by centrifugation (IEC PR-7000 M) at 6,000-×g for 20 

minutes and pellets were stored at -80 °C until needed. 

For purification, cell pellets were thawed and resuspended in lysis buffer (10 mM 

Tris-HCl, pH 8.0, 400 mM NaCl) at 10 ml/g of wet cell pellet mass.  

Phenylmethylsulfonyl fluoride (PMSF; 0.1 mM) was added to the cell suspension, and 

cells were lysed by passage through a microfluidizer (Microfluidics Corporation, 

Newton, MA) or a Power laboratory press (American Instrument Co., Inc., Silver Spring, 

MD), depending on the volume of the cell suspension.  The cell lysate was incubated at 

65 °C for 20 minutes to denature many of the contaminating E. coli proteins and clarified 

by centrifugation (Beckman; Avanti J-30I) at 22,000-×g for 20 minutes.  The resulting 

cleared lysate was applied to a column containing a 3- to 5-ml bed volume of HIS-Select 

nickel affinity gel (Sigma-Aldrich), washed with at least 10 column volumes of wash 

buffer (lysis buffer plus 5 mM imidazole), and eluted with elution buffer (10 mM Tris-
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HCl, pH 8.0, 50 mM NaCl, 200 mM imidazole).  Fractions containing B116 were then 

pooled and loaded onto a Superdex 75 gel filtration column (Amersham Biosciences) for 

further purification and buffer exchange into a minimal buffer (10 mM Tris-HCl, pH 8.0, 

50 mM NaCl) for crystallization.  Peak fractions were pooled and concentrated using a 

10-kDa molecular mass cutoff (Amicon ultracentrifugal filter devices; Millipore) to 6.5 

mg/ml.  Protein concentrations were determined by Bradford assay (20) using “Protein 

Assay Reagent” (Bio-Rad) and bovine serum albumin (BSA) as a standard.  Protein yield 

was typically 8 to 12 mg/g of cell pellet.  Molecular weight and purity were assessed by 

12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 

For expression and purification of selenomethionine-incorporated B116, pEXP14-

B116 was transformed into E. coli strain B834(DE3)pLysS (Novagen), a methionine 

auxotroph.  Methionine auxotrophy was confirmed for a single colony, which was then 

used to inoculate 5 ml of medium, prepared essentially as described previously 

(130)(above), but supplemented with 1 ng/ml biotin, 50 ng/ml L-(+)-selenomethionine, 

and 100 μg/ml ampicillin, followed by serial expansion to a 10-liter batch culture (New 

Brunswick; BIOFLO 2000) in the same medium.  After growth to an OD600 of 0.6 to 0.8, 

protein expression was induced and the protein purified as described above for native 

protein.  Selenium incorporation was monitored by matrix-assisted laser desorption 

ionization–time of flight (MALDI-TOF) mass spectrometry (MS) with a Bruker Biflex 

III in the matrix-cyano-4-hydroxycinnamic acid and found to be essentially 100%. 
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Crystallization of B116 and Collection of X-Ray Diffraction Data 

Purified B116 was crystallized by hanging drop vapor diffusion at 17 °C.  Drops 

were assembled with 2 μl of B116 (6.5 mg/ml in 10 mM Tris-HCl, pH 8.0, 50 mM NaCl) 

mixed with 2 μl of well solution (0.1 M Tris-HCl [pH 8.0], 1.95 M NH4H2PO4).  

Selenomethionine-incorporated B116 crystals were grown under identical conditions.  

Single rod-shaped or wedge-shaped crystals were isolated, and cryoprotectant was 

introduced with a quick soak (30 to 300 seconds) in well solution supplemented with 

10% glycerol.  Crystals were then flash frozen in liquid nitrogen. 

Single-wavelength anomalous diffraction (SAD) was used to solve the structure.  

Data were collected to 2.4 Å resolution at the peak Se-K wavelength on beamline X9-B 

at the National Synchrotron Light Source (NSLS) during the RapiData 2004 course at 

Brookhaven National Labs (Table 2-6).  Data were integrated, scaled, and reduced in 

space group P212121 (Table 2-6) keeping the Bijvoet pairs separate to allow for 

anomalous signal detection, using the HKL-2000 software package (91). 

 
X-ray Crystal Structure Determination and Model Refinement of B116 

SOLVE (129) was used to determine the positions of the selenium substructure 

and to calculate initial phases.  Eight out of 10 possible Se sites were identified, 

corresponding to two B116 molecules per asymmetric unit.  The SOLVE output was then 

used in RESOLVE (127, 128) for density modification and initial model building.  The 

resulting electron density map was of good quality, allowing the best parts of various 

models output by RESOLVE to be manually assembled into a composite model using O 

(59), followed by refinement with REFMAC5 (9, 86).  Model building and refinement 
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cycles were continued using then same indexed data set in which the Bijvoet pairs were 

merged upon scaling.  The refinement included the use of TLS (translation/libration/ 

screw) parameters in which each chain of the model was broken into five TLS groups 

(1:A2-A40, 2:A41-A75, 3:A76-A86, 4:A87-A108, 5:A109-A119, 6:B2-B24, 7:B25-B46, 

8:B47-B84, 9:B85-B89, 10:B90-B118), for a total of 10 groups, with the assistance of the 

TLS Motion Determination Home (92-94) (http://skuld.bmsc.washington.edu/~tlsmd/). 

 

 
Table 2-6.  X-ray Diffraction Data Collection for B116a 

Resultb for Data Set: Parameter Se-Peak 
Wavelength (Å) 0.97946 

Space Group P212121 

Cell Constants (a,b,c; Å) α=β=γ=90° 48.6, 83.3, 89.5 
Resolution Range (Å) 30-2.4 (2.49-2.4) 

Unique Reflections 14,911 (1,466) 
2.8 (2.8)c Average Redundancy 5.1 (5.3)d 

I/σ 22 (5) 
Completeness (%) 99.9 (100) 

Rsym
e 0.07 (0.26) 

aData were integrated, scaled, and reduced using the HKL-2000 software package (27). 
bNumbers in parenthesis refer to the highest resolution shell. 
cBijvoet pairs separate for scaling. 
dBijvoet pairs merged for scaling. 
eRsym=100*ΣhΣi|Ii(h)-<I(h)>|/ΣhI(h) where Ii(h) is the ith measurement of reflection h and <I(h)> is the 
average value of the reflection intensity. 

 
 

Iterative rounds of model building and refinement with O and Refmac5 resulted in 

a final model with an Rcryst of 21% and an Rfree of 24% (Table 2-7).  The final model has 

good stereochemistry, with all residues in allowed regions of the Ramachandran plot (74) 

(Table 2-7).  The protein quaternary structure server (http://pqs.ebi.ac.uk/) was used to 
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calculate the surface area at the putative dimer interface.  Structural comparisons were 

performed using the DALI (54) (http://www.ebi.ac.uk/dali) and VAST (46) (http://www. 

ncbi.nlm.nih.gov/Structure/VAST/) servers. Structural figures were generated with 

PyMol (35) (http://www.pymol.org). 

 

Table 2-7.  Crystal Structure Model Refinement for B116a 
Parameter Value 

Resolution (Å) 29.81 - 2.39 
Rcryst

b (%) 20.99 
Rfree

b (%) 24.05 
Real Space CCc (%) 93 

Mean B Value (overall; Å2) 28.3 
Coordinate Error (based on maximum 

likelihood, Å) 0.15 
RMSD from ideality:     

Bonds (Å) 0.014 
Angles (°) 1.35 

Ramachandran Plotd:      
Most Favored (%) 96.3 

Additional Allowed (%) 3.7 
PDB Accession Code 2J85 

aModel was refined using refmac5 (86). 
bRcryst = Σ||Fo|-Fc||/ΣFo| where Fo and Fc are the observed and calculated structure factor amplitudes used in 
refinement.  Rfree is calculated as Rcryst, but using the "test" set of structure factor amplitudes that were 
withheld from refinement (5.1%). 
cCorrelation coefficient (CC) is agreement between the model and 2mFo-DFc density map. 
dCalculated using Procheck (28). 

 
 

Atomic Coordinates of B116 

Atomic coordinates and structure factors for B116 are on deposit in the Protein 

Data Bank (www.pdb.org) under accession code 2J85. 
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Materials and Methods for the Structure Solution of F93 

Cloning the F93 Gene 

ORF F93 was amplified by nested PCR directly from viral particles purified as 

previously described (112).  The PCR primers added attB sites to facilitate ligase-free 

cloning using the Gateway system (Invitrogen), a Shine-Dalgarno sequence to facilitate 

efficient translation, and a C-terminal His-tag to facilitate protein purification via 

immobilized metal affinity chromatography (IMAC).  The internal forward and reverse 

primers were 5'- TTCGAAGGAGA TAGAACCATGAAAATCAGAAAGTATATGA-3' 

and 5'- GTGATGGTGATGGTGATGGCA TACTATTTTTTTGAAAAATT-3', while 

the external forward and reverse primers were 5'-GGGGACAAGTTTGTACAAAAAAG 

CAGGCTTCGAAGGAGATAGAACC-3' and 5'-GGGGACCACTTTGTACAAGAAAG 

CTGGGTCCTAGTGATGGTGATGGTGATG-3', respectively.  The resulting entry 

clone was sequenced using ABI BigDye Terminator Cycle sequencing and was 

confirmed to be mutation-free.  The His-tagged F93 construct was then inserted into 

destination vector pDEST14 (Invitrogen), yielding the expression vector pEXP14-F93, 

for protein expression in E. coli. 

 
Expression, Purification, and Characterization of F93 

Typically, pEXP14-F93 was transformed into BL21-CodonPlus (DE3)-RIL E. 

coli (Stratagene) and a single colony used to inoculate 5 ml of Luria-Bertani medium and 

grown overnight, with subsequent serial expansion to a 10 L fermentor (New Brunswick 

BIOFLO 2000) batch culture, all at 37 °C.  Medium for batch fermentation was as 

recommended by the manufacturer (109).  All media contained 100 μg/ml ampicillin.  
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Fermentor batch cultures were supplemented with filtered air at a flow rate of 10 

L/minute and stirred at 300-500 RPM.  Cells were grown to an OD600 of 0.8 to 1.5 and 

protein expression was then induced with addition of 1mM isopropyl-beta-D-

thiogalactopyranoside (IPTG).  After an additional four to six hours of growth, cells were 

harvested by centrifugation (IEC PR-7000M) at 6,000-×g for 20 minutes and pellets were 

stored at -80 °C until needed. 

For purification, cell pellets were thawed and resuspended in lysis buffer (10 mM 

Tris-HCl, pH 8.0, 400 mM NaCl) at 10 mL/gram of wet cell pellet mass.  

Phenylmethylsulphonyl-fluoride (PMSF, 0.1 mM) was added to the cell suspension and 

cells were lysed by passage through a microfluidizer (Microfluidics Corporation, 

Newton, MA) or a Power Laboratory Press (American Instrument Co., Inc., Silver 

Springs, MD), depending on the volume of the cell suspension.  The cell lysate was 

incubated at 65 °C for 20 minutes to denature many of the contaminating E. coli proteins 

and clarified by centrifugation (Beckman Avanti J-30I) at 22,000-×g for 20 minutes.  The 

resulting cleared lysate was applied to a column containing a 3- to 5-mL bed volume of 

HIS-Select™ Nickel Affinity Gel (Sigma-Aldrich), washed with at least 10 column 

volumes of wash buffer (lysis buffer plus 5 mM imidazole), and eluted with elution 

buffer (10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 200 mM imidazole).  Elution fractions 

containing F93 were pooled and loaded onto a Superdex™ 75 gel filtration column 

(Amersham Biosciences) for further purification and buffer exchange into a minimal 

buffer (10 mM Tris-HCl, pH 8.0, 50 mM NaCl) for crystallization.  Peak fractions were 

pooled and concentrated using 5-kDa molecular weight cutoff Amicon Ultra Centrifugal 

Filter Devices (Millipore) to 10.5 mg/mL.  Protein concentrations were determined by 
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Bradford assay (20), using Protein Assay Reagent (Bio-Rad) and bovine serum albumin 

(BSA) as a standard.  Protein yield was typically 3 to 7 mg/g of cell pellet.  Molecular 

weight and purity were assessed with 14 % sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) using a Tris-tricine buffer system.   

For expression and purification of selenomethionine incorporated F93, pEXP14-

F93 was transformed into B834 (DE3) pLysS E. coli (Novagen), a methionine auxotroph.  

Methionine auxotrophy was confirmed for a single colony, which was then used to 

inoculate 5 ml of medium, essentially as described (130), but supplemented with 1 ng/ml 

biotin, 50 ng/ml L(+)-selenomethionine, and 100 μg/ml ampicillin, followed by serial 

expansion to a 10 L fermentor batch culture (New Brunswick BIOFLO 2000) in the same 

medium.  After growth to OD600 of 0.6 to 0.8, protein was expressed and purified as 

described for native protein (above). 

 
Crystallization of F93 and Collection of X-Ray Diffraction Data 

Purified F93 was crystallized by hanging drop vapor diffusion at 22 °C.  Drops 

were assembled with 2 μL of F93 (9.0-10.5 mg/ml in 10 mM Tris-HCl, pH 8.0, 50 mM 

NaCl, 0.5 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP)) mixed with 2 μL 

of well solution (0.1 M sodium acetate, pH 4.75-5.0, 0.1 M magnesium nitrate 

hexahydrate, 16-20 % PEG 20,000).  Selenomethionine-incorporated F93 crystals were 

grown under identical conditions.  Single rod-shaped or plate-shaped crystals were 

isolated and cryoprotectant introduced with a quick soak (30-300 seconds) in well 

solution supplemented with 12.5-15 % glycerol.  Crystals were then flash frozen in liquid 

nitrogen. 
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The structure was solved using single-wavelength anomalous diffraction (SAD).  

Data were collected from a crystal of selenomethionine-incorporated protein to 2.4 Å 

resolution at the Se-K edge (peak wavelength, 0.97908 Å) on beamline 9-2 at the 

Stanford Synchrotron Radiation Laboratory (SSRL) (Table 2-8).  An additional dataset 

from a native crystal was collected to 2.2 Å resolution on beamline 9-1 at SSRL and was 

used for refinement (Table 2-8).  Data were integrated, scaled, and reduced in space 

group C2221 (Table 2-8) using HKL-2000 (91). 

 

 
Table 2-8.  X-ray Diffraction Data Collection for F93a. 

Resultb for Data Set: Parameter 
Se-Peak Native 

Wavelength (Å) 0.97908 0.98789 
Space Group C2221 C2221 

Cell Constants (a,b,c; 
Å) α=β=γ=90° 41.99, 102.55, 92.76 42.05, 102.59, 92.40 

Resolution Range (Å) 50-2.4 (2.49-2.40) 50-2.2 (2.28-2.20) 
Unique Reflections 8000 (791) 10466 (1005) 

Average Redundancy 6.3 (5.8) 7.1 (7.3) 
I/σ 28.8 (5.5) 33.0 (4.2) 

Completeness (%) 97.8 (99.4) 99.8 (100) 
Rsym

c  0.068 (0.22) 0.058 (0.34) 
aData were integrated, scaled, and reduced using the HKL-2000 software package (91). 
bNumbers in parenthesis refer to the highest resolution shell. 

cRsym=100*ΣhΣi|Ii(h)-<I(h)>|/ΣhI(h) where Ii(h) is the ith measurement of reflection h and <I(h)> is the 
average value of the reflection intensity. 

 
 

X-ray Crystal Structure Determination and Model Refinement of F93 

SOLVE (129) was used to determine the positions of the selenium-substructure 

and to calculate initial phases.  Five of six possible Se sites were identified corresponding 

to two F93 molecules, one with two and one with three Se sites, per asymmetric unit.  
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The SOLVE output was then used in RESOLVE (127, 128) for density modification and 

initial model-building.  The resulting electron density map was of good quality, allowing 

the best parts of various models output by RESOLVE to be manually assembled into a 

composite model using O (59).  To aid initial modeling efforts, the electron density was 

further modified by noncrystallographic symmetry (NCS) averaging with DM (32), using 

the rotation matrix between individual chains in the asymmetric unit determined by 

Lsqkab (61).  Building and refinement proceeded with iterative cycles of model building, 

using O (59) or Coot (39), and refinement with Refmac5 (9, 86).   

As the model neared completion, we switched to the native 2.2 Å data set.  

Refinement included the use of TLS parameters in which the model was broken into 

seven TLS groups per monomer (1:A5-A12, 2:A13-A27, 3:A28-A39, 4:A40-A62, 

5:A63-A78, 6:A79-A83, 7:A84-A96, 8:B1-B16, 9:B17-B36, 10:B37-B51, 11:B52-B62, 

12:B63-B78, 13:B79-B87, 14:B88-B94) as suggested by the TLS Motion Determination 

Home (92-94) (http://skuld.bmsc.washington.edu/~tlsmd/).   The final model results in an 

Rcryst of 19.0% and an Rfree of 23.2% (Table 2-9).  The model exhibits good geometry, 

with all residues falling in allowed regions of the Ramachandran plot  (74) (Table 2-9).  

Residues A1-4, A97-99, and B95-99 were not modeled due to the lack of interpretable 

electron density, presumably due to disorder in the terminal regions of the protein chains.  

The Protein Quaternary Structure server (http://pqs.ebi.ac.uk/) was used to calculate the 

surface area at the putative dimer interface.  Structural comparisons were performed 

using the DALI (54) (http://www.ebi.ac.uk/dali) and VAST (46) (http://www.ncbi.nlm. 

nih. gov/Structure/VAST) servers.  Structural figures were generated with PyMOL (35) 

(http://www.pymol.org). 
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Atomic Coordinates of F93 

Atomic coordinates and structure factures for F93 are on deposit in the Protein 

Data Bank (http://www.pdb.org) under accession code 2CO5. 

 

Table 2-9.  Crystal Structure Model Refinement for F93. 
Parameter Value 
Rcryst

b (%) 19.0 
Rfree

b (%) 23.2 
Real Space CCc (%) 95.7 

Mean B Value (overall; Å2) 42.8 
Coordinate Error (based on maximum 

likelihood, Å) 0.170 

RMSD from ideality:      
Bonds (Å) 0.007 
Angles (°) 0.991 

Ramachandran Plotd:       
Most Favored (%) 90.6 

Additional Allowed (%) 9.4 
PDB Accession Code 2co5 

aRefinement was carried out with Refmac5 (9, 86). 
bRcryst = Σ||Fo|-Fc||/ΣFo| where Fo and Fc are the observed and calculated structure factor amplitudes used 
in refinement.  Rfree is calculated as Rcryst, but using the "test" set of structure factor amplitudes that were 
withheld from refinement (4.9%). 
cCorrelation coefficient (CC) is agreement between the model and 2mFo-DFc density map. 
dCalculated using Procheck (74). 

 
 

Subcellular Localization of STIV Proteins 

Proteins known to be present in the purified viral particle or exhibiting detectable 

bacterial or eukaryotic signal sequences as determined by the program SignalP (14) were 

considered to be extracellular.  Putative integral membrane proteins were identified using 

the program TMHMM (69, 125).  These programs are not designed specifically for the 

Archaea so to be conservative, a positive signal from any of the Eukarya or Bacteria tests 
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was considered positive, and the protein was removed.  The remaining proteins represent 

a genomic pool enriched in intracellular proteins.  Because even numbers of cysteine 

residues are frequently employed in metal binding, these motifs were identified using the 

program ScanProsite (45, 56, 122) or taken from the primary literature (105), and 

removed from the intracellular pool to prevent potential false positives.  Prosite did not 

identify any metal-binding motifs but recent bioinformatics work by Prangishvili et al. 

(105) identified Zn-finger motifs in A66 and C57 so these proteins were removed to be 

conservative.  These results are presented in Table 2-10.  

 
Summary 

All ORFs within the STIV genome coding for more than 60 amino acids in length 

have been cloned into vectors suitable for protein expression in E. coli.  The one 

exception, however, is ORF A78, which starts with a noncanonical GTG start codon and 

was only recently discovered through proteomics studies of purified STIV virions by 

Walid Maaty in Brian Bothner’s lab (78).  In addition, ORF A55 was cloned prior to 

narrowing of the focus to ORFs greater than 60 amino acids in length. 

Varying degrees of soluble protein expression and purity were observed for 

several proteins.  These are: B109, A197, A223, C381, B116, A81, A77, B264, A109, 

B345, and F93.  In addition, Dirk Reiter, an exchange student from Tübingen, Germany 

who was doing research in our lab and helped with the initial cloning and expression 

experiments, cloned A510 into a yeast expression vector and was able to obtain soluble 

protein under low pH elution conditions.  We did note that precipitated material eluted 

off the nickel column from A510 bacterial expression so it is possible that this is indeed  
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A510 and the bacterial purification should be re-examined under low pH conditions in 

light of Dirk’s work in yeast. 

Crystallization experiments were set up for all proteins that expressed any level of 

soluble protein with the exception of A77.  This protein only expresses from shaker 

flasks and we were not able to produce very pure material despite efforts to add ion 

exchange or hydrophobic interaction chromatographic steps to the purification.  It has 

been observed in some of the SSV proteins that simply moving the His tag from the C- to 

the N-terminus has resulted in much cleaner protein.  Alternate expression constructs of 

A77 should be pursued.    

Pure B109 and B264 were never obtained, as there were always two prominent 

bands that co-purified despite great efforts to separate them.  Crystallization experiments 

were set up for both of these proteins in the double-band form anyway.  Björn Tränkle, an 

exchange student from Tübingen, Germany who was doing research in our lab, 

subsequently found that the double-band material of B264 is in fact the result of the use 

of an alternate start codon at Met42.  He recloned this ORF starting at Met42 and now pure 

protein is obtainable.  This does not explain the two bands seen for ORF B109, however, 

because the start Met is the only one in the sequence.  It is possible that the two bands 

seen for this protein are the result of a specific cleavage event.  Efforts should be made to 

get N-terminal Edman or mass spectroscopic sequencing information about this protein 

so an alternate construct can be created for it as well.  This protein is relatively small so 

perhaps a simple MALDI experiment to determine the mass of the two bands will be 

sufficient to identify the cleavage site.  Alternate constructs should be explored.  
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Large, diffraction quality crystals were obtained for A197, B116, and F93.  These 

three ORF products have had their structures determined and are the focus of this 

dissertation.  The clone for B345, the major capsid protein (MCP), yielded soluble, 

homogenous protein following IMAC and size exclusion chromatography.  The purified 

protein ran as a monomer on the S75 size exclusion column and was used for production 

of polyclonal antibodies.  The clone was then provided to Jack Johnson’s laboratory at 

the Scripps Research Institute and its structure was solved through the efforts of Dr. Reza 

Khayat (65).   

Initial crystallization conditions were identified for A81, an apparent tetramer.  

Nathanael Lintner, an undergraduate in the Lawrence lab, has since been optimized these 

conditions to yield diffraction quality crystals.  Nathanael has collected a high-resolution 

native data set.  The protein only contains Met1 and so is not suitable for selenomethionyl 

derivatization.  Nathanael has thus spent some time trying to identify isomorphous heavy 

atom derivatives.  He is also pursuing an alternative strategy; he has used site-directed 

mutagenesis to create three different mutants with a single Met introduced into three 

separate locations along the primary sequence.  He has been able to produce isomorphous 

crystals of selenomethionyl-derivative protein and has collected a full dataset.  Attempts 

at single isomorphous replacement (SIR) with this dataset and the native have provided 

initial phases, but a second derivative will be required.  He has other mutants that could 

potentially be used for multiple isomorphous replacement (MIR).  These possibilities are 

being pursued while he is awaiting synchrotron beam time.  However, with a tunable x-

ray source, he should be able to solve the structure with the single selenomethionyl 

derivative using single- or multiple-wavelength isomorphous diffraction (SAD and MAD, 
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respectively), possibly combined with single or multiple isomorphous replacement 

(SIRAS, MIRAS). 

Björn Tränkle obtained initial crystallization conditions for A223.  Anoop 

Sendamarai, a graduate student in the Lawrence lab, has been optimizing these crystals 

and has been able to obtain a low-resolution data set (~4 Å) from a very small crystal.  

He is continuing to optimize these crystallization conditions.  This protein has a single 

Met, excluding Met1, amounting to less than 0.5% Met content, making a detectable 

anomalous signal difficult to obtain.  SAD/MAD methods with the selenomethionyl 

derivative will be pursued regardless, but this protein will likely require other heavy atom 

derivatives or the introduction of more methionines by mutagenesis to solve its structure. 

Expression clones for A109 and A223 have been provided to Valerie Copie’s lab 

to pursue structural and dynamic studies of these proteins using nuclear magnetic 

resonance spectroscopy.  Jack Johnson’s laboratory  at the Scripps Research Institute is 

pursing the structures of the structural proteins, i.e. those that make up the capsid as 

identified by the proteomic studies of Walid Maaty (78), while we are primarily focusing 

on the rest of the proteins, those that likely function within the host.  As such, we have 

provided expression clones for B109, B130, A55, A223, C381, B164, B345 (MCP, 

whose structure was solved), and C557 to the Johnson lab.  Despite our focus primarily 

being the non-structural proteins and the structural proteins being that of the Johnson lab, 

we are continuing to work with A223 and C381 because we had some success with those 

proteins prior to the knowledge that they are structural proteins.  Various expression 

clones have been provided to the Young lab and Bothner lab for their studies as well. 
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Polyclonal antibodies (rabbit) have been made against several STIV proteins to be 

used in many applications, from Western Blot to immunoprecipitation.  The Young lab 

has made antibodies against B345 and we have made antibodies against A510, A197, 

A223, C381, B116, and F93.  These antibodies will be valuable in the functional 

characterization of these proteins and are currently being used by the Young lab to 

identify the proteins from virally infected cultures.  They are available for use by any of 

our collaborators. 

Currently, structures are being pursued for A81 and A223.  Based on our 

hypotheses for the functions of A197, B116, and F93 that resulted from the structural 

studies of these proteins, we are in a position to start pursuing the functional studies of 

these proteins.  Some of these functional studies are currently underway. 
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CHAPTER 3 

STRUCTURAL CHARACTERIZATION OF A197; A GLYCOSYTRANSFERASE  

DISPLAYING THE GT-A FOLD 

Introduction 

A197 is a 197-residue protein in open reading frame A of the STIV genome 

(Figure 3-1) whose sequence provides little insight into its function.  For example, 

standard BLAST (4) and conserved domain (CD) searches (80) with default settings fail 

to identify proteins with similar sequence or structure.  Further, the protein fold 

recognition algorithm that uses 1D and 3D sequence profiles coupled with secondary 

structure and solvation potential information utilized by the protein threading server 3D-

pssm (64) fails to find meaningful matches.  The highest scoring hit is nmn 

adenylyltransferase from the archaeon Methanococcus jannaschii with an E-value of 

2.09, however none of the prediction results (alignment, secondary structure matching, 

text matching, or structure/function classification) suggest any the level of confidence in 

this prediction and in fact many of these “results” are completely absent.  However, as 

explained previously protein structure can lead to specific suggestions regarding protein 

function.  We thus pursued the solution of the x-ray crystal structure of A197 with the 

goal of inferring its function and possible role in the viral life cycle.  The protein 

expresses well in E. coli and lead to the formation of nice crystals suitable for X-ray 

diffraction analysis.  Here we report on the structure of A197, one of the first STIV 

proteins to lend itself to x-ray crystallographic study.  We identify it as a 
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glycosyltransferase.  To our knowledge, this represents the first structure of a viral or 

archaeal glycosyltransferase displaying the GT-A fold and also one of the smallest 

glycosyltransferases.  Potential roles for A197 in the STIV life cycle and their 

evolutionary implications are discussed. 

 

 

 

A197

 
Figure 3-1.  Location of A197 in the STIV Genome. 
 

 

Results 

The A197 construct used in this study codes for the 197 amino acids of the native 

protein plus an additional C-terminal His-tag, for a total of 203 residues with a calculated 

mass of 24,090 Da.  A197 elutes from the Superdex 75 size exclusion column as a single 

peak with an apparent molecular mass of approximately 20 kDa.  In contrast, dynamic 

light scattering indicates a monodisperse solution with an average particle diameter of 

approximately 9.5 nm, suggesting that A197 is present as a higher-order oligomer in 
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solution.  A197 crystallizes in space group I222 with one copy of the A197 polypeptide 

in the asymmetric unit.  The structure was initially solved at a resolution of 2.28 Å by 

multiwavelength anomalous diffraction (MAD) using selenomethionyl-incorporated 

protein.  The final model was refined against data collected on a second crystal to a 

resolution of 1.86 Å.  Details on data collection and model refinement are presented in 

Tables 2-4 and 2-5, respectively, of Chapter 2.  The structure has been deposited in the 

Protein Data Bank (www.pdb.org) under accession code 2C0N. 

 
Structure of A197 

The structure of the A197 monomer reveals a six-stranded, predominantly 

parallel, α/β/α sandwich that is flanked by a four-stranded antiparallel β-sheet with an 

extended C terminus (Figure 3-2A).  This C-terminal tail shows significant interaction 

with a neighboring molecule in the crystal (Figure 3-2B).  Residues 139 to 147, which 

connect helices α4 and α5, are disordered in the crystal structure and thus are not 

included in the model.  The topology of the central β-sheet is 3, 1, 4, 7, 6, 8, with strand 7 

running in the antiparallel direction, while the flanking four-stranded antiparallel β-sheet 

is composed successively of β-strands 5, 9, 10, and 11. 

In concert with a neighboring molecule of A197, β-strands 2, 3, and 12 are 

involved in the formation of intermolecular β-sheets (Figure 3-2B and C).  β-strand 2 

interacts across a crystallographic twofold axis, hydrogen bonding to an equivalent β-

strand in the neighboring molecule to form a two-stranded antiparallel β-sheet.  β-strand 

12 interacts with the same neighboring molecule, hydrogen bonding to β-strand 3 in an  
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Figure 3-2.  Structure of A197. 
(A) Stereo image of the A197 monomer.  The ribbon diagram depicts the secondary structural elements of 
A197 (β-strands are blue, α-helices are red, and loops are beige), which are labeled in ascending order from 
N- to C-terminus.  The N- and C-terminal ends of the disordered region within the α4-α5 loop (residues 
139-147) are marked by an *.  (B) Ribbon diagram of the A197 homodimer looking into the putative active 
site.  One monomer is colored blue and the second is colored red.  The orientation of the blue monomer is 
rotated slightly counterclockwise with respect to that depicted in 1A.  Secondary structural elements and 
the termini of the disordered region are labeled as in panel A.  (C) Relative to panel B, the  homodimer has 
been rotated 90° about the horizontal axis.  The putative active site now runs along the top of the figure.  
(D) Surface rendering of the A197 homodimer.  The orientation is identical to that in panel B, to highlight 
the putative active site.  The termini of the disordered region are marked with an * and the suggested donor 
substrate- and acceptor substrate-binding sites are marked with D and A, respectively.  All images were 
prepared and rendered using PyMol (35). 
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antiparallel fashion.  This results in extension of the central β-sheet of the α/β/α sandwich 

to seven strands, showing a topology of 12, 3, 1, 4, 7, 6, 8, with strands 12 and 7 running 

antiparallel to the remaining strands.  These significant interactions suggest that the dimer 

seen in the crystal is related to the higher-order oligomer indicated by dynamic light 

scattering.  This putative dimer exhibits overall dimensions of approximately 80 Å by 45 

Å by 40 Å.  Relative to known dimer interfaces, this putative dimer interface is extensive, 

with occlusion of 1,950 Å2 of solvent-accessible surface area per monomer and a buried 

surface that is rich in hydrophobic residues. 

The top edge of the central β-sheet, along with β-strand 2, creates the “floor” of a 

large pocket that is lined by elements of helices α2 and α5 and the β4-β5 loop on one side 

and by the N-terminal half of the long β6-β7 loop, β-strand 5, β-strand 9, and much of the 

β9-β10 loop on the other.  Formation of the crystallographic dimer results in an extended 

cleft that spans the dimer interface (Figure 3-2D).  The largest pocket on a protein surface 

is usually involved in ligand recognition, and in the case of enzymes, will mark the active 

site (76).  Thus, this pocket is likely to play an important role in the activity of A197. 

 
Structural Homology with Glycosyltransferases 

A DALI search (54) for structurally similar proteins identifies members of the 

glycosyltransferase superfamily as the closest structural homologues.  

Glycosyltransferases catalyze the transfer of a sugar moiety from an activated donor 

sugar onto saccharide and non-saccharide acceptors (31).  Members of the 

glycosyltransferase superfamily exhibit extreme diversity in their amino acid sequences, 

reflecting the large number of different donor and acceptor molecules that are utilized by 
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this class of enzymes.  Sequence similarity and biochemical characterization have been 

used to group the glycosyltransferase superfamily into 87 distinct families (as of August 

2006) designated GT1 to GT87 (30, 31).  However, this number is certain to grow as 

more of these genes are identified and their products characterized.  Characteristics of the 

various families along with current membership are available from the carbohydrate-

active enzyme (CAZy) database (http://afmb.cnrs-mrs.fr/CAZY/) (30, 31). 

In contrast to the diverse sequence composition of these enzymes, structural 

studies have identified only two predominant folds, designated GT-A and GT-B, though a 

third fold related to the GT-A fold has been found in sialyltransferase CstII from 

Campylobacter jejuni (23, 28, 33).  Recent structural work in a number of laboratories 

has allowed the GT-A and GT-B folds to be assigned to many of the GT families (22).  

Importantly, our DALI search with A197 identified glycosyltransferases that exhibit the 

GT-A fold.  Interestingly, three of the four most similar matches are to eukaryotic 

glycosyltransferases.  These show highly significant Z scores (≥ 9) and root mean square 

deviations (RMSDs) near 3.0 Å for superposition of structurally equivalent Cα atoms, 

despite less than 15% sequence identity over equivalent residues. 

The structure of A197 differs from the canonical GT-A fold in a few minor ways.  

First, the canonical fold shows a seven-stranded central β-sheet, whereas there are only 

six strands in A197.  The β-strand running along the outside edge of the central β-sheet 

and the preceding α-helix are not present.  In A197, however, dimer formation supplies a 

replacement in the form of β-strand 12, though it runs in the opposite direction 

(antiparallel).  A second minor difference is the addition of β-strands 10 and 11 to extend 

the size of the flanking antiparallel β-sheet, though extended versions of this flanking β-
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sheet have been seen before.  For example, one the founding members of the GT-A fold 

family, the nucleotide-diphospho-sugar transferase from Bacillus subtilis, SpsA (27), also 

shows a four-stranded antiparallel β-sheet, though the connectivity differs from that in 

A197.  Apart from the addition to this flanking β-sheet in A197, there is little decoration 

of its GT-A fold.  In contrast, most enzymes with glycosyltransferase activity are 

significantly larger than A197 and often contain additional domains.  Thus, this putative 

viral glycosyltransferase represents a minimal form of this large, extremely diverse, and 

highly important class of enzymes. 

A197 shows greatest structural similarity to the catalytic domain of another 

founding member of the GT-A fold family, rabbit N-acetylglucosaminyltransferase I 

(GnT I) (136), an inverting glycosyltransferase in CAZy family GT13 (Figure 3-3B).  

DALI identifies 149 structurally equivalent residues, with 9% sequence identity, whose 

Cα atoms superpose with an RMSD of 2.9 Å.  A refined superposition of the two proteins 

with lsqman (66) identifies a highly conserved structural core (Figure 3-4) consisting of 

129 equivalent Cα atoms with 12.4% identity and an RMSD of 1.78 Å. 

While the sequences of the many glycosyltransferase families are highly 

divergent, those that adopt the GT-A fold generally possess a DXD motif.  The DXD 

typically serves to coordinate a divalent cation, usually Mn2+, which in turn interacts with 

the donor substrate through the diphosphate group (22).  This motif is invariantly found 

in a short loop or β-turn that connects an internal strand of the central β-sheet to the first 

β-strand in the flanking β-sheet (22).  Such is the case for A197, where the DXD motif is 

situated in the short loop that connects strands β4 and β5 and is composed of residues 

Asp61, Glu62, and Asp63.  Superposition of A197 upon its closest structural neighbors  
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Figure 3-3.  A197 and the Equivalent Domains of Structural Neighbors. 
Orientations are the same in all panels and are identical to that in Fig. 3-2A.  (A) Residues 1 to 197 of 
A197.  (B) Residues 106 to 317 of rabbit GnT I (PDB ID 1FOA) (136).  Secondary structural elements 
shared with A197 are labeled accordingly.  The donor substrate (UDP-GlcNAc) is depicted as sticks and 
the coordinated divalent cation (Mn2+) as a pink sphere in the active site.  The C-terminal end of the 
structure is marked with dots to indicate the continuation of the polypeptide into an additional domain not 
present in A197.  (C) Residues 75 to 310 of human GlcAT-I (PDB ID 1FGG) (97).  Labels are as in panels 
A and B.  UDP in the donor-binding site and Galβ1-3Gal in the acceptor-binding site are shown as sticks 
and the coordinated Mn2+ as a pink sphere.  Dots indicate the continuation of the polypeptide.  (D) 
Superposition of key GT-A glycosyltransferase active-site features of A197 (blue) with GnT I (orange) and 
GlcAT-I (yellow).  The DXD motif (Asp61, Glu62, and Asp63) and catalytic base (Asp151) of A197 are 
shown as sticks, as are the equivalent residues in GnT I (Glu211, Asp212, Asp213, and Asp291) and GlcAT-I 
(Asp194, Asp195, Asp196, and Glu281).  For clarity, only the ribbon diagram of A197 is shown.  The green 
mesh depicts difference electron density (contoured at 6σ) for the Mn2+-binding site.  It is adjacent to the 
DXD motif and coincides nicely with expected metal binding site.  In GnT I and GlcAT-I, the DXD motif 
is involved in coordination of the diphosphate moiety of the donor substrate through the intervening Mn2+ 
ion, while the catalytic base is appropriately positioned for proton extraction from the hydroxyl moiety of 
the acceptor sugar substrate.  Superpositions were prepared with lsqkab (61).  Images were prepared and 
rendered with PyMol (35). 
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Figure 3-4.  A197 and the GT-A Structural Core. 
(A)  Secondary structural maps of A197 and its nearest structural neighbors.  β-strands are depicted as blue 
triangles and α-helices as red circles.  Labels are as in Figures 3-2 and 3-3.  Secondary structural elements 
that are absent in A197, but present in the canonical GT-A fold, are depicted as empty triangles or circles.  
The core GT-A fold is marked with a gray box.  Elements outside the gray box are additions to the core.  
Dashes at the end of the maps in GnT I and GlcAT I indicate the continuance of the polypeptide into an 
additional domain that is not part of the GT-A fold.  (B)  Structure of A197 colored to highlight the 
conserved core.  The regions of the structure colored red are highly conserved, while those in blue diverge.   
 

 

(Figure 3-3D) and the resulting structure-based sequence alignment (Figure 3-5) show 

that this motif aligns very well, suggesting that the DXD motif in A197 will likewise 

interact with a Mn2+ ion.  Accordingly, we see very strong difference density (a 6 σ peak) 
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at this position in a low-resolution (3.0 Å) difference map for crystals that were soaked 

with Mn2+ (Figure 3-3D). 

 

 

 
 
Figure 3-5.  Structure-based Sequence Alignment of A197 Structural Neighbors. 
Structure-based sequence alignment of A197 (PDB ID 2C0N) with GT-A domains of close structural 
neighbors.  GnT I, residues 106 to 317 of rabbit N-acetylglucosaminyltransferase I (PDB ID 1FOA; family 
GT13; inverting mechanism) (136); GlcAT-I, residues 75 to 310 of human β1,3-glucuronyltransferase I 
(PDB ID 1FGG; family GT43; inverting mechanism) (97); MGS, residues 2 to 99 of Rhodobacter  marinus 
mannosylglycerate synthase (PDB ID 2BO4; family GT78; retaining mechanism) (41); β4Gal-T1, residues 
180 to 347 of bovine β1,4-galactosyltransferase T1 (PDB ID 1FGX; family GT7; inverting mechanism) 
(44).  The secondary structural elements of A197 are mapped above the alignment (arrows denote β-
strands, and rounded rectangles denote α-helices).  Long stretches of sequence that are not structurally 
equivalent to A197 have been removed from the alignment for conciseness and are marked by double 
shills.  The missing residues of the A197 α4-α5 loop are in lowercase in the alignment and are marked with 
dashes in the secondary structure map.  Identical residues are highlighted in gray, and the DXD motif and 
catalytic base are in boldface and are boxed.  The structure-based sequence alignment was created with the 
3DCoffee@igs web server (http://www.igs.cnrs-mrs.fr/Tcoffee/) (100), using Msap_pair to compute the 
library and slight manual adjustment around the gaps with consideration of the pairwise structural 
alignments created by lsqman (66). 
 

 

In addition to the DXD motif, glycosyltransferase enzymes exhibiting the GT-A 

fold commonly possess a catalytic base, Glu or Asp, that is thought to deprotonate a 

hydroxyl group on the acceptor substrate, thus assisting nucleophilic attack on the donor 

sugar (97, 136).  The structural superposition (Figure 3-3D) and resulting structure-based 
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sequence alignment (Figure 3-5) identify Asp151 at the N-terminus of helix α5 as the 

putative catalytic base in A197.  Thus, active-site features that are hallmarks of 

glycosyltransferase activity, the DXD motif and a putative catalytic base, are preserved 

within the proper structural context of the GT-A fold, strongly suggesting that A197 is 

indeed a glycosyltransferase. 

As apparent from the structure-based sequence alignment (Figure 3-5), A197 has 

several other residues that are identical, or at least strongly conserved, within the 

structural context of the GT-A fold in addition to the DXD motif and the catalytic base.  

Many of these residues are known to be involved in various aspects of the specific 

enzymatic reaction, such as substrate specificity or stabilization.  However, these 

similarities are not strong enough evidence to definitively predict the specificity, or 

possibly even the catalytic mechanism, of A197 because of the diversity seen within 

specificities of the structural neighbors in particular and within the entire 

glycosyltransferase class of enzymes in general. 

 
Donor Substrate-binding Site 

The structure of GnT I (136) was solved as a complex with its donor substrate, 

UDP–N-acetylglucosamine, and the coordinated Mn2+ (Figure 3-3B).  Thus, 

superposition of GnT I and the donor substrate upon A197 suggests probable binding 

sites for an activated sugar substrate and a metal cofactor in the active site of A197 

(Figures 2-3 and 2-6).  The donor substrate is predicted to sit within the extended active-

site pocket that runs across the surface of A197, with the uridine moiety situated over the 

C-terminal ends of β1 and β3, adjacent to the N-terminal end of α2.  The diphosphate 
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moiety is predicted to span the C-terminus of β4 and the N-terminus of β7, with the sugar 

moiety situated over the N-terminus of β7, adjacent to helices α2 and α5.  The 

superimposed Mn2+ ion is positioned between the β4- β5 loop and the phosphodiester 

bond of the UDP, a position that corresponds nicely with the major peak seen in the low-

resolution difference maps from Mn2+-soaked crystals of A197 (Figures 3-3D and 3-6). 

 

 

 
 
Figure 3-6.  Electrostatic Surface of A197 Homodimer with Superposed Substrates. 
The orientation is identical to that in Figure 3-2D, serving to highlight the putative active site.  The termini 
of the disordered region within the α4-α5 loop are marked by *.  The putative donor substrate-binding sites 
are marked with stick representations of the superpositioned donor substrate of GnT I, UDP-N-
acetylglucosamine.  The putative accepter substrate-binding sites are marked with stick representations of 
the superpositioned acceptor substrate of GlcAT I, Galβ1-3Gal.  The electrostatic potential was mapped to 
the surface of A197 with SPOCK (29), using a probe radius of 1.4 Å, a temperature of 353°K, an ionic 
strength of 0.15 M, and protein and solvent dielectric constants of 4 and 80, respectively.  The color ramp 
of the surface is from -15 kT/e (red, acidic) to +15 kT/e (blue, basic).  Superpositions were prepared with 
lsqkab (61).  Images were prepared and rendered with PyMol (35). 
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Interestingly, there is a loop adjacent to the active site in GnT I that remains 

disordered until the donor substrate is bound.  Closure of the loop over the donor 

substrate not only serves to hold it in place but also serves an important role in the 

binding of the acceptor substrate, providing a structural explanation for the ordered 

substrate binding seen in GnT I (136).  Similarly, nine residues of the loop connecting 

helices α4 and α5 of A197 are disordered in the absence of substrate.  However, relative 

to GnT I, this disordered loop is situated on the opposite side of the substrate-binding 

pocket.  Nevertheless, its position would allow it to fulfill a similar role in closing over 

the substrate, possibly serving to complete the formation of an acceptor-binding site. 

Disordered or highly flexible regions of a protein structure are often important for 

the function of that protein.  Interestingly, PONDR (75, 114, 115), a program that 

predicts protein disorder from the linear sequence, does not predict disorder in the α4/α5 

loop.  In fact, it predicts that the entire protein is likely to be ordered (Figure 3-7A).  The 

crystal structure, however, represents a population average of all the molecules that make 

up the crystal and actual information about conformational flexibility can be obtained as 

a result.  Electron density will be absent from regions that are highly flexible or 

disordered and elevated B factors (temperature factors) will be apparent where the atoms 

in the protein structure have greater conformational freedom or flexibility.  Electron 

density is absent for residues 139-147 of the α4/α5 loop and the B factors are greatest in 

this general vicinity of the protein structure (Figure 3-7B) suggesting this region is highly 

flexible.  By analogy to the closest structural homolog, flexibility around the α4/α5 loop 

may be important to allow the loop to adopt an ordered conformation upon substrate 

binding, as described above for GnT I.  
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Figure 3-7.  Predicted Disorder and Flexibility of A197. 
(A) From the primary sequence, the VL-XT algorithm on the PONDR web server (75, 114, 115) does not 
predict any disordered regions of A197.  (B) The A197 dimer is colored by the B factor [from low (blue) to 
high (red)] to show regions of the protein that likely have increased flexibility.  The mainchain is a cartoon 
and all atoms are shown as lines, to highlight the flexibility of the sidechains.  Helices α4 and α5 and the 
intervening loop, residues 139 to 147 of which the electron density is absent (labeled with *), have the 
highest B factors compared to the rest of the model.  This suggests that this region of the protein has 
increased flexibility, which may be important for the function.  The closest structural neighbor of A197, 
GnT I, has a loop that is ordered upon donor substrate binding, holding it in place, and completing the 
binding pocket for the acceptor substrate.  An analogous ordering of the α4/α5 loop of A197 is easily 
imagined and flexibility around the loop is likely important for facilitating this movement of the protein 
chain. 
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Acceptor Substrate-binding Site 

The DALI search also identified human β1,3-glucuronyltransferase I (GlcAT-I) 

(96, 97), an inverting glycosyltransferase in CAZy family GT43, as a close structural 

homologue (3.1-Å RMSD and 13% identity over 148 structurally equivalent residues) 

(Figure 3-3C).  Once again, a refined superposition of GlcAT-I onto A197 with lsqman 

identifies the same highly conserved structural core (120 residues, 15% sequence 

identity, 1.83-Å RMSD) (Figure 3-4).  Interestingly, while the structure of the C-terminal 

extension in A197 differs significantly from that seen in GlcAT-I, both proteins utilize 

the C-terminal tail in the formation of an extensive dimer interface.  However, unlike 

A197, the active-site clefts of each monomer do not merge across the dimer interface. 

Importantly, the GlcAT-I structure (97) was solved in complex with UDP, Mn2+, 

and an acceptor substrate analog, Galβ1-3Galβ1-4Xyl (Figure 3-3C).  The superposition 

of GlcAT-I on A197 suggests that the acceptor substrate for A197 will bind adjacent to 

strand β6, in a groove formed predominantly by the long intervening region between β6 

and β7 (Figure 3-6).  The acceptor substrate will then be positioned adjacent to the N-

terminus of α5, an optimal arrangement relative to the catalytic base and the expected 

position of the donor substrate.  A second structure of GlcAT-I has been solved with 

UDP-glucuronic acid, the full donor substrate, in the active site (96).  Not surprisingly, 

the glucuronic acid moiety binds in a manner similar to that seen for the N-

acetylglucosamine in GnT I, further indicating that the relative positions of the donor and 

acceptor substrates in A197 are reliably indicated by superposition of its closest structural 

homologues. 
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Discussion 

Like the majority of the STIV genome, the predicted amino acid sequence of 

A197 provides little insight into its role in the viral life cycle.  Thus, we initiated 

crystallographic studies of A197 with the specific goal of identifying structural 

homologues that might assist in making a functional assignment.  The resulting structure 

does indeed identify close homologues; it is remarkably similar to several 

glycosyltransferases exhibiting the GT-A fold. 

Due to the vast number of potential substrates, in both donor and acceptor, limited 

sequence similarity and three-dimensional structural information are generally 

insufficient to allow reliable prediction of substrates for a given glycosyltransferase.  In 

the absence of biochemical characterization with the known substrates, it is also difficult 

to predict whether the enzyme will catalyze sugar-transfer with inversion or retention of 

stereochemistry at the anomeric carbon.  For example, all of the structural homologues 

aligned in Figure 3-5 utilize different substrates, and three of the four are inverting 

enzymes (GnT I, GlcAT-I, and β4Gal-T1), while mannosylglycerate synthase (MGS) is 

retaining.  Yet the GT-A fold, the DXD motif, and the catalytic base are common to all.  

Commonality among the A197 structural neighbors is limited to displaying the GT-A 

fold and the use of a nucleotide diphosphate-activated sugar as the donor substrate.  MGS 

illustrates the difficulty in assigning specific properties to a glycosyltransferase in the 

absence of biochemical characterization.  Sequence-based assignment had placed it in 

inverting family GT2; however, subsequent characterization showed that it utilizes a 

retaining mechanism; hence MGS was reclassified as the founding member of family 
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GT78 (41).  Thus, in the case of A197, the identity of donor and acceptor substrates and 

elucidation of mechanistic details await biochemical and genetic studies. 

A197 is one of the smallest glycosyltransferases that we are aware of, composed 

of only the core catalytic GT-A fold and lacking additional functional domains.  Thus, its 

structure may define the minimal components necessary for glycosyltransferase activity.  

The presence of minimal, “stripped-down” structural motifs is common in viruses (82), 

where the need for genetic efficiency within the viral genome is one common explanation 

for their occurrence.  A197 has yet to be assigned to a GT family in the CAZy database.  

However, the lack of sequence similarity to other known glycosyltransferases suggests 

that A197 represents yet another sequence-based glycosyltransferase family.  Prior to the 

publication of this work, A197 was absent from the CAZy database altogether; it was not 

recognized as a glycosyltransferase from its sequence.  Recently, however, it was added 

as a non-classified glycosyltransferase (http://afmb.cnrs-mrs.fr/ CAZY/fam/GT0.html).  

Many glycosyltransferases in this category (151 as of August 2006) display weak 

similarity to established GT families, but too distant to allow a reliable assignment.  

Some of these will serve as seeds to build new families in the future (31).  Of all the non-

classified glycosyltransferases, A197 is the only one to have its structure determined.    

The CAZy database includes a number of viral glycosyltransferases, including 

annotated glycosyltransferases from other crenarchaeal viruses AFV1 (18), AFV2 (51), 

ARV1 (137), SIFV (8), SIRV1 (98, 99), SIRV2 (98), and STSV1 (143).  These 

crenarchaeal viral glycosyltransferases have been placed in family GT4, a family that 

adopts the GT-B fold and utilizes the retaining mechanism of sugar transfer (31).  We 

note that GT4 also includes a glycosyltransferase from PBCV-1 (48, 82), a eukaryotic 
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virus that is believed to be evolutionarily related to STIV .  Thus, glycosyltransferases are 

not uncommon to viral genomes and are frequently found in viruses infecting the 

Crenarchaea but none of these putative crenarchaeal viral glycosyltransferases is related 

to A197; they are much larger and are likely to display the GT-B fold. 

Viruses commonly decorate their proteins with sugars as a means of regulating 

interactions with their hosts.  While viruses can accomplish this task by utilizing the 

host’s glycosylation machinery, it is apparent that many viruses also encode their own 

proteins for specialized glycosylation needs (82).  Virally encoded glycosyltransferases 

are known to serve a variety of functions and target a wide variety of acceptor substrates, 

including DNA, proteins, and small molecules.  For example, some lytic bacteriophages 

glycosylate their DNA to protect it from host restriction enzymes while others alter the 

glycosylation of cell surface antigens to induce serotype conversion of the host bacteria 

during lysogeny or, in the case of lytic phage, to induce receptor conversion, preventing 

retention of progeny on the host cell debris (82). 

In eukaryotic systems, many baculoviruses utilize virally encoded 

glycosyltransferases to glycosylate host ecdysteroids.  This modification alters the 

biological activity of the hormone, suppressing development of the infected host.  

Glycosyltransferase-encoding genes are also common in the phycodnavirus family.  This 

includes PBCV-1, where these virally encoded enzymes have been implicated in 

glycosylation of its major capsid protein, Vp54.  While eukaryotic viral proteins are 

typically glycosylated by host-encoded enzymes located in the endoplasmic reticulum 

(ER) and Golgi apparatus, Vp54 is apparently glycosylated in an ER and Golgi 

apparatus-independent manner by virally encoded glycosyltransferases that are expressed 
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in the cytosol.  Thus, it has been suggested that glycosylation of Vp54 reflects an 

ancestral pathway that existed prior to ER and Golgi apparatus formation (48, 82). 

This is particularly interesting in light of the putative evolutionary relationship 

between PBCV-1 and STIV.  The similarities between these viruses are not limited to 

their overall capsid architecture and the structures of their major capsid proteins.  It has 

been shown through proteomic studies of purified virus that, like Vp54 in PBCV-1, the 

STIV major capsid protein (MCP) is glycosylated (Figure 3-8A and B) (78).  Further, it 

was noted that the potential glycosylation sites on MCP, predicted using standard rules, 

correspond closely with the known glycosylation sites of Vp54 (Figure 3-8C) (78).  

While A197 might serve any number of functional roles, the similarities to PBCV-1 with 

respect to capsid architecture, fold of the major capsid protein, glycosylation of the major 

capsid protein, and the occurrence of a virally encoded glycosyltransferase suggest that 

A197 participates in glycosylation of the major capsid protein in STIV and is likely 

involved in particle maturation. 

It has further been observed that the STIV major capsid protein gives a horizontal 

spot train on two-dimensional gels (Figure 3-8B) (78), indicating a series of increasingly 

acidic species compared to the bacterially expressed protein, which is not glycosylated.  

This suggests that glycosylation introduces negative charge through addition of acidic 

sugar moieties such as galacturonic acid, glucuronic acid, and iduronic acid (38).  

Alternatively, the spot train might represent sulfation of neutral saccharides (38).  

Regardless of the nature of the attached sugar, MCP is glycosylated through 

posttranslational modification in its natural host but not when heterologously expressed 

in the bacteria, which may suggest the need for the virally encoded glycosyltransferase.  
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Figure 3-8.  Glycosylation of the Major Capsid Protein (MCP) of STIV. 
(A)  Purified STIV was tested for glycosylation and the MCP stains positive.  (B)  2-D gel analysis of 
purified STIV displays a horizontal spot train for the MCP (spots 8-14) showing increasingly acidic species 
as compared to bacterially expressed, non-glycosylated protein (which runs similarly to spot 14).  (C) 
Predicted glycosylation sites (shown as spheres) of MCP from STIV (right) correspond nicely with known 
glycosylation sites of its structural homologue Vp54 from PBCV-1 (left).  Figure was adapted from various 
figures in (78). 
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In addition to the obvious structural and functional roles for protein glycosylation, 

increased glycosylation has been shown to correlate with environmental extremes of 

temperature, pH, and salt concentration (1, 38, 53, 84, 138, 144).  Thus, it has been 

suggested that increased protein glycosylation may stabilize extracellular proteins in 

these harsh environments (1, 38, 53, 84, 138, 144).  In this light, it is not surprising that 

many crenarchaeal viruses apparently encode glycosyltransferases. 

Glycosyltransferases are an enormous class of enzymes that display extreme 

diversity with respect to sequence and substrate specificity.  Largely due to convergence 

of tertiary structure, however, they are thought to have evolved from a common ancestor, 

particularly those of the GT-A superfamily (43).  As glycosyltransferases are ubiquitous 

to the three domains of life, they probably predate the evolutionary events that 

established these domains.  Likewise, there is accumulating evidence that STIV is part of 

a viral lineage that predates the split of the three domains.  Identification of a 

glycosyltransferase in STIV extends the observed similarities among double-stranded 

DNA viruses inhabiting the three domains of life beyond those of capsid architecture and 

the conserved fold of the major capsid protein.  The last virus common to the 

STIV/PBCV-1 lineage is likely to have carried a glycosyltransferase gene in its genome.  

With the development of immunity, however, descendant viruses infecting multicellular 

eukaryotic organisms may have found it advantageous to lose this feature, relying instead 

on enzymes supplied by their hosts. 

In summary, the structure of A197 provides substantial insight into its function 

and its relevance to the STIV life cycle.  It is yet another demonstration that structure can 

reveal functional and evolutionary relationships. 
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Conclusions 

The work presented in this chapter on the structural characterization of A197 from 

STIV provides an excellent example of how a protein’s three-dimensional structure can 

provide insight into its function.  The sequence of A197 is quite unique with the highest 

scoring hit from a PSI-BLAST search being the major merozoite surface protein 

precursor from the Eukaryotic parasite Plasmodium falciparum with a fairly insignificant 

E value of 0.74.  Only after the structure was solved did it become apparent that A197 is 

a glycosyltransferase.  Knowing this and going back to the PSI-BLAST results, we find 

that the most similar glycosyltransferase is a putative enzyme from Sinorhizobium 

meliloti with a highly insignificant E-value of 7.6.  Similarly, going back to CD searches 

(80), we find glycosyltransferases with insignificant E-values of 6.1 and 17.  Not only 

does this example show the value in using protein structure in the annotation of its 

function, it also points toward the danger of blindly annotating unknown genes based on 

very weak sequence or motif similarity.  

A197 was recently added to the CAZy database (30, 31) as an unclassified 

glycosyltransferase, meaning its sequence is not similar enough to any other 

glycosyltransferases to warrant it being placed in an established GT family, and a family 

with one member does not make much sense.  With the rapidly increasing number of 

completely sequenced genomes, glycosyltransferase genes are being discovered at a 

phenomenal rate, as evidenced by the ever-increasing number of genes in the CAZy 

database and the growing number of GT families.  It is likely only a matter of time before 
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A197-like glycosyltransferases are discovered that either establish a link between it and a 

current family or necessitate the creation of a yet another GT family.  

The work on A197 is a significant advance in the field of crenarchaeal virology 

because it is the first glycosyltransferase from a virus with an archaeal host to be 

structurally characterized, or to be studied in any detail at all for that matter.  As 

mentioned above, putative glycosyltransferases have been annotated in the genomes of 

several other crenarchaeal viruses based on sequence comparisons but these are all 

different from A197 in that they are much larger and are expected to display the GT-B 

fold.  A197 is the smallest glycosyltransferase that we are aware of, composed of only the 

core GT-A fold.  As such, it may represent the minimal catalytic subunit necessary for 

glycosyltransferase activity and may thus provide a model system for this class of 

important enzymes.  In this regard, the presumed evolutionary constraints placed on the 

overall structure of glycosyltransferases displaying the GT-A fold and the branching of 

the Crenarchaea near the “root” of the tree of life is particularly noteworthy.  

In addition to providing insight into the function, the structure of A197 has 

allowed us to make specific suggestions about its role in the STIV lifecycle.  Proteomics 

studies on purified virus from Brian Bothner’s lab coincided with this structural 

determination and revealed that the MCP is glycosylated.  We expect that A197 is, at 

least in part, responsible for the observed glycosylation and thus plays a role in the 

maturation of the STIV particle.  It is interesting that the bacterially expressed MCP lacks 

glycosylation.  This may be because E. coli lacks the necessary machinery required and it 

would be worthwhile to see if co-expression of MCP and A197 is sufficient for 

recovering MCP glycosylation.  By analogy, the major capsid protein of PBCV-1 is 



94 

glycosylated at nonstandard sites necessitating that it code for its own enzyme, which 

may be one reason why STIV must express its own glycosyltransferases. 

Although we have identified A197 as a glycosyltransferase, much remains in its 

complete characterization that is beyond the scope of this research project.  We do not 

know its substrates nor do we know whether it utilizes the retaining or inverting 

mechanism of catalysis.  As explained in the body of this chapter, there is enormous 

diversity with respect to substrate specificity for this superfamily of enzymes and 

mechanistic details cannot be established without characterization of the substrates and 

products.  The nature of the glycosylation on the MCP likewise remains unknown and its 

characterization can also be problematic.  Establishing the details of either of these 

problems would undoubtedly help to elucidate the other.  Furthermore, it will be 

important to demonstrate when in the viral lifecycle A197 is expressed.  It is positioned 

in the STIV genome in a putative transcript that includes two known capsid components, 

A223 and C381.  If A197 were indeed necessary for glycosylation of the MCP, it would 

make sense for its expression to coincide with the expression of the capsid components.  

Polyclonal antibodies against A197 are available and may aid in the detection of the 

protein in infected cultures. 
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CHAPTER 4 

STRUCTURAL CHARACTERIZATION OF B116; A NEW FOLD IN A HIGHLY 

CONSERVED CRENARCHAEAL VIRAL PROTEIN 

Introduction 

B116 is a 116-residue protein in open reading frame (ORF) B of the viral genome 

(Figure 4-1) whose sequence provides little insight into its function.  While the majority 

of the proteins encoded by STIV lack significant sequence similarity to other proteins, the 

hypothetical protein encoded by ORF B116 is unique.  Though it does not show sequence 

similarity to any proteins of known function, it is common to the genomes of three 

additional hyperthermophilic viral families, the Rudiviridae, the Lipothrixviridae, and the 

Bicaudaviridae.  B116 and its viral relatives thus constitute one of the most prominent 

clusters of orthologous proteins in the crenarchaeal viruses, one that spans three 

otherwise unrelated viral families (105, 112).  Functional information about B116 is also 

not apparent from a conserved domain (CD) search (80) using a relaxed E-value 

threshold.  The highest scoring hit (E-value 0.3) is to about 65 amino acids of the 

amidotransferase domain of the very large (1479 residues) alpha subunit of the glutamate 

synthase complex; and the glutamate synthase catalytic residues are not part of the 

aligned motif.  Further, the protein fold recognition algorithm that uses 1D and 3D 

sequence profiles coupled with secondary structure and solvation potential information 

utilized by the protein threading server 3D-pssm (64) fails to find meaningful matches.  
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The highest scoring hit sounds interesting as it is to an archaeal elongation factor but the 

E-value is an insignificant 5.26. 

 

 

 

B116

 
Figure 4-1.  Location of the B116 Gene in STIV Genome. 
 

 

Due to the lack of functional information provided by the sequence and the likely 

central importance of this protein family to the biology of these fascinating and unique 

viruses, we have undertaken biochemical and structural studies of STIV B116.  Because 

B116 is broadly conserved across several families of crenarchaeal viruses, we hope that 

insight provided by its structure may be generally relevant to crenarchaeal viral lifecycles 

and their virus-host relationship.  The protein expresses well in E. coli and diffraction 

quality crystals were produced to facilitate its characterization by x-ray crystallography.    
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Results 

The B116 construct used in this study codes for the 116 amino acids of the native 

protein plus an additional C-terminal His-tag, for a total of 122 residues with a calculated 

mass of 14,153 Da.  The purified protein elutes from a Superdex 75 size exclusion 

column as a single peak with an apparent molecular mass between 25 and 30 kDa, 

suggesting it is present as a homodimer in solution.  B116 crystallizes in space group 

P212121 with two copies of the protein, a potential homodimer, in the asymmetric unit.  

The structure was determined at a resolution of 2.4 Å by single-wavelength anomalous 

diffraction (SAD) using selenomethionyl-incorporated protein.  Details on data collection 

and model refinement are presented in Tables 2-6 and 2-7, respectively, in Chapter 2.  

The structure has been deposited in the Protein Data Bank (www.pdb.org) under 

accession code 2J85. 

 
Structure of B116 

The B116 polypeptide folds to form a five-stranded, predominantly parallel β-

sheet lined on one side by three α-helices (Figure 4-2).  The polypeptide traces through β-

strand 1 (β1), β-strand 2 (β2), α-helix 1 (α1), β-strand 3 (β3), α-helix 2 (α 2), β-strand 4 

(β4), α-helix 3 (α 3) and β-strand 5 (β5).  This results in a β-sheet topology of 3, 1, 4, 5, 

2, with strand β5 running antiparallel to the remaining strands.  Three of the connections 

between these secondary elements appear to be structurally important.  Extended 

traverses are required to connect β1 to β2, α2 to β4, and β4 to α3.  Interestingly, a 

disulfide bond is also found; Cys33 and Cys62 contribute their sulfurs to it.  This 

covalent link between the α1 and α2 helices is likely to enhance the thermostability of the 
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B116 fold (13, 73).  The significance of this disulfide bond is discussed in more detail in 

Chapter 5 of this dissertation. 

Two copies of the B116 polypeptide are found in the asymmetric unit, giving rise 

to the homodimer suggested by size exclusion chromatography.  An important 

component of these subunit interactions are the β2 strands, which are found along the 

edge of each subunit (Figure 4-2).  These strands come together in an antiparallel fashion 

to unite the 5-stranded beta sheet of each subunit into a larger 10-stranded β-sheet.  

Interestingly, the topology of the six central strands (β4, β5, and β2) of this 10-stranded 

mixed β-sheet resemble that of an unclosed antiparallel β-barrel (Figure 4-2B).  The 

remaining strands and helices flank the unclosed barrel, giving rise to a saddle-shaped 

protein.  A deep cleft, the “seat” of the saddle, spans the dimer interface, while the 

extended β4-α3 loop rises above to form the “horn” of the saddle.  Formation of the 

dimer occludes 882 Å2 (greater than 12%) of the solvent-accessible surface area per 

monomer, with an interface rich in hydrophobic residues. 

Structural comparisons performed using the DALI (54) and VAST (46) servers 

fail to find structures that superimpose meaningfully upon B116, the highest scoring 

results are barely above the level of insignificance.  For the most part, the identified 

structures show some similarity to the β-sheet in a single B116 subunit, but the 

similarities end there.  Thus, it seems the structure of B116 is fairly unique.  This lack of 

structural homology is unfortunate; it complicates the effort to formulate a functional 

hypothesis.  However, structural analysis should also include an analysis of the associated 

surface properties, including the location of significant clefts or pockets, an examination  
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Figure 4-2.  Structure of B116. 
(A)  Stereo image of the B116 homodimer.  One monomer is colored red and the second is blue.  The 
ribbon diagram depicts the secondary structural elements of B116, which are labeled in ascending order 
from N- to C-terminus.  The polypeptide traces from the N-terminus through β1, β2, α1, β3, α2, β4, α3, and 
β5 of each subunit.  The dimer displays a central 10-stranded β-sheet in which the central six strands adopt 
a topology resembling an unclosed antiparallel β-barrel.  The missing staves result in formation of a deep 
cleft that spans the dimer interface, giving rise to a saddle shaped homodimer.  Note that Cys33 in helix α1 
forms a disulfide bond (yellow) with Cys62 at the end of helix α2.  (B)  Relative to panel A, the homodimer 
has been rotated 90° about the depicted horizontal axis.  The view is now looking into the deep cleft that 
spans the dimer interface, the “seat” of the saddle.  Labels are as in panel A. 
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of the conserved residues, and relationships between these features and the electrostatic 

surface potential.  Considered together, these properties can substantially aid 

development of a functional hypothesis. 

 
Sequence Homology in B116-like Proteins 

Considering proteins encoded within the STIV genome, B116 is somewhat unique 

because it shares clear sequence similarity to proteins from other crenarchaeal viruses 

(Figure 4-3).  In addition to STIV, a PSI-BLAST (4) search identifies B116-like proteins 

in six other crenarchaeal viruses, spanning three additional viral families.  These include 

SIRV1, SIRV2 and ARV1 (Rudiviridae), SIFV and AFV1 (Lipothrixviridae), and ATV 

(Bicaudaviridae).  Interestingly, homologues are also found in three species of Bacteria; 

two from the family Clostridiaceae [Alkaliphilus metalliredigenes (ZP_00799325.1)(A. 

Copeland et al., unpublished), Clostridium beijerincki (ZP_00907466.1) (A. Copeland et 

al., unpublished)], and one from the family Bacillaceae [Bacillus subtilis (yddF, 

CAB12302.1)(70)].  To our knowledge, none of these viral or bacterial proteins has been 

characterized.  

A multiple sequence alignment of these viral and bacterial proteins is shown in 

Figure 4-3.  The alignment shows significant conservation along the entire linear 

sequence.  To get a better idea of the extent of amino acid conservation, and thus a better 

picture of regions of the protein that are likely to be important for its function, the 

multiple sequence alignment of B116 and its homologues in other crenarchaeal viruses 

can be mapped onto the B116 structure (Figure 4-4).  An algorithm using an amino acid 

substitution matrix is used to compute a score that reveals the level of conservation for  
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Figure 4-3.  Multiple Sequence Alignment of the B116 Family. 
B116 from STIV was aligned with orthologs from other crenarchaeal viruses and the bacterial homologs 
using default settings in ClustalX (131, 132).  A few manual adjustments were made around the gaps using 
the alignment of the viral proteins alone as a guide.  Note the absence of gaps in the sequence of B116 
itself.  Residues that are strictly conserved are shaded in black with white lettering; strongly conserved 
residues are shaded in gray.  The relative positions of the secondary structural elements in B116 are 
indicated above the alignment, where arrows represent β-strands and rounded rectangles represent α-
helices.  The numbering corresponds to that of B116.  B116-like proteins show sequence conservation 
throughout their primary structure.  Note the occurrence of the cysteine pair (bold type) among the viral 
orthologs from SIRV1, SIRV2, and AFV1, while the remaining sequences lack both cysteines.  The 
Rudiviridae sequences include SIRV1 [accession number NP_666617.1 (98)], SIRV2 [CAC87312.1 (98)] 
and ARV1 [CAI44168.1 (137)], Lipothrixviridae include AFV1 [YP_003762.1 (18)] and SIFV 
[NP_445691.1 (8)], while ATV is a member of the  Bicaudaviridae [YP_319837.1 (52)].  The creation of a 
new viral family for STIV is pending.  Surprisingly, homologs are also found in three species of Bacteria; 
two from the family Clostridiaceae [Alkaliphilus metalliredigenes (ZP_00799325.1) (A. Copeland et al., 
unpublished), Clostridium beijerincki (ZP_00907466.1) (A. Copeland et al., unpublished)], and one from 
the family Bacillaceae [Bacillus subtilis (yddF, CAB12302.1)(70)].  The presence of a B116-like protein in 
unrelated crenarchaeal viruses and select bacteria makes a strong case for horizontal gene transfer (105). 
 

 

each amino acid in a multiple sequence alignment and this score is then related to a 

structural representative (47, 71).  When the B116 model is viewed in this manner, it is 

clear that the surface containing the cleft is much more conserved than the rest of the 
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protein.  It is also apparent that the residues that line the entrance to the cleft make up the 

most highly conserved region of the entire protein (Figure 4-4).   

 

 

 
 
Figure 4-4.  Conserved Surface of the Viral B116-like Proteins. 
Ribbon diagram (A and B) and surface rendering (C and D) of B116 structure colored according to amino 
acid conservation among the crenarchaeal viral B116-like proteins.  The color ramps from blue (strictly 
conserved) to red (variable).  Panels B and D are in identical orientations and are rotated 90° about the 
depicted horizontal axes relative to panels A and C, which are also in identical orientations.  Amino acid 
conservation among a family of proteins suggests regions that are evolutionarily constrained and thus are 
likely to be important for structure and/or function.  In the case of B116, the top of the saddle in general 
and the “horn” region in particular are the most highly conserved.  This surface is likely important for the 
protein’s function.  The ClustalX multiple sequence alignment and B116 coordinate file were submitted to 
the ConSurf Server  (47, 71) (http://consurf.tau.ac.il) to compute amino acid conservation scores for each 
residue using the Bayesian method, which was then substituted for the B factor in the resultant coordinate 
file.  PyMOL (35) and the color_b.py script (http://adelie.biochem.queensu.ca/~rlc/work/pymol/) were then 
used to visualize the modified coordinate file. 
 

 

Despite this large conserved surface, however, only seven residues are strictly 

conserved.  These residues are likely the most important for the function of the protein.  
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The regions of greatest conservation are in the β4-α3 loop and the β3-α2 loop and strictly 

conserved residues are also found in the β1-β2 loop and the α2-β4 loop.  Thus, all seven 

of the strictly conserved residues in the B116-like family are found in surface-exposed 

loops and, with the exception of the conserved glycine residue in the β3-α2 turn, they are 

unlikely to be of structural importance.  Therefore, the strict conservation of Asn8, His51, 

Asn69, Arg70, Arg89, and Glu92 is most likely related to the function of B116.  These 

regions of discontinuous linear sequence come together in the tertiary structure to form 

the top of the saddle with the β4-α3 loop comprising the horn.  Importantly, when only 

these strictly conserved residues are mapped to the surface of B116, it becomes clear that 

they form a spatially contiguous surface that runs along the rim of the central cleft, 

extending down along the walls of the cleft, and upwards to the horn of the saddle 

(Figure 4-5). 

The calculated isoelectric point (pI) for B116 is 4.7.  With the exception of the 

B116-like proteins from ATV and ARV1, most of the other viral proteins show 

comparable pIs (Figure 4-3).  Similarly, two of three bacterial proteins show acidic pIs of 

approximately 5, while yddF from B. subtilis is quite basic.  This suggests the presence of 

a significant amount of negative charge on most of these proteins.  However, for B116, 

projection of the calculated electrostatic field onto the protein surface reveals a 

significant segregation of the positive and negative charge.   
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Figure 4-5.  Surface Features of the B116 Family. 
(A) The surface of the B116 dimer is shown with strictly conserved residues colored according to residue 
type.  Asn8 and Asn69 are cyan; Gly50 is gray; His51, Arg70, and Arg89 are blue; Glu92 is red.  These strictly 
conserved residues form a patch of contiguous surface on each of the symmetry related subunits.  Arg89 and 
Glu92 are contributed by the β4-α3 loop that forms the horn of the saddle; His51 comes from the β3- α2 
loop, while Arg70 lies in the α2- β4 loop.  The basic residues, colored in blue (His51, Arg70 and Arg89), lie 
along the lip and sides of the central cleft.  (B) The strictly conserved surface features are shown from a 
different perspective.  Relative to panel A, the dimer has been rotated by 90° about the depicted horizontal 
axis.  (C) The electrostatic potential is mapped to the surface of B116 dimer; the perspective is identical to 
that in panel B.  The color ramp on the surface is from -15 kT/e (red, acidic) to 15 kT/e (blue, basic).  The 
surface exhibits a mix of positive and negative potential.  The positive potential along the edge of the 
central cleft is due, in part, to the strictly conserved basic residues.  Positive potential is also seen in the 
upper left and lower right corners of the protein surface in this panel.  To our knowledge, the intracellular 
pH of Sulfolobus has not been accurately determined.  However, because Sulfolobus is an acidophilic 
organism, it is possible that the intracellular pH is also more acidic than in most organisms.  This might 
accentuate the positive potentials depicted in panels C and D.  The electrostatic potentials at the surface 
were calculated with SPOCK (29), using a probe radius of 1.4 Å, a temperature of 353 K, an ionic strength 
of 0.15 M, pH equal to 6.0, with protein and dielectric constants of 4 and 80, respectively.  The image itself 
was prepared with PyMOL.  (D) Relative to panel C, B116 has been rotated by 180o about the depicted 
horizontal axis to reveal a preponderance of negative charge on the non-conserved face. 
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For the surfaces surrounding the strictly conserved regions, a mixed pattern of 

positive and negative potential is observed, with the positive potential clustered around 

the rim and walls of the cleft (Figure 4-5C).  In contrast, an 180o rotation about the 

horizontal axis reveals a surface with strong negative potential (Figure 4-5D).  This 

surface is distant from the conserved residues pictured in panels 4-5A and 4-5B.  

Importantly, the more neutral and basic pIs of a few B116-like proteins suggest that the 

negative potential on this surface of B116 is not conserved across the B116-like family of 

proteins. 

Disordered or highly flexible regions of a protein structure are often important for 

the function of that protein.  As the primary sequence determines protein structure, it 

must also determine the lack of structure.  Thus programs such as PONDR (75, 114, 115) 

can predict protein disorder from the linear sequence.  The crystal structure represents a 

population average of all the molecules that make up the crystal and some information 

about conformational flexibility can be obtained as a result.  Elevated B factors 

(temperature factors) result from greater conformational freedom of the atoms in the 

protein structure.  An examination of the PONDR disorder prediction results and the B 

factors of the B116 structure itself may therefore suggest regions that may contribute to 

the protein’s function (Figure 4-6).  With the exception of β4, the predicted disorder from 

PONDR (Figure 4-6A) agrees fairly well with elevated B factors in the structure (Figure 

4-6C).  The surface of the protein suggested to have the greatest conformational 

flexibility corresponds with the conserved surface further suggesting that it is likely 

involved in the function of the protein.   
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Figure 4-6.  Predicted Disorder and Flexibility of B116. 
(A) Residues 71 to 100 of the B116 primary sequence are predicted to be disordered by the VL-XT 
algorithm on the PONDR web server (75, 114, 115).  (B) B116 sequence with the corresponding secondary 
structure map.  The predicted disordered region encompasses half of the α2/β4 loop through β4 and the 
β4/α3 loop and into the N-terminus of α3.  (C) The B116 structure is colored by the B factor [from low 
(blue) to high (red)] to show regions of the protein that likely have increased flexibility.  The mainchain is a 
cartoon and all atoms are shown as lines to highlight the flexibility of the sidechains.  The regions predicted 
to be disordered by PONDR agree fairly well with elevated B factors with the exception of β4, which 
displays fairly average B factors and is likely stabilized by adjacent β-strands.  The most elevated B factors 
are apparent in α2, much of the α2/β4 loop, the β4/α3 loop, and α3.  These surface-exposed regions may 
need to be flexible to facilitate an interaction with another molecule.  The B factors of the left subunit are 
noticeably lower than those of the right subunit.  This is due to the presence of crystal contacts with a 
neighboring molecule. 
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Discussion 

While the B116 surface is quite convoluted, especially in the areas surrounding 

the conserved surface features, it is devoid of any obvious pockets that might play a role 

in recognition of small molecules.  Thus, it seems likely that B116 will interact with a 

macromolecule.  Given the inherent two-fold symmetry in the B116 homodimer, 

interacting macromolecules should also possess (pseudo)two-fold symmetry, at least 

when bound to the B116 homodimer.  While the overall pI of the protein is acidic, the 

strictly conserved basic residues (His51, Arg70, and Arg89) impart a significant positive 

potential along the lip and sides of the central cleft.  This suggests that the lip and walls 

of the central cleft might interact with a macromolecule carrying significant negative 

charge.  The overall shape of the conserved surface and the intervening cleft is also a 

consideration.  This surface is relatively convoluted, whereas most protein-protein 

interactions utilize relatively flat surfaces.  The spacing between symmetry related 

residues in the highly conserved β4-α3 loop is also relevant.  In fact, using standard B-

form DNA as a metric, one can see that the separation between the loops is roughly 

equivalent to the spacing of the major groove along the DNA axis (Figure 4-7).  In 

addition, the side-by-side comparison also highlights the apparent complementarity 

between the conserved surface features of B116 and double stranded DNA (Figure 4-7).  

An interaction between B116 and double stranded DNA can be envisioned in which the 

β3-α3 loops inserts into adjacent tracks of the DNA major groove, while the intervening 

ribose-phosphate backbone is accommodated by the central cleft of B116 with its 

conserved basic residues.  The increased flexibility of this region of the protein, 
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suggested by the elevated B factors, may be important in facilitating a specific 

interaction. 

 

  

 
 
Figure 4-7.  Spacing Between the β4/α3 Loops and the Complementarity to dsDNA. 
The B116 homodimer is depicted as in Figure 4-2A.  A 21-bp fragment of B-form DNA is positioned 
above B116 as a metric.  The spacing between the two symmetry related β4-α3 loops is roughly equivalent 
to the major groove spacing of the DNA.  Complementarity between the saddle shaped surface of B116 and 
the DNA is apparent.  This extends to complementarity with respect to charge, as well (Figure 4-5C).  The 
ribose-phosphate backbone flanking the minor groove in the center of the DNA fragment might be 
accommodated by the conserved positive charge flanking the central cleft of B116.  Note that the upper 
right and lower left corners of Figure 4-5C also show areas of positive potential that might serve to 
recognize the ribose-phosphate backbone present at the outer edges of the DNA. 
 

 

Thus, the overall surface features of the B116 homodimer are quite suggestive of 

a protein-DNA interaction in which B116 recognizes a (pseudo-)palindromic DNA 

sequence.  Accordingly, preliminary evidence from electrophoretic mobility shift assays 

shows a nonspecific interaction between B116 and double-stranded DNA (Figure 4-8; 

Brian Eilers and Martin Lawrence, unpublished observation).  DNA-binding proteins that 
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recognize a specific DNA sequence with high affinity will often show nonspecific 

interactions with DNA at elevated DNA or protein concentrations.  Efforts are currently 

underway to identify a higher affinity, sequence specific interaction for B116.  Until then, 

it is difficult to say whether this potential B116-DNA interaction might serve to regulate 

gene expression, or is indicative of a role in the modification and or synthesis of nucleic 

acid, either alone, or in a larger protein-nucleic acid complex. 

 

 

 
 
Figure 4-8.  Nonspecific Interaction between B116 and DNA. 
Electrophoretic mobility shift assay of a constant amount of DNA and an increasing amount of B116.  
Panels A and B are the same gel with panel A stained for protein and panel B stained for DNA.  P = protein 
only, M = DNA markers, D = DNA only, 1:.5 = 1 to 0.5 molar ratio of DNA to protein concentrations, 1:1 
= equal molar ratio of DNA to protein concentrations, 1:10 = 1 to 10 molar ratio of DNA to protein 
concentrations, 1:30 = 1 to 30 molar ratio of DNA to protein concentrations.  A band shift is observed for 
both the protein (down from protein alone) and the DNA (up from DNA alone) when the protein 
concentration is 10-fold greater or more than the DNA concentration (see lanes labeled 1:10 and 1:30 vs. 
lanes labeled P and D).  The change in the electrophoretic mobility of the species indicates an interaction 
between the protein and the DNA.  Eilers and Lawrence, unpublished observation. 



110 

As noted earlier, B116 is orthologous to proteins encoded by six other 

crenarchaeal viruses representing three additional viral families.  Because the similarities 

between these families are quite limited with respect to morphology and genome 

sequence, the extent of the conservation of this gene product is remarkable, especially 

when considering the higher mutation rates typically observed in viruses.  There are some 

similarities with respect to these viruses however.  Namely, they all inhabit acidic 

hyperthermophilic environments and infect hosts that belong to the family Sulfolobaceae.  

The maintenance of the observed sequence conservation in these diverse viruses might 

then suggest evolutionary pressure exerted by a feature common to their respective hosts.  

That there are no homologues in the respective host genomes but there are in a few 

bacterial species provides strong evidence for horizontal gene transfer (105).   

The intramolecular disulfide bond in B116 is also worthy of comment.  B116 is 

not among the nine proteins identified in the purified viral particle (78), however, it is 

found in STIV infected Sulfolobus solfataricus (A. Ortmann, E. Larson, and M. Young, 

et al., unpublished observation).  This suggests that B116 is a cellular protein, expressed 

in the host cytoplasm upon infection with STIV.  Though disulfide bonds are generally 

rare in the intracellular proteins of most prokaryotes (62), there is strong genomic 

evidence that suggests disulfide bonds are commonly employed to stabilize the 

intracellular proteins of Sulfolobus solfataricus (13) and its associated viruses (73). Thus, 

the likely role of the disulfide bond is to enhance the thermostability of the B116 fold.    

Despite the absence of a structural homolog with known function, a preliminary 

understanding of the function of B116-like proteins has emerged.  These results will 

guide future biochemical and genetic studies of the B116-like family of proteins and help 
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to decipher their role in a process of central importance to the crenarchaeal viruses.  As 

this occurs, the structure of B116 will continue to contribute to a more detailed 

understanding of the structure-function relationships inherent in this newly discovered 

protein fold.  Furthermore, as this structure is somewhat unique, it is valuable to the 

biological community as a whole in this time of abundant sequence data as it fills a gap 

of the primary sequence to tertiary structure fold space and will aid in future structure 

predictions. 

 
Conclusions 

The work presented in this chapter on the structural characterization of B116 from 

STIV demonstrates the utility of pursuing the structures of unknown proteins.  Although 

it was envisioned that functional clues would primarily come from structural homology to 

a protein of known function, this was not the case for B116.  Using knowledge gained 

from a detailed understanding of the protein on the molecular level, however, provided 

valuable insight that led to specific suggestions about its potential role in the viral 

lifecycle. 

The structural characterization of B116 is a significant advance in the field of 

crenarchaeal virology because it is a ubiquitous protein among these unique viruses.  

Knowledge gained from its study will therefore go beyond STIV and help shed light on 

processes that are important to the viral life cycles and virus-host relationships of the 

crenarchaeal viruses as a whole.  We hypothesize that B116 functions at the interface of 

virus and host so it is possible that study of this protein will also help to shed light on the 

host’s cellular processes.  It is highly likely that all the B116-like proteins from these 
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diverse viruses will adopt a very similar three-dimensional fold and will accordingly play 

an analogous role within the context of each of the viral lifecycles and their relationship 

with the host.  

Obviously, more work needs to be done in the characterization of this protein that 

is beyond the scope of this research project.  The structure of B116 has clearly provided 

insight into its potential function and now further research must be done to verify our 

hypotheses and lead to a deeper understanding of the STIV lifecycle.  The structural 

analysis of the overall fold of B116 leads us to believe that it interacts with DNA and its 

conservation across several diverse viral families suggests that this DNA is derived from 

the host.  Although we favor the binding partner to be DNA due to surface 

characteristics, we cannot rule out a protein binding partner so both will be pursued.  

Transcript mapping and expression profile experiments being pursued in Mark Young’s 

laboratory will provide valuable insight into when in the viral lifecycle B116 is active.         

To investigate the possibility of a DNA binding partner, systematic evolution of 

ligands by exponential enrichment (SELEX) (19, 134) will be used.  This process 

involves the selection of specific sequences of DNA that interact with the target protein 

from an initial pool of random oligonucleotides containing defined ends to allow for 

subsequent amplification.  The selection process involves cycles of binding the 

oligonucleotide pool to the protein, washing away those that do not interact, elution of 

those that do interact, and amplification of the resulting pool to create a new pool for the 

next round.  With each consecutive round, the pool is enriched for specifically interacting 

sequences.  After a number of enrichment cycles have been performed, the resulting 

oligonucleotides are sequenced and a consensus binding sequence is identified.  
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Knowledge of the virus and host genome sequences will allow putative binding sites to 

be identified.  Once a specific binding motif is identified, the interaction between protein 

and DNA can be investigated in more detail and the structure of the complex will be 

pursued. 

To pursue the identification of possible protein binding partners several strategies 

may be employed (81).  Polyclonal antibodies have been produced against B116 and may 

be used in conjunction with STIV-infected cultures of Sulfolobus solfataricus P2 to 

isolate B116 in complex with its binding partner.  Knowing the timing of B116 

expression in the viral lifecycle will be a great help in this effort.  Alternatively, 

bacterially expressed and His-tagged B116 is easy to obtain and may be used to identify 

putative binding partners.  The His-tag is located on the opposite face from the presumed 

business end of the protein and so is not expected to interfere with binding.  The His-

tagged protein can be bound to an IMAC column and lysate from infected or uninfected 

S. solfataricus P2 is poured over the column.  If B116 has a high affinity-binding partner 

and there is enough of it in the lysate, B116 complexes may be eluted.  In both cases, 

mass spectrometry and N-terminal Edman sequencing can identify the binding partner 

since the genomes of S. solfataricus P2 and STIV are known. 

Further, since we believe that disulfide bonds contribute to the stability of the 

intracellular proteins of the Crenarchaea (discussed in detail in Chapter 5), detailed 

studies of the affect of the disulfide bond on the thermostability of B116 should be 

investigated.  Cysteine mutants of B116 should be constructed or cysteine-free B116 

homologues should be cloned so direct comparisons can be made in thermal denaturation 

experiments.  The cysteines of B116 are not in close proximity to the presumed active 
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site of B116 nor are the cysteines conserved in all homologues so they are not expected to 

be important for the function of the protein.  However, binding studies should also be 

performed on cysteine-free proteins to determine if they do have an affect on the binding 

interaction. 
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CHAPTER 5 

STRUCTURAL CHARACTERIZATION OF F93; A WINGED-HELIX PROTEIN 

THAT POINTS TOWARD STABILIZING DISULFIDE BONDS IN THE 

INTRACELLULAR PROTEINS OF A HYPERTHERMOPHILLIC VIRUS 

Introduction 

F93, a 93-residue protein in reading frame F of the STIV genome (Figure 5-1).  

The sequence of F93 shows weak similarity (well below the default PSI-BLAST 

threshold value) to predicted PadR-like transcriptional regulators from a few Archaea and 

Bacteria in a PSI-BLAST search (4).  Likewise, if the expect values are greatly relaxed in 

a conserved domain (CD) search (80), similarity to predicted PadR-like family members 

is detected.  Members of this family are transcriptional regulators that appear to be 

related to the MarR family.  PadR itself is involved in negative regulation of phenolic 

acid metabolism.  Though this suggests that F93 is a winged helix DNA-binding protein, 

the sequence and motif similarities are weak and they are to proteins that have not been 

characterized biochemically.  Furthermore, the protein fold recognition algorithm that 

uses 1D and 3D sequence profiles coupled with secondary structure and solvation 

potential information utilized by the protein threading server 3D-pssm (64) fails to find 

meaningful matches.  The highest scoring hit is to an engineered three-helix bundle with 

an insignificant E-value of 2.86.  The lack of concrete functional information about this 

protein from its sequence led us to seek its structure to obtain functional information.  



116 

This protein expresses well and diffraction quality crystals were produced so the 

structural characterization was pursued. 

 

 

 

F93

 
Figure 5-1.  Location of F93 in the STIV Genome. 
 

 

Structural and biochemical characterization of F93 reveals a homodimeric 

winged-helix protein that is likely to function as a transcriptional regulator, confirming 

the sequence-based predictions.  Notably, we find an interchain disulfide bond that spans 

the dimer interface.  The occurrence of this disulfide bond in a presumptive intracellular 

protein prompted further analysis of the cysteine distribution in the STIV proteome.  The 

analysis reveals a pattern consistent with the frequent use of disulfide bonds in small 

intracellular proteins encoded by STIV, strongly suggesting that intracellular disulfide 

bonds make a significant contribution to the thermostability of the viral proteome.  While 

stable disulfide bonds are rarely found in the cytoplasm of most organisms, our 

conclusion is consistent with the pioneering observations out of Todd Yeates’s lab on the 
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occurrence of stabilizing disulfide bonds in cytoplasmic proteins of certain Archaea (13, 

79, 88).  Our work strongly supports these conclusions and extends the observed 

occurrence of stabilizing disulfide bonds in cytoplasmic proteins to the genome of a 

hyperthermophilic virus.   

 
Results 

The F93 construct used in this study codes for the 93 amino acids of the native 

protein plus an additional C-terminal His-tag, resulting in 99 residues with a calculated 

mass of 11,970 Da.  Purified F93 elutes from a Superdex™ 75 size exclusion column as a 

single peak with an apparent molecular weight of approximately 25 kDa, suggesting that 

it is present as a homodimer in solution.  The protein crystallizes in space group C2221 

with two copies of the F93 polypeptide in the asymmetric unit.  The structure was 

initially solved at 2.4 Å resolution by single-wavelength anomalous diffraction (SAD) 

using selenomethionyl-incorporated protein, with subsequent refinement at 2.2 Å 

resolution using native data.  Details on data collection and model refinement are 

presented in Tables 2-8 and 2-9, respectively, in Chapter 2.  The structure has been 

deposited in the Protein Data Bank (www.pdb.org) under accession code 2CO5. 

 
Structure of F93 

The structure of F93 (Figure 5-2) reveals a winged-helix (or winged-helix-turn-

helix, wHTH) fold, a subclass of the helix-turn-helix (HTH) protein superfamily.  

Members of the wHTH family share a bundle of three α-helices, which in F-93 is 

comprised of helices α1, α2, and α3.  Helices α2, α3 and the intervening turn comprise 
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the HTH motif, in which α3 serves as the recognition helix.  Following α3, two β-strands 

connect through a reverse turn to form a small flanking antiparallel β-sheet that 

constitutes the “wing” of this structural motif.  These features are important to the DNA-

binding function of these proteins; the recognition helix generally makes base-specific 

contacts within the DNA major groove, while the wing interacts with the ribose-

phosphate backbone and/or the minor groove (6, 21). 

Variations on the wHTH DNA-binding domain that are common to other wHTH 

proteins are also seen in F93.  Namely, a small β-strand (β1) inserted between α1 and α2, 

and a fourth α-helix (α4) C-terminal to the wing.  The additional β-strand hydrogen bonds 

in an antiparallel fashion to β-strand 3 of the wing and results in a three-stranded, 

antiparallel β-sheet with a topology of 1,3,2.  Whereas the C-terminal helix (α4) extends 

away from the wing, roughly parallel to helix α2, and antiparallel to helix α4 of the 

neighboring molecule in the asymmetric unit.  In most cases, C-terminal extensions to the 

core wHTH domain are involved in dimerization (6), and this is indeed the case in F93.   

These interactions with a neighboring molecule result in formation of the 

homodimer (Figure 5-2) identified by size exclusion chromatography, MALDI-TOF mass 

spectrometry (results not shown), and SDS-PAGE under nonreducing conditions (Figure 

5-5).  Much of the dimer interface is composed of interactions with, and between, the C-

terminal half of α4 from each monomer.  The N-terminus and beginning of α1, the C-

terminus of α2, and the α2-α3 loop are also involved.  The dimer interface is composed of 

a hydrophobic core, and approximately 1,100 Å2 of accessible surface area is buried upon 

formation of the dimer.   
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Figure 5-2.  Ribbon Diagrams of the F93 Homodimer. 
(A) Stereo image of the side view of the covalent homodimer with α-helices and β-strands labeled in 
ascending order from N-terminus to C-terminus.  Chain A is shown in red, chain B in blue.  The 
polypeptide traces from the N-terminus of the subunit through α1, β1, α2, α3, β2, β3, and α4.  The disulfide 
bond covalently linking Cys93 at the C-terminus of each subunit is highlighted in yellow.  The dimer 
interface is composed primarily of the N-terminus, the N-terminal end of α1, and the C-terminal half of α4.  
(B) The F93 dimer is rotated 90° relative to the orientation in panel A, about the depicted horizontal axis.  
The view now looks down upon the recognition helices (α3) of each monomer, rather than end-on.  The 
secondary structural elements are depicted as in panel A with additional labels to highlight key features 
common to the winged-helix-turn-helix (wHTH) fold, namely the recognition helices (α3) and the wings 
(β2-β3).  The disulfide bond is again shown as a yellow stick, surrounded now by a difference density map 
contoured at 5 σ (green mesh) in which the sulfur atoms were omitted from model refinement.  
 

 

Interestingly, an intermolecular disulfide bond is present between the two 

subunits of the dimer.  The disulfide bond is formed by Cys93, which is present at the C-

terminal end of helix α4, and thus explains the covalent dimer seen by MALDI-TOF 
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mass spectrometry and SDS-PAGE under nonreducing conditions (discussed below).  

Homodimeric winged-helix proteins generally posses more extensive dimer interfaces 

than that seen here for F93.  These generally result from additional domains C-terminal to 

helix α4 (Figure 5-4B) or N-terminal to α1.  In contrast, F93 appears to rely on the 

disulfide bond as a substitute for the more extensive interface.   

Searches for nearest structural neighbors using VAST (46) and DALI (54) 

indicate a close resemblance to MarR-like families of transcriptional regulators.  For 

example, DALI identifies 82 structurally equivalent Cα positions between F93 and MarR 

(PDB ID 1JGS) (2) that superpose with a root mean square deviation of 1.8 Å.  Members 

of the MarR family are typically involved in transcriptional regulation, where the core 

structural motif, present in F93, binds to a specific DNA target sequence.  These 

similarities suggest that F93 likewise plays a role in transcriptional regulation.  However, 

structural homology to other members of the wHTH families should not be overlooked as 

they may indicate alternative functions for this protein.  For example, F93 also shows 

significant structural similarity to replication terminator proteins (RTP) from various 

sources.  Thus, a role in replication of the viral genome might also be considered for F93. 

Disordered or highly flexible regions of a protein structure are often important for 

the function of that protein.  As the primary sequence determines protein structure, it 

must also determine the lack of structure.  Thus programs such as PONDR (75, 114, 115) 

can predict protein disorder from the linear sequence.  The crystal structure represents a 

population average of all the molecules that make up the crystal and some information 

about conformational flexibility can be obtained as a result.  Interpretable electron 

density will be absent for the most flexible regions and elevated B factors (temperature 
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factors) result from greater conformational freedom of the atoms.  PONDR and the F93 

structure itself suggest conformational flexibility at the N-termini and the wings (Figure 

5-3).  The flexibility in these regions is likely important for the function of F93 as they 

need to interact with the ribose-phosphate backbone upon DNA-binding.  

 

 

 
 
Figure 5-3.  Predicted Disorder and Flexibility of F93. 
(A) Disordered regions predicted from the F93 primary sequence are labeled with the secondary structural 
elements from the crystal structure in which they belong.  The VL-XT algorithm on the PONDR web 
server (75, 114, 115) was used to calculate the predicted disorder.  (B) The F93 structure is colored by the 
B factor [from low (blue) to high (red)] to show regions of the protein that likely have increased flexibility.  
TLS refinement was used so B factors are residual B factors resulting in slightly reduced values.  The 
mainchain is a cartoon and all atoms are shown as lines to highlight the flexibility of the sidechains.  The 
predicted disorder agrees fairly well with elevated B factors.  The N-terminus is very flexible as 
demonstrated by the lack of interpretable electron density for the first 4 residues of the A chain.  The wings 
display the highest mainchain B factors and the density is difficult to interpret in places.  PONDR predicts 
the greatest disorder for the region of the α1/β1 loop through β1 and through α2.  This is not the case 
although parts of this region, particularly the α1/β1 loop through β1, do display slightly elevated B factors.   
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Figure 5-4.  F93 and Representative Structural Neighbors in Complex with Target DNA. 
The orientation in all panels correspond to that depicted in Figure 5-2A.  Elements of all models that are 
common to F93 and the wHTH fold are labeled accordingly.  (A) Structure of F93 homodimer.  The N-
termini of each chain adapt different conformations and interpretable electron density is absent for the first 
four amino acids of chain A (red).  Similarly, the wings adapt slightly different orientations between chain 
A and chain B and the density is relatively poor.  This indicates flexibility within these regions, which may 
be important for DNA recognition and/or specificity (120).  (B) Structure of the BlaI-DNA complex (PDB 
ID 1XSD) (118).  (C) Structure of RTP-DNA complex (PDB ID 1F4K) (140).  In panels B and C, it is 
apparent that the N-termini, the recognition helices, and the wings facilitate DNA recognition.  Similar 
interactions can be inferred for F93 with respect to its unkown target DNA sequence.  Panels A through C 
also illustrate diversity in the relative orientation of the winged-helix motif that is used to tune the fit  
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Figure 5-4 (cont.). 
between homodimeric transcription factors and their target DNA.  In addition to sequence variability, the 
relative pitch of the recognition helices and the spacing between them can be adjusted to recognize 
(pseudo-)palindromic sequences of various lengths.  The winged-helix motif found in BlaI is obviously 
accompanied by a more elaborate dimer interface.  Similarly, the extended α4 helix in RTP also results in a 
more extensive dimer interface than that seen in F93.  F93 may have incorporated the disulfide bond 
(shown in stick representation in panel A) to compensate for the smaller dimer interface. 
 

 

Putative Interactions with DNA 

Structural homology clearly suggests that F93 will function as a DNA-binding 

protein.  However, additional properties inherent in F93 lend further support to this 

putative role.  The protein, with a basic pI, is rich in arginine and lysine residues.  This is 

particularly true for residues at the N-terminus, which lie between the two recognition 

helices of the homodimer.  These basic residues are well positioned to interact with the 

ribose-phosphate backbone of DNA.  In addition, the recognition helices contain solvent 

exposed aspartate and tyrosine side chains, residues that are capable of forming base-

specific interactions. 

Superposition of F93 onto any of several structural homologues in complex with 

DNA provides a model for the putative interaction between F93 and its target DNA 

(Figure 5-4).  For example, structures of the β-lactamase repressor (BlaI, PDB ID 

1XSD)(118) from Staphylococcus aureus (Figure 5-4B) and the replication terminator 

protein (RTP, PDB ID 1F4K) (140) of Bacillus subtilis (Figure 5-4C) have been solved in 

complex with their respective target DNA sequences.  Each of these structures shares the 

core winged-helix fold and helix α4 seen in F93.  However, BlaI has additional secondary 

structural elements C-terminal to helix α4, resulting in a more extensive dimer interface 

than that in F93.  Likewise, a greater dimer interface is seen in RTP from B. subtilis due 
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to the longer α4 helix.  In addition, RTP also shows significantly longer wings.  As 

expected, each of these dimeric wHTH proteins bind DNA in a similar manner, with the 

recognition helices forming base-specific interactions in adjacent major grooves of the 

DNA, while the positive N-termini and the wings interact with the ribose-phosphate 

backbone.  An analogous complex between the F93 dimer (Figure 5-4A) and its target 

DNA is easily imagined. 

 
The Intermolecular Disulfide Bond 

The intermolecular disulfide bond linking the C-termini of the A and B chains is a 

striking feature in F93 (Figure 5-2).  Because this putative DNA-binding protein is not 

found in purified virus (78), it is expected to be an intracellular protein.  However, 

disulfide bonds are not generally found in intracellular proteins, perhaps suggesting that 

the disulfide bond is an artifact of crystallization.  In contrast, the solvent-exposed 

disulfide bond is present in the crystal structure despite crystal growth in the presence of 

0.5 mM TCEP, a strong reducing agent, suggesting that the disulfide is in fact 

biologically relevant.  To further investigate the presence of this disulfide bond, freshly 

purified F93 was analyzed by SDS-PAGE, with and without the use of reducing agent in 

the sample buffer (Figure 5-5A).  While F93 runs at the expected molecular weight in the 

presence of reducing agent (DTT, Figure 5-5A, lane 1), in the absence of reducing agent 

it is present largely as the homodimer (Figure 5-5A, lane 3).  Further, size exclusion 

chromatography also indicates a dimeric protein and subsequent analysis by MALDI-

TOF mass spectrometry indicates the material is present as the covalent homodimer 

(results not shown).  Surprisingly, western analysis of the bacterial expression using 
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polyclonal antiserum against F93 in the absence of reducing agent shows that the 

monomer is largely absent even within the E. coli (Figure 5-5B, lane 3).  Perhaps most 

importantly, this disulfide bond stabilizes a quaternary structure common to homodimeric 

winged helix proteins (Figure 5-4).  Combined, these results strongly suggest the 

presence of an intracellular covalent homodimer in vivo. 

 

 

 

A B

 
Figure 5-5.  Analysis of F93 under Reducing and Non-reducing Conditions.  
(A) Analysis of freshly purified F93 with SDS-PAGE.  (B) Analysis of bacterial expression of F93 using 
polyclonal antiserum against F93.  For each, reducing (+ DTT, lane 1) and non-reducing conditions (- DTT, 
lane 3) were used.  An equal amount of purified F93 (panel A) or bacterial cell pellet (panel B) was loaded 
in lanes 1 and 3.  The corresponding sizes of the molecular weight markers (MWM, lane 2) are shown to 
the right.  Reduced F93 runs at an approximate molecular weight of 12,000 kDa (monomer) while non-
reduced F93 gives a predominant band at approximately 24,000 kDa (dimer), the expected size of the 
covalently cross-linked homodimer. 
 

 

Genomic Analysis of Cysteine Content 

The presence of the F93 intermolecular disulfide bond prompted us to examine 

the cysteine content encoded within the STIV genome.  Similar to Mallick et al. (79), we 
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looked for a cysteine pattern suggestive of disulfide bonds in intracellular proteins; 

specifically, an abundance of proteins with an even, rather than an odd, number of 

cysteine residues.  Towards this end, a recent proteomic investigation of the purified viral 

particle has identified nine proteins (78) (labeled by asterisks in Figure 5-6A), which we 

consider as extracellular proteins.  These proteins have been removed from the genome in 

order to yield a pool enriched in intracellular proteins.  In addition, proteins exhibiting 

detectable signal sequences, determined by the program SignalP (14), were also 

considered extracellular and removed.  Similarly, putative integral membrane proteins 

were identified using the program TMHMM (69, 125).  Finally, because even numbers of 

cysteine residues are frequently employed in metal binding, these motifs were identified 

using the primary literature (105) or the program ScanProsite (45, 56, 122), and removed 

from the intracellular pool to prevent these potential false positives.  The remaining 

proteins represent a genomic pool enriched in intracellular proteins. 

When the number of cysteine residues in this pool of putative intracellular 

proteins is determined, a strong preference for even numbers of cysteine residues is 

indeed observed (Figure 5-6B, solid line).  This strongly suggests an abundance of 

disulfide bonds in the intracellular proteins encoded in the STIV genome.  Interestingly, 

this trend is also readily apparent in the unfiltered genome, as the particle-associated 

proteins generally lack cysteine and removing them from the genome to enrich for 

intracellular proteins had little affect on the general trend of the curve (Figure 5-6B, 

dashed line).  It should be pointed out that proteins containing a single cysteine residue 

may participate in intermolecular disulfide bonds, as seen in F93. 
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Figure 5-6.  Analysis of the Genomic Cysteine Content. 
(A) The STIV genome map showing ORFs coding for proteins that lack cysteine (white arrows), contain a 
single cysteine (gray arrows), or contain an even number of cysteines (black arrows).  ORFs coding for 
proteins associated with purified virus (78) are labeled with an asterisk (*).  With the exception of C381 
and A223, these proteins cluster in one region of the genome and are noticeably lacking in cysteine.  The 
map was created with Vector NTI Advance 10.1.1 (Invitrogen).  (B) The distribution of cysteines within 
the STIV proteome.  An abundance of disulfide bonds within intracellular proteins is suggested by the 
preference for even numbers of cysteine residues in a pool enriched for intracellular proteins (filtered 
genome, solid line).  The genome was enriched for intracellular proteins by filtering out known 
extracellular proteins (78) (8 proteins lacking cysteine, 1 protein with a single cysteine, all labeled with * in 
panel A), proteins that contain predicted signal sequences or transmembrane helices (4 cysteine free 
proteins, 2 proteins with a pair of cysteines and 1 protein with 4 cysteines), and proteins that are predicted 
to contain a metal-binding motif (105) (2 proteins containing a pair of cysteines).  The trend is also 
apparent in the unfiltered genome (dashed line). 



128 

Discussion 

wHTH DNA-Binding Protein 

F93 shows greatest similarity to the MarR-like families of winged helix proteins.  

In addition to the winged helix motif, members of these families possess a characteristic 

fourth helix that follows the wing (helix α4 in F93).  However, F93 differs slightly from 

MarR in that the connection between helices α1 and α2 is extended to include a short β-

strand, resulting in a three-stranded wHTH as opposed to the two-stranded wHTH fold of 

MarR.  Members of the MarR-like families are quite common in the Archaea, and most 

of the major Archaea-specific wHTH transcription factors are members of this larger 

family (6).  The members of these families, barring a few exceptions, function as 

transcription factors (6), and thus suggest a similar activity for F93 

The organization of the STIV genome suggests the presence of several multi-gene 

transcripts (112) (Figure 5-6A).  Interestingly, the relative position of F93 to one 

potential transcript resembles the arrangement of several bacterial and archaeal operons 

to their regulatory transcription factors.  Specifically, the gene for F93 is found adjacent 

to the 5’-end of a potential transcript beginning with open reading frame C121, but is 

encoded on the opposite strand (Figure 5A).  This suggests that F93 may regulate 

transcription of C121 and the proteins downstream of it.  However, other target 

sequences, including sequences within the host genome, are certainly possible, as are 

altogether different functions for a wHTH DNA-binding protein.  For example, F93 

shows similarity to RTP family members and thus might conceivably play a role in 
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replication of the viral genome.  Future work to identify the DNA binding site and 

activity of the protein will be a priority. 

In contrast to many MarR-like wHTH proteins, which show significant N- or C-

terminal embellishments that often serve to modulate the activity of the protein in 

response to a signal, additional structural elements are notably absent from F93.  Thus, 

the minimal structure of F93 suggests a constitutively active transcriptional regulator.  

However, regulation could be provided in trans by a viral or host protein, or through 

binding of a small molecule that blocks the DNA-binding surface, as is the case for MarR 

itself (2).  In this regard, it is noteworthy that there is a short sequence motif (LTEKG) 

between strand β3 and helix α4 that is conserved in STIV F93, SSV1 F-93 (and its 

homologues in other SSVs), and select MarR-like and PadR-like proteins in various 

archaeal and bacterial genomes (68).  This conserved patch is distinct from the DNA-

binding surface and could thus participate in an interaction with other viral or host 

proteins.  The interaction might play a regulatory role, or serve to recruit additional 

proteins to the bound DNA.  

The structure of F93 provides definitive evidence for a wHTH protein in the STIV 

genome.  In conjunction with the previous work of Kraft et al. (68) and the more recent 

work of Menon et al. (unpublished) with wHTH proteins from SSV1, it is now clear that 

this structural motif is common to crenarchaeal viral genomes.  Not surprisingly then, 

bioinformatics approaches by our lab (unpublished) and others (105) note the presence of 

weak signals suggestive of the wHTH motif in other hyperthermophilic viral genomes.  

As is the case for STIV F93, conserved domain (CD) searches with default values 

generally fail to identify this domain.  However, using increased expect values, the 
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occurrence of the wHTH motif is suggested for three proteins from Pyrobaculum 

spherical virus (accession numbers: YP_015525.1, YP_015569.1, YP_015526.1) and for 

one protein from Acidianus rod-shaped virus 1 (accession number: CAI44193.1).  While 

in some cases the individual CD searches may not yield statistically meaningful matches, 

the demonstration of the wHTH fold by structural studies of three such proteins from 

SSV1 and STIV suggests that these four proteins from Pyrobaculum spherical virus and 

Acidianus rod-shaped virus 1 are also bona fide members of the wHTH family of DNA-

binding proteins. 

 
Intracellular Disulfide Bonds 

Before our work on F93, we noted the presence of an intramolecular disulfide 

bond in the structure of another STIV protein, B116 (PDB ID 2J85, Larson et al., 

submitted; see Chapter 4 of this dissertation).  While the function of B116 is unknown, it 

appears to be an intracellular protein, as it has not been found in purified virus (78), but is 

present in virally infected cells (A. Ortmann and M. Young, unpublished observation).  

Homologues of B116 are clearly present in other crenarchaeal viruses spanning several 

viral families (105, 112), including the Rudiviridae, the Lipothrixviridae, and the 

Bicaudaviridae.  The two cysteines of the disulfide bond are present in the primary 

sequence of most of these B116 homologues.  In a select few, however, both cysteines 

are absent and in no case is there only a single cysteine of the pair present.  Hence, the 

presence of the two cysteine residues is highly coupled, consistent with formation of a 

disulfide bond and a selective pressure against a free cysteine in this protein.  These 
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observations on B116, along with the intermolecular disulfide bond in F93, prompted us 

to examine the cysteine content of the STIV genome. 

Interestingly, eight of the nine proteins found in purified viral particles lack 

cysteine altogether.  The exception is open reading frame C381, in which a single 

cysteine is found (Figure 5-6).  The general lack of cysteine in proteins constituting the 

viral particle may suggest that the solfataric environment into which the virus is secreted 

is not favorable for disulfide bond formation.  Thus, there has been little evolutionary 

pressure for the maintenance of cysteine pairs in viral proteins exposed to this 

environment.  In any event, these extracellular proteins clearly rely on other mechanisms 

to achieve thermostability (65).  We note, however, that these proteins are relatively large 

in relation to the rest of the STIV proteome (see discussion below), and might be further 

stabilized upon formation of the viral particle (65). 

In contrast to proteins constituting the viral particle, the cellular proteins encoded 

by STIV show increased cysteine content and a strong preference for even numbers of 

cysteine residues (Figures 5-6 and 5-7) .  A similar pattern was observed by Mallick et al. 

(79) in their work with a size restricted set of proteins from P. aerophilum.  Specifically, 

a pool of putative intracellular proteins between 100 and 200 amino acids in size gave an 

even-odd cysteine distribution similar to that presented here for STIV, indicating an 

abundance of intracellular disulfide bonds in this hyperthermophilic crenarchaeal 

organism.  In an alternative approach, they used sequence-structure mapping to estimate 

the abundance of disulfide bonds in the intracellular proteins of P. aerophilum and a 

number of additional prokaryotic organisms that have been completely sequenced.  In 

contrast to their genome-based analysis, the sequence-structure mapping indicated 
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appreciable levels of intracellular disulfide bonds in at least 15 thermophilic and 

hyperthermophilic organisms (13, 79).   Of these, P. aerophilum is predicted to have the 

greatest percentage of intracellular cysteines involved in disulfide bonds (44%) by 

genomic analysis and one of the greatest by sequence-structure mapping (greater than 10 

times that expected by chance) (13, 79).  Thus, sequence-structure mapping and genomic 

analysis single out the extraordinary cysteine distributions in P. aerophilum.  While the 

sequence-structure mapping appears to be the more sensitive technique, it cannot be 

applied to the STIV proteome as it is largely devoid of significant sequence similarity to 

known structures.  However, the genome-based analysis is apparently the more stringent 

test, and thus serves to underscore the significance of the even-odd cysteine distribution 

seen here for STIV. 

Why does the STIV proteome display such a pronounced even-odd distribution?  

We believe this is due to the relatively small size of the proteins found within the 

genome.  Smaller proteins necessarily possess a smaller hydrophobic core relative to their 

hydrophilic surfaces.  Thus, the magnitude of the hydrophobic effect may be 

correspondingly smaller and additional means of stabilizing a particular fold may be 

required.  In fact, proteins that are less than 100-residues in size are frequently found to 

be metal rich or, in the case of extracellular proteins, rich in disulfide bonds (113).    

Indeed, when we examined the frequency of cysteine residues as a function of 

protein size, we found a pronounced preference for cysteine in the smaller proteins of the 

filtered (Figure 5-7) and unfiltered STIV genome (results not shown).  However, 

decreased cysteine content as a function of protein size might be expected, whether or not 

the cysteines are involved in disulfide bond formation.  At least for spherically shaped 
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proteins, increased size will result in a decreased surface to volume ratio.  Thus, the 

relative occurrence of hydrophilic residues such as cysteine should decrease while at the 

same time there is a relative increase in the occurrence of hydrophobic residues.  

Importantly, though, the cysteine content of the STIV proteome shows a steeper decrease 

as a function of protein size than is predicted by the surface to volume ratio of a growing 

sphere (Figure 5-7A).    

Alternatively, a simple empirical approach to predicting cysteine content as a 

function of protein size can be taken.  In the absence of disulfide bonds, the cysteine 

content might be expected to parallel that of a similar amino acid, such as serine.  Thus, 

we compared the decrease in cysteine content to the change in serine content as a 

function of protein size (Figure 5-7B).  As a counterpoint, relative amounts of 

hydrophobic amino acids such as leucine might indicate changes in the size of the 

hydrophobic core.  Thus, the relative serine and leucine content might accurately reflect 

the ratio of surface exposed hydrophilic residues to buried hydrophobic residues as a 

function of protein size.  In this regard, we find the serine and the leucine content to be 

relatively flat as a function of protein size, in sharp contrast to the cysteine content 

(Figure 5-7B).  This suggests that the globular approximation for proteins in the STIV 

proteome is inaccurate, and further highlights the pronounced preference for cysteine in 

the smaller STIV proteins. 
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Figure 5-7.  Cysteine, Serine, and Leucine Content as a Function of Protein Size. 
(A) The filtered STIV genome was divided into bins according to protein size (51-99, 100-199, and 200-
557 amino acids in length) and the cysteine content (dark boxes) of each bin was calculated (number of 
cysteines in the group divided by the total number of residues in the group) and normalized relative to the 
cysteine content  of the filtered genome (1.14%).  The theoretical surface area to volume ratio (light boxes) 
was calculated based on a spherical approximation of the average-sized protein from each bin.  The surface 
to volume ratios were then normalized to that determined for the 100-199 amino acid-sized bin, putting 
them on a relative scale.  The smaller proteins clearly show an enriched cysteine content.  In contrast, the 
larger proteins display a paucity of cysteine residues.  More importantly, the cysteine content falls as a 
function of protein size more rapidly than predicted by the theoretical surface to volume ratio of a spherical 
protein.  This suggests that intracellular disulfide bonds are more common in the smaller intracellular 
proteins.  (B) Cysteine content (dark boxes) compared to the serine (light boxes) and leucine (white boxes) 
content as a function of protein size in the filtered genome.  The serine and leucine contents were calculated 
as described above for cysteine.  Serine and leucine content were both normalized to their respective 
frequency in the filtered genome (serine content of 5.07%, leucine content of 10.84%).  The change in 
cysteine content as a function of protein size may be expected to mirror that of a similarly hydrophilic 
residue such as serine and to display a trend opposite that of a hydrophobic residue such as leucine; 
however, this is not the case in the STIV genome, again suggesting that the smaller intracellular proteins 
show enriched cysteine content.  In both panels, the normalized values are shown at the tops of the boxes. 
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   Structural and biochemical support for the occurrence of stabilizing disulfide 

bonds in the intracellular proteins of thermophilic organisms has been provided by 

several laboratories.  For instance, the activity and denaturation constants (both thermal 

and chemical) of methylthioadenosine phosphorylase from several crenarchaeal sources 

have been found to be greatly decreased in the presence of reducing agent (5, 24-26).  

The thermostability of TATA-binding protein from the crenarchaeal organism P. woesei 

was also found to be greatly decreased and the cysteine pair believed to be responsible 

for the increased thermostability is notably absent from mesophilic homologues, for 

which reducing agent has no effect on stability (34).  Mutational studies of 

glycosyltrehalose trehalohydrolse from S. solfataricus (40) and isocitrate dehydrogenase 

from A. pernix (63) show that the disulfide bond is important for enzymatic activity and 

thermostability.  Structural comparisons of adenylosuccinate lyase from P. aerophilum 

with those from mesophilic sources, lacking cysteines, suggest that the 3 disulfide bonds 

are strategically placed to limit the mobility of the peripheral domains (133).  Further, it 

was found that reducing agents greatly reduce both thermal and chemical stability of the 

protein (133).  Despite this mounting evidence, it is the genomic studies from Yeates and 

coworkers (13, 79, 88) that have revealed the surprising abundance of disulfides in select 

thermophilic organisms and the true extent of this phenomenon. 

  The ability of these thermophilic organisms to form disulfide bonds in the 

presumably reducing environment of their cytoplasm may be somewhat disconcerting 

because it is contrary to the current biological paradigm.  However, work over the past 

ten years on the pathways regulating disulfide bond formation in E. coli, namely the 

DsbA/DsbB and glutathione reductase/thioredoxin reductase pathways, has shown that 
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relatively minor changes to these tightly regulated systems can result in cytoplasmic 

disulfide bond formation (17, 83, 108).  This work with arguably the most well 

understood organism, culminating in the commercial availability of cell lines to allow for 

bacterial cytosolic expression of disulfide-rich proteins (Origami™ from Novagen), 

underscores the possibility that pathways exist to allow for cytoplasmic disulfide bond 

formation within the relatively poorly understood thermophile.  Indeed, Beeby et al. (13) 

have identified a protein, protein disulfide oxidoreductase (PDO), in the genomes of 

many thermophilic organisms that may fill this role.  The presence of PDO happens to 

correlate with both the predicted abundance of intracellular proteins containing disulfide 

bonds and elevated optimal growth temperature strongly suggesting that it is involved in 

the formation and maintenance of cytoplasmic disulfide bonds in these organisms (13). 

Beeby et al. (13) also find that some thermophiles do not contain a predicted 

abundance of intracellular disulfide bonds, namely the methanogens and many sulfur-

reducing organisms.  Many of these are anaerobes that grow in very low redox potentials.  

Thermoproteus tenax, the host of TTSV1, is a hyperthermophilic, sulfur-reducing 

anaerobe so I would predict that it does not have an abundance of intramolecular 

disulfide bonds or a PDO gene.  Its genome has not been sequenced so was not 

investigated by Yeates.  However, Prangishvili et al. (105) note that TTSV1 codes for a 

thiol-disulfide isomerase.  Interestingly, Menon, et al. (unpublished) find that the TTSV1 

genome suggests an abundance of intracellular disulfide bonds.  That its host may not 

suggests a real need for the virus to code its own protein involved in disulfide bond 

pathways. 
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Because viruses often provide a window into key biochemical processes of their 

host organisms, the abundance of disulfide bonds in the cellular STIV proteins suggests 

that the same might be true of is host.  At the least, it implies disulfide bond formation in 

the cytoplasm of its host.  Not surprisingly, Sulfolobus solfataricus is among those 

organisms predicted to carry significant numbers of intracellular disulfide bonds (13).  

This suggests that other crenarchaeal viruses, particularly those infecting Sulfolobus, may 

likewise utilize intracellular disulfide bonds to stabilize their cellular proteins.  Indeed, 

structural work of Smita Menon and Brian Eilers on intracellular proteins from SSV1 

shows that this is in fact the case (Menon et al., manuscript in preparation; Eilers et al., 

manuscript in preparation).  Taken together, these studies present substantial new 

evidence at both the structural and genomic level for an abundance of intracellular 

disulfide bonds in hyperthermophilic organisms, and extend these observations to their 

equally intriguing viruses. 

 
Conclusions 

The structure of F93 is an excellent example of what we envisioned the structural 

analysis of the STIV proteome would provide.  From the structure, we were able to 

determine that the likely function of the protein is DNA binding and its role in the viral 

lifecycle is in transcriptional regulation.  Further, aspects of the structure provide a 

glimpse into the forces at work within the host cell and one of the mechanisms by which 

it may cope with living in a high temperature, acidic environment.  Namely, many of the 

small cytoplasmic proteins encoded by the virus, and by extension the host as well, are 

stabilized by disulfide bonds.  Though this statement is contrary to the current biological 
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paradigm, the structural and genomic evidence presented in this chapter lend support to 

the notion that hyperthermophilic organisms are rich in intracellular proteins with 

disulfide bonds.  Disulfide bonds are certainly not the only force at work to stabilize the 

viral proteome.  This work also demonstrates that oligomerization is likely to play an 

important role in stabilization of both intra- and extracellular proteins.    

F93 displays the winged helix fold and structural homology shows that it is 

closely related to the MarR-like families of homodimeric transcriptional regulators.  This 

strongly suggests a DNA-binding function for F93 and a role in regulating viral 

transcription.  However, this role still needs to be confirmed.  Though we favor this 

function, it is also possible that F93 regulates the transcription of host genes that are 

important for the viral lifecycle or that it is not involved in transcription at all.  The fold 

of F93 is notably similar to a family of replication termination proteins so it is possible 

that it plays a role in replication of the viral genome.      

The structural characterization of F93 was the first step.  It is now important to 

test the hypotheses afforded by the structure and to clearly establish its DNA-binding 

function and role in the viral lifecycle.  F93 does appear to bind DNA in very crude 

electrophoretic mobility shift assays (EMSA).  However, this binding appears to be 

nonspecific under the conditions tested because a shift is observed with all the DNA 

fragments from the viral genome that were tested and even with the random plasmid 

fragments intended to be the negative controls.  All DNA-binding proteins would be 

expected to have at least very weak affinity for all DNA sequences, but the observed 

binding is questionable and perhaps may be the result of nonspecific aggregation of the 

DNA and the protein.  The binding conditions for these EMSA experiments will need to 
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be fine-tuned to better represent those found within the host cell to find a specific binding 

sequence.  Since it is also possible that the recognition sequence for F93 is host-specific, 

rather than pursuing conditions that may allow for a specific DNA interaction with viral 

sequences in EMSA experiments, we will try to identify the specific recognition 

sequence through alternative means. 

To look much more broadly for the specific DNA recognition sequence of F93, 

systematic evolution of ligands by exponential enrichment (SELEX) (19, 134) will be 

used.  This process involves the selection of specific sequences of DNA that interact with 

the target protein from an initial pool of random oligonucleotides containing defined ends 

to allow for subsequent amplification.  The starting pool is large enough to theoretically 

contain all possible nucleotide combinations for a random region of the desired length, 

approximately 16-22 nucleotides in this case.  The selection process involves cycles of 

binding the oligonucleotide pool to the target protein, washing off the unbound 

oligonucleotides, elution of the bound oligonucleotides, and amplification of the bound 

oligonucleotides to create a new, enriched, pool for the next round.  With each 

consecutive cycle, the oligonucleotide pool is enriched for sequences that specifically 

interact with the target protein.  After a number of enrichment cycles have been 

performed, the resulting oligonucleotides are sequenced and a consensus binding 

sequence is identified.  Knowledge of the viral and host genome sequences will allow the 

putative binding site to be identified. 

Following the identification of the specific binding sequence, the complex will be 

further characterized by foot printing and experiments and attempts will be made to co-

crystallize the protein-DNA complex.  To investigate the affect of the disulfide bond on 
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the thermostability of F93, thermal denaturation experiments using differential scanning 

calorimetry should be done with wild-type protein in the presence and absence of 

reducing agent and on the cysteine-free mutant. 

Though not directly related to STIV, Beeby et al. (13) find that some 

thermophiles do not contain a predicted abundance of intracellular disulfide bonds, 

namely the methanogens and many sulfur-reducing organisms.  Many of these are 

anaerobes that grow at very low redox potentials.  Thermoproteus tenax is a 

hyperthermophilic, sulfur-reducing anaerobe that is the host of the crenarchaeal virus 

TTSV1.  It seems possible to speculate that T. tenax will not show an abundance of 

intramolecular disulfide bonds nor a PDO gene, though its genome has not been 

sequenced and so was not investigated by Beeby et al.  Smita Menon in the Lawrence 

lab, however, has been looking at disulfide abundance within the crenarchaeal virus 

metagenome and has noted that TTSV1 appears to have an abundance of intracellular 

disulfide bonds.  Further, Prangishvili et al. have reported that TTSV1 codes for a thiol-

disulfide isomerase (105).  That this host may not have an abundance of intracellular 

disulfide bonds but the virus does suggests a real need for the virus to code its own 

protein involved in disulfide bond pathways.  If this TTSV1 protein really does help to 

form disulfide bonds in the cytoplasm, it would be very interesting to study because, as is 

the case for many viral proteins, it may be a much less complex system to study 

biochemically in comparison to the host’s system.      



141 

CHAPTER 6 

CONCLUDING REMARKS 

The last few years have seen a dramatic increase in the number of viruses known 

to infect hyperthermophilic organisms.  These viruses generally infect the Crenarchaea 

and exhibit unprecedented diversity with respect to both morphology and genomic 

sequence, necessitating the creation of new viral families to reflect their unique 

characteristics (104).  Despite their increasing numbers, the study of archaeal viruses is 

still in its infancy compared to viruses infecting the domains Eukarya and Bacteria.  New 

morphologies are being described and new genome sequences are being released but the 

study of these viruses on the molecular level is falling behind.  Little is known regarding 

archaeal viral life cycles, virus-host relationships, genetics, or biochemistry.  This is 

particularly true for viruses of the Crenarchaea, and further study of these unique viruses 

is clearly needed.  Importantly, while such studies will lead to a greater understanding of 

the viruses themselves, they are also expected to provide genetic, biochemical and 

evolutionary insight into their Crenarchaeal hosts and the requirements for life in the 

harsh environments in which these organisms often thrive.  The research described here is 

the start of a path toward the complete structural characterization of one such virus, 

Sulfolobus turreted icosahedral virus, STIV.  

The sequences of the predicted products coded for by the STIV genome show 

very little similarity to sequences of known function.  To understand the virus at the 

molecular level, it is important to have detailed knowledge of the functions of its 

proteins.  Since protein function is intimately related to its 3-dimensional structure and 
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the structure of a protein evolves much slower than its sequence, we believed that we 

could uncover the functions of these unknown proteins through structural knowledge that 

would be afforded by the solution of their x-ray crystal structures.  The structural analysis 

presented here for three unknown STIV proteins clearly demonstrates that this is the case, 

protein structure does suggest function (Figure 6-1).  Furthermore, the structures of these 

proteins have led to specific suggestions of their roles within the STIV lifecycle and even 

shed light on a biochemical process that may be important for the adaptation to life in a 

boiling, acidic hot spring. 

The structure of A197 revealed that it is a glycosyltransferase.  Specifically, it is a 

glycosyltransferase of the GT-A family.  Viruses encode their own glycosyltransferases 

for many specialized glycosylation needs.  Work in the Bothner lab found that MCP 

derived from purified virus is glycosylated and that it is difficult to deglycosylate.  

Furthermore, bacterially expressed MCP is not glycosylated (78).  The glycosylation of 

MCP appears to be nonstandard and suggests that the virus relies on a specialized 

enzyme.  We believe A197 serves this purpose; it is involved in the glycosylation of the 

MCP and thus, in the maturation of the viral particle. 

The structure of B116 is unique and structural homology did not lead to a 

suggestion of function.  The structure itself however proved invaluable nonetheless in 

leading to a hypothesis of its function.  B116 is common to proteins from several other 

unrelated crenarchaeal viruses and a close inspection of the strictly conserved residues in 

relation to surface features of the protein led to the hypothesis that it is involved in DNA-

binding.  The structure of this protein is also very significant because its conservation 

across family lines suggests it is important to crenarchaeal viral lifecycles as a whole. 
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Figure 6-1.  The Progress of the Structural Characterization of STIV. 
The cryo-EM reconstruction of STIV and the structure of its major capsid protein, MCP, have revealed its 
relationship to a viral lineage that predates the split of the three domains of life.  The structure of A197 
revealed that it is a glycosyltransferase that likely plays a role in particle maturation.  The structure of B116 
is unique but has suggested that it has a function in DNA-binding.  Due to its high conservation across 
unrelated viral families, it may be of critical importance to the crenarchaeal viral lifecycle.  The structure of 
F93 revealed a winged helix DNA-binding protein that has a likely role in regulation of viral transcription.  
The structures of B116 and F93 have provided structural evidence that STIV, and by extension, its host, 
utilizes disulfide bonds to provide stability for the intracellular proteins.    
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The structure of F93 revealed a homodimeric winged helix protein with notable 

similarity to the MarR-like families of transcriptional regulators.  Thus, this protein likely 

serves a role in the regulation of the viral genome.  This structure, however, also revealed 

an intermolecular disulfide bond, which led us to genomic studies of cysteine 

distributions and the conclusion that disulfide bonds are frequently employed by 

crenarchaeal viruses as a strategy to stabilize their small, intracellular proteins.  This 

supports the hypothesis that intracellular disulfide bonds are common among 

thermophilic organisms, particularly the Crenarchaea (13, 79), and extends it into their 

viruses as well.   

Despite the advancement in our knowledge of this interesting and unique virus 

because of the work presented here, there is still much to uncover about STIV.  The 

structural studies of A197, B116, and F93 are just the beginning as the majority of the 

STIV ORFs still code for proteins of unknown function.  The structural characterization 

of the rest of the proteome will undoubtedly continue to lead to hypotheses of their 

functions.  The structural characterization of each protein is not the end, however.  While 

the structures of the proteins lead to specific suggestions of their functions, they also lead 

to more specific questions that can only be addressed biochemically.  What are the 

substrates of the glycosyltransferase?  Does it use the inverting or retaining mechanism of 

catalysis?  Does B116 really bind DNA?  What is the specific role of this protein in the 

crenarchaeal viral lifecycle to lead to its conservation in so many unrelated viral families?  

What is the specific recognition sequence of F93?  Is its function dependent upon the 

dimer stabilization afforded by the disulfide bond?  These questions and more are being 

raised and the structures have put us in a position to design specific experiments to 
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address them.  Furthermore, the structures will no doubt be used continuously to provide 

insight as the functional hypotheses evolve. 
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