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ABSTRACT

STRUCTURAL INVESTIGATIONS INTO ASPECTS OF MICROBE-HOST
INTERACTIONS

By
Yi Zheng

Microbes and host organisms continuously interact with each other and have co-evolved
delicate systems to cope with these interactions for survival. Investigating this important
relationship will lead to better understanding of the pathogenesis mechanism of pathogenic
bacteria for better protection as well as better utilization of the symbiotic interaction that will
enhance the control of biomass accumulation in agriculture. Structural biology is an
indispensible approach that can provide us information at the molecular level to better
understand the mechanism of the microbe-host interaction and to develop better treatments. In
this thesis, three important proteins, namely YpfP from Bacillus subtilis, Susl from Arabidopsis
thaliana and Eha proteins from pathogenic Escherichia coli O157: H7 were investigated by
biochemical characterization as well as X-ray crystallography to provide the knowledge base

for future research.

Structures of AtSusl in complex with UDP and fructose were determined at resolutions of
2.8 A and 2.85 A, respectively. These structures provided insights into sucrose synthesis and
cleavage as well as the potential link between the AtSusl activity and its spatial interactions with
cellular targets. They also helped to elucidate the retaining glycosyltransferase mechanism in a
broader aspect. In addition, comparison of the retaining glycosyltransferase AtSusl with an

inverting glycosyltransferase revealed an interesting relationship that the substrate specificity



between the two might be related by a simple domain rotation.

Structures of EhaA, B, and D proteins from pathogenic E. coli O157: H7 were studied by
X-ray crystallography. Diffraction data were collected for EhaA, B, and D C-terminal
domains with the structure of EhaB_c successfully solved to 2.2 A. Crystals were also obtained
for EhaA and EhaB full length proteins but further pursuit of crystals with better diffraction
quality are still required. Analysis of the EhaB c structure revealed an interesting difference
with other solved structures of the autotransporter translocation units: EhaB ¢ has a
significantly higher number of bulky aromatic residues inside the barrel and a narrower channel
indicated by the lower conductance measured in planar Bilayer Lipid Membranes experiments.
However, how these preliminary observations are related to the adhesion function of the Eha
proteins is still unknown. Further detailed analysis of structures and activity of Eha proteins is
still needed to elucidate this structure-function relationship.

A giant liposome assay was developed to assay the glycosyl transfer activity of BsYpfP. It
transfered two glucose moieties to the diacylglycerol with lipid chain varying from C10:0 to
C18:1 in this assay. The initial unsuccessful efforts of crystallizing BsYpfP led to an
investigation of the fusion module method to facilitate its crystallization. Crystals were
obtained with the N-terminal fusion protein of the helix-turn-helix module from TagF protein,
but they diffracted poorly. However, this effort offered a clue for the crystallization conditions
as well as valuable experience on this method. Further manipulation and characterization are

still needed to obtain diffraction quality crystals.
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CHAPTER 1

AN INTRODUCTION TO THE THESIS
1.1 Background and introduction on microbe-host interactions

Microbes were the first forms of life to appear on earth approximately 3—4 billion years
ago [1]. Ever since then, they have formed intimate relationships not only with each other, but
also with higher organisms. Such interactions led to the evolution of a variety of complex and
highly specialized processes between a microbe and a host organism. These interactions can be
beneficial for both, as in many symbiotic relationships, or deleterious to the host cell, in case of
the pathogenic microbes. Microbe-host interactions have been a major area of research ever since
the identification of bacteria as a primary cause of many human diseases. On the other hand, the
beneficial commensal relationships, particularly with regards to human health, have also been
investigated to provide a better understanding and control of the microflora under normal
conditions. Finally, microbiological research has also focused on symbiotic microbe-host
relationships to understand how mutual benefit is achieved by reciprocal adaptation of the

metabolisms of the host and microbe.

Despite the amazing diversity of microbes, the fundamental mechanisms of the host-
microbe interaction follow several similar strategies. For example, the host-microbe recognition
usually involves functional co-adaptation of glycans, glycoproteins and glycolipids on both the
cell surfaces of the hosts and microbes, while the colonization and infection process involves a
broad range of virulence factors including pili, flagella, adhesins, and extracellular membrane

degrading enzymes. Moreover, a variety of proteins are released by microbes to modulate the



host cell's metabolic function and defenses. High resolution structures of important proteins
involved in these processes will provide the valuable knowledge base for understanding the
mechanism of host-microbe interaction and help create a platform for developing better
treatments, in the case of microbial infections, or for exploiting the beneficial microbe-host

interactions.
1.2 Research foci in this thesis

The structural biology of proteins involved in host-microbe interactions is the focus of this
thesis. The underlying rationale for carrying out this research is that the determination of high
resolution structures of key proteins in host-microbe interactions can provide a wealth of new
insights into the crucial biochemical mechanisms in these relationships and would very likely
provide good targets for modulating important physiological interactions in vivo. In this work, |
studied the structure and function of two glycosyltransferases (sucrose synthase-1 from
Arabidopsis thaliana and UDP-glucose:1,2-diacylglycerol-3-3-D-glucosyltransferase YpfP from
Bacillus subtilis) and of three adhesin proteins from the pathogenic Escherichia coli O157: H7.
Each of these proteins was expressed, purified, and studied biochemically, and their X-ray
crystal structures were determined, when X-ray quality crystals were produced. The efforts to
grow crystals of these membrane-active proteins also led to the extension of the fusion module

method to facilitate protein crystallization.

Chapter 2 of the thesis focuses on YpfP, a membrane-bound UDP-glucose: 1,2-
diacylglycerol-3-B-D- glucosyltransferase from the Gram-positive bacterium Bacillus subtilis.
The enzyme YpfP is a member of the GT-B family glycosyltransferases and can transfer up to
four glucose moieties to diacylglycerol (DAG), an important component of the bacterial cell

membrane. Detailed biochemical characterization of YpfP was carried out, which provided new



information on its enzymatic activity in vitro and in vivo. To accomplish this work, a novel giant
liposome activity assay for YpfP and an on-column hybrid synthesis scheme for UDP-6-deoxy
glucose were developed. Although extensive crystallization trials produced no crystals of
suitable quality for X-ray diffraction analysis, valuable experience was gained during the process
of crystallization and provided new developments for crystallization by the fusion module

method.

Chapter 3 of the thesis focuses on the structures of Eha (EHEC autotransporter [2]) family
of adhesins from pathogenic Escherichia coli O157: H7 strain EDL933. EhaA, B, C, and D all
belong to the AIDA-1 (Adhesin Involved in Diffuse Adherence) family of autotransporters that is
involved in biofilm formation and host cell binding. A series of structures were determined
during this study and provide new insights on the structure-function relationships in this protein
family. In addition, these structures may serve as a platform for developing vaccines targeted to

structurally related autotransporters and for novel systems of protein autodisplay.

Chapter 4 switches the focus back to glycosyltransferase structure and functions with a
structural study of sucrose synthase, a crucial metabolic enzyme from the plant Arabidopsis
thaliana. The SUS1 isoform from A. thaliana (AtSusl) is a key enzyme in the regulation of the
flux and metabolic utilization of the plant primary metabolite sucrose between the source and the
sink organs. It is also suggested that AtSusl plays a role in the host response to bacterial and
fungal symbiosis occurring during nitrogen fixation. AtSusl was crystallized as a complex with
different substrates, and two X-ray crystal structures allowed the building of detailed atomic
models. The analysis of these structures in comparison with other GT-B family proteins has

provided many new insights into the mechanism of the retaining and inverting glycosyl transfer



reactions catalyzed by this family of proteins, as well as the mechanism for its physiological

regulation.

In chapter 5 of the thesis, | will revisit some of the important results and conclusions from
chapters 2 to chapter 4 and outline future research directions for each project. Overall, the
structure determinations for the BsYpfP and Eha proteins are still not all completed and further
experimentation is still needed to get better crystals. At the same time, detailed characterization
of their biochemical and biophysical properties, including activity, stability, and homogeneity,
still need to be carried out. The results of these studies will undoubtedly facilitate better
understanding of the BsYpfP and Eha proteins' functions and the crystallization process.
Although the crystal structure of AtSusl has been determined to a reasonable resolution, detailed
understanding of how the regulatory domains modulate the enzyme activity is still lacking.
Nonetheless, the experimental results presented in this thesis have contributed towards a better
understanding of the structure-function relationships in three different systems involved in

microbial-host interactions.
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CHAPTER 2

STRUCTURAL AND FUNCTIONAL STUDIES OF GLYCOSYLTRANSFERASE

YpfP FROM BACILLUS SUBTILIS

2.1 Background and introduction

2.1.1 Biological membrane structure and membrane curvature

Biological membranes are fluid, continuous, and dynamic bilayer structures that
encapsulate cells and organelles. They are formed from amphipathic lipids, which consist of a
hydrophobic and a hydrophilic portion. The physical bases of the spontaneous formation of
biological membranes are the propensity of the hydrophobic moieties to undergo entropy-driven
self-association and the tendency of the hydrophilic moieties to interact with aqueous
environments and with each other. It is widely recognized that besides their barrier function
biological membranes also play essential roles during cell division, biological reproduction,
adaptation to abiotic stresses, and intracellular membrane trafficking. These events can be
regulated by altering membrane curvature or composition or by modifying, degrading, and re-

synthesizing of membrane lipids during budding, tabulation, fission and fusion processes [1].

Membrane lipids also allow particular proteins within membranes to aggregate, and
others to disperse. Moreover, membrane lipids can act as the first and second messengers in
signal transduction and molecular recognition processes. Last but not least, some lipids function
to define membrane domains, which recruit proteins from the cytosol that subsequently organize
secondary signaling or effector complexes. New evidence has suggested that pathological
processes, such as viral infection, have been unexpectedly connected to specific membrane lipids

and their biophysical properties [2].



Membrane curvature is the geometrical measurement or characterization of the curving
nature of membranes. In biological membranes, the curvature is predominately determined by
the natural spontaneous curvature ({) exhibited by the lipid components of the membrane. The
concept of { is introduced to define the shape of a lipid monolayer made up of single lipid
species [3]. The ¢ of a specific lipid species is determined by the length and saturation of its fatty
acids [4], which in turn determine the space requirement of the tail in comparison to its head
group, as well as environmental conditions such as pH and/or ion concentrations [5]. When the
space occupied by the polar headgroups and apolar tails are similar, the molecule is considered to
be cylindrical with a spontaneous curvature (=0 (Figure 2.1B). Lipids commonly seen in the cell
membranes such as phosphatidylcholines (PC) and phosphatidylglycerol (PG), all belong to this
group because of their tendency to form a lamellar phase (i.e., bilayer) in an aqueous
environment. The lipids with a cone shape, however, are designated with a negative spontaneous
curvature ((< 0), which is caused by the different space requirements of the small polar
headgroups and the large tails. The accumulation of these lipid molecules gives rise to inverted
micelles (Figure 2.1A). Lipids with negative spontaneous curvature, represented by
diacylglycerol (DAG) and cholesterol, are not as abundant as the bilayer forming lipids in the
nature, but still play important roles in the biological membrane system. In contrast, the inverted
cone shape seen in lipids with large polar heads and small tails induces a positive spontaneous
curvature ({> 0) that gives rise to micelles (Figure 2.1C). Lysophospholipids are natural
examples of micelle-forming lipids while detergents are also molecules with positive

spontaneous curvatures that are designed to form micelles in solution.
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For interpretation of the references to color in this and all other figures, the reader is referred to
the electronic version of this dissertation

Figure 2.1 Cartoon representations of membrane structures induced by lipids with
different spontaneous membrane curvatures. (A): inverted micelle structure formed by lipids
with negative spontaneous membrane curvature ((< 0); (B) one leaflet of the lipid bilayer formed
by lipids with a spontaneous membrane curvature of zero ({< 0); (C) micelle structure formed by
lipid with a positive spontaneous membrane curvature (> 0).



2.1.2 Glycolipids in bacteria

A glycolipid refers to any compound that contains one or more monosaccharide moieties
bound by a glycosidic linkage to a hydrophobic moiety, such as a (DAG), a dolichyl phosphate, a
sphingoid, a ceramide (N-acylsphingoid), a sterol, or even free fatty acid. DAG-based glycolipids
are major membrane constituents in both photosynthetic and non-photosynthetic bacteria [6-8],
while dolichyl phosphate-based glycolipids are critical intermediates and lipid carriers for
bacterial murein biosynthesis [9, 10]. Glycosphingolipids have been recently identified in several
species of the genus Sphingomonas [11, 12] as examples of less common bacterial glycolipids.
Similarly, steryl glucosides have been found in some bacterial pathogens, such as the gram-
negative Helicobacter pylori [13-16], which is the causative agent of gastritis and gastric ulcers,
and Borrelia burgdorferi, which is responsible for Lyme disease [17, 18]. Biosurfactants, such as
rhamnolipids [19, 20] secreted by Pseudomonas aeruginosa and trehalose lipids [21-23] secreted
by Rhodococcus sp., are unusual glycolipids where the sugar moiety is directly linked to an acyl

or a hydroxyl hydrocarbon chain without the intermediate of the glycerol backbone.

Partly because of the diverse environments and sugar sources to which bacteria have
access, the diversity of the sugar moiety has allowed glycolipids to play important roles in almost
every aspect of bacterial life. In brief, glycolipids serve as cell markers, mediate cell proliferation,
adhesion, and host colonization, and participate in signaling pathways involving quorum sensing
and swarming migration [24-29]. Glycolipids are also required for the maximal efficiency of
photosynthesis [6] and/or biofilm formation [25]. Glycolipids sometimes function as membrane
anchors in the biosynthesis of the extracellular cell wall superstructure, as in the cases of
peptidylglycans, teichoic acids [30-32], lipomannan (LM), and lipoarabinomannan (LAM)

glycolipids [33]. Due to the similar spontaneous membrane curvature, glycolipids have also been
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demonstrated to be a functional replacement of the phospholipids under phosphate limiting

conditions [34].

2.1.3 Diacyglycerol-lipoteichoic acid biosynthesis network in Bacillus subtilis

Bacillus subtilis is a well-studied model microorganism belonging to the Bacilli class of
low G+C Gram-positive bacteria. DAG is the most abundant neutral lipid (more than 90%) in B.
subtilis [35]; it is also one of the few natural lipids with a quite negative spontaneous membrane
curvature ({< 0 ) [36] as its polar head group is very small in comparison to that of other lipids.
In terms of cell wall structure, B. subtilis has a thick cell wall composed of proteins and
peptidoglycans that is typical for the Gram-positive bacteria, in contrast to the outer cell
membrane and the relatively thin cell wall in the Gram-negative bacteria. In addition, two unique
types of macromolecules, namely lipoteichoic acids (LTA) and wall teichoic acids (WTA), are
found only in cell walls of the Gram-positive bacteria from the phylum Firmicutes, to which B.

subtilis belongs.

The generic structure of DAG (left panel of Figure 2.2) consists of two fatty acids tails
(shaded in orange) linked to the sn-1 and sn-2 positions of the glycerol backbone through ester
bonds and a free hydroxyl group at the sn-3 position. R and R’ represent the alkyl chain in the
fatty acid and reflect the composition of the parent phospholipids from which DAG was derived.
LTA and WTA are both anionic polymers threading vertically through the peptidoglycan layer
that surrounds the plasma membrane. However, their biosynthesis proceeds through different
pathways. The biosynthesis of both LTA and WTA includes four distinct steps, namely the

formation of the glycolipid anchor, the elongation of the anionic polymer backbone onto the
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anchor, the decoration of the polymer with alaninyl or glucosyl groups, and the transport of the

lipid molecule across the bilayer membrane.

LTA has a simpler chemical structure (Figure 2.2, right panel) that typically consists of
the glycolipid glucosyl (B1-6) glucosyl (B1-3) DAG (Glc2-DAG) (shaded in pink) embedded in
the membrane as the anchor and a polyglycerolphosphate (Gro-P) chain that is linked to it via a
diglucose linker. The biosynthesis of LTA in B. subtilis (Figure 2.3) starts at the branch point of
glycolysis where glucose-6-phosphate is converted to UDP-glucose via two key enzymatic
conversions catalyzed by phosphoglucomutase and UDP-glucose pyrophosphorylase. The
processive glycosyltransferase YpfP then transfers two glucose moieties from UDP-Glc to DAG
in the inner leaflet of the membrane [37-39]. In the next step, a permease-like integral membrane
protein, which is unknown in B. subtilis but identified as LtaA in Staphylcoccus aureus, flips the
glycolipid anchor across the membrane to the outer leaflet. The ProG backbone is primed by
YvgJ and polymerized by one of the three recently characterized ProG polymerases, LtaS, Yfnl,
or YqgsS, from B. subtilis. These four proteins are all integral membrane proteins with five
transmembrane helices and with a cytosolic C-terminal catalytic domain. However, the ProG
backbone is predicted to be formed by the headgroups of the PG. The final D-alanylation of the

LTA is catalyzed by proteins from the dlt operon.
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WTA has a slightly more complex structure where ribitol phosphate (RboP),
glycerolphosphate (GroP) or more complex sugar-containing polymers are polymerized on an
undecaprenylphosphate precursor within the cytoplasm and transported across the membrane
before being covalently linked to the peptidoglycan [40]. In term of the biosynthesis of WTA,
the glycolipid anchor is synthesized through sequential transfer of the UMP-activated GIcNAc
phosphate and the UDP-activated ManNAc onto an undecaprenylphosphate by TagO and TagA.
The CDP-activated GroP is first transferred onto the glycolipid anchor by a primase TagB and
then polymerized by a GroP polymerase TagF before an RboP polymerase TagL adds more
CDP-activated RboP monomer onto the growing chain. Finally the WTA precursor is transported
across the membrane by an ABC-type transporter complex TagG/H before covalently attached

onto the peptidoglycan chain.

2.1.4 Diacylglycerol metabolism and membrane curvature in B. subtilis

The significant difference in space requirements of the hydroxyl head group and the two
acyl tails is the primary reason for the negative curvature caused by DAG. The ratio of DAG to
other bilayer forming lipids plays an important role in regulation of cell functions, while the
negative curvature in a local region of the membrane due to an enrichment of DAG may have
deleterious effects on the cell physiology under stress conditions [41]. On the other hand, the
generation of a transitory negative curvature by DAG formation is found to function as a signal
for protein recruitment to the membrane [3]. The conversion of DAG into other lipid molecules
with less negative membrane curvature will in turn relieve the membrane tension and terminate
the signal cascade. The free hydroxyl group, which is subjected to diverse modification such as
acylation, phosphorylation, and glycosylation, renders DAG an important regulator of membrane

curvature through a complicated lipid metabolism network (Figure 2.4A) [42].
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In B. subtilis, membrane lipids are synthesized from the common precursor phosphatidic
acid (PA), which is in turn converted from fatty acid by lysophosphatidic acid (LPA)
acyltransferase. In the case of PG, PA is converted to CDP-diacylglycerol (CDP-DAG) by
adding a CDP from CTP by CDP-DAG synthase. Condensation of CDP-DAG with glycerol-3-
phosphate (G3P), followed by removal of the phosphate, leads to PG, the only essential complex
lipid and the major bilayer-forming lipid in B. subtilis. On the other hand, glycolipids are created
by dephosphorylation of PA to DAG, which is then glucosylated by YpfP using UDP-glucose to
form the monoglycosyl-DAG (MGIcDAG) and diglycosyl-DAG (DGIcDAG). DGIcDAG can be
subsequently used in the biosynthesis of LTA with PG as the other substrate. The free DAG
molecules released from PG then reenter the network as the substrate for YpfP. By balancing the
biosynthesis of the bilayer-forming lipid PG and DGICDAG and the non-bilayer forming lipid
DAG and MGIcDAG, the membrane curvature as well as related functions can be tightly

regulated by this network (Figure 2.4B).
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2.1.5 Glycosyltransferase structural biology

Glycosyltransferases constitute a large family of enzymes that catalyze the transfer of the
sugar moiety from an activated donor to the sugar acceptor. The functional diversity of
glycosyltransferases arises from four different aspects in this simple reaction (Figure 2.5): 1) the
sugar moiety itself, the leaving group of the sugar donor; 2) the relative configuration of the
anomeric carbon in the sugar donor;, 3) the relative configuration of the anomeric carbon in the
product (i.e., inversion or retention); and 4) the various biopolymers (polysaccharides, proteins,
nucleic acids, and lipids) as well as numerous small molecules (saccharides, antibiotics,
pigments) that can act as the sugar acceptor. As a result of such a high level of functional
diversity, glycosyltransferases have been grouped into more than 90 families based on their
highly diverse primary sequences (designated GTn, where n = 1, 2, ...) (http://www.CAZy.org)
[43]. However, their tertiary structural folds are conserved. The reported glycosyltransferases
structures have revealed only two general structural folds, namely GT-A and GT-B fold, for the

nucleotide sugar-dependent enzymes.
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Figure 2.5 Diversity of glycosyltransfer reaction. The diversity of the glycosyltransfer reaction
is presented with the generic structure of the substrates. In this reaction, the sugar donor is
activated by a phospho-nucleotide attached at the anomeric C1 position where R can be
nucleotide, nucleoside monophosphate, or lipid phosphate (R=lipid). The acceptor is shown in
red as R'OH, where R’ represents a sugar, a lipid, a protein, an antibiotic, a nucleic acid, etc. The
attacking of the acceptor in different mechanisms results in two possible conformations in the
product: the inversion or retention of the anomeric configuration of the donor.
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The GT-A fold (Figure 2.6 (A)) is described as a single Rossmann-like domain consisting of an
open twisted S-strains surrounded by a-helices on both sides [44]. The primary GT-A fold can be
further divided into two sub domains. The N-terminal half, shown in marine blue, has four
parallel p-strains while the C-terminal half, shown in green, has three anti-parallel S-strains, and
the two sub domains abut each other, leading to the formation of a continuous central g-strain.
The sugar donor binds to the N sub domain, while the sugar acceptor binds to the pocket created

by the C sub domain. In most of the GT-A glycosyltansferases, a conserved divalent metal cation,

shown as a purple sphere (i.e., Mg2+ or Mn2+), is found to be coordinated by two carboxylates

from a signature Asp-X-Asp (DXD) motif to stabilize the leaving diphosphate nucleotide.

Compared to the GT-A enzymes, GT-B proteins (Figure 2.6 (B)) are ion independent and
have two distinct and complete Rossmann folds (six parallel p-strains surrounded by three a-
helices on each sides), namely N and C domains. The two domains are connected by a double
stranded hinge: an unstructured linker from N to C domain and another linker between a tandem
two-helix-tail which spans the two domains from C to N. The active site of the GT-B enzymes
lies within the large cleft between the two domains. Various loop regions between consecutive 3
sheets and a helices clustered inside this cleft determine the substrate specificity. Contrary to
GT-A folds, the reported structures of the GT-B members reveal that the sugar donor and the

acceptor bind to C domain and N domain, respectively [45, 46].
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Figure 2.6 Typical structure folds of GT-A and GT-B glycosyltransferases. (A) GT-A fold
structure of LgtC, PDB 1GA8. (B) GT-B fold structure of GtfD, PDB 1RRV. Marine blue
represents N domain and green represents C domain in both structures. Ligands are shown as

gray sticks, metal ion is shown as a purple sphere.
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2.1.6 Glycosyltransferase YpfP from B. subtilis

YpfP, also known as UgtP, is a glycosyltransferase in B. subtilis. The ypfP gene was first
identified and cloned based on homology to the catalytic domain of the cucumber
transmembrane protein MGD synthase from Cucumis sativus [37, 47]. The ypfP gene is not
essential for the bacteria growth, but its deletion null mutant displays defects in swarming
motility and biofilm formation. A 90% reduction of LTA contents and the resulting formation of
abnormal LTAs, where the ProG was directly linked to DAG, were also observed in the null

mutants of Staphylococcus aureus [48].

YpfP, a UDP-a-D-glucose: 1, 2-diacylglycerol-3-B-D-glucosyltransferase (EC 2.4.1.157),
is classified into family GT28 in the CAZy database, along with MurG (EC 2.4.1.227) and MGD
synthase (EC.2.4.1.46). Members of this family all have a GT-B fold structure and catalyze the
glycosyltransfer reaction through the inverting mechanism. Due to the hydrophobic nature of the
DAG, YpfP is a membrane associated protein potentially interacting with the negatively charged
membrane surface via a positively charged helix. Compared to MurG and MGD synthase, YpfP
possesses a unique processive character in that it can successively transfer up to four glucosyl
moieties to DAG. Among the possible products, the glucosyl (B1-6) glucosyl (B1-6) DAG is the
major product and the glycolipid anchor for LTAs. The available DAG source in B. subtilis is
primarily from the dephosphorylation of PA and by-products of LTA biosynthesis (Figure 2.4A).
On the other hand, the generation of UDP-glucose starts at the branch point of enzymatic
conversions of glucose-6-phosphate to UDP-glucose (Figure 2.3). Therefore YpfP functions as a
key enzyme connecting the primary metabolism to the biosynthesis of cell wall macromolecules.

YpfP is also shown to be localized to the bacterial cell division site in a nutrient-dependent

22



manner and inhibits assembly of the tubulin-like cell division protein FtsZ [49], suggesting an

important role in nutrient sensing and cell division regulation by YpfP.

2.1.7 Crystallization strategies for YpfP

Despite extensive and exhaustive screening with commercially available crystallization
kits, no obvious and reproducible crystallizing conditions were identified for the protein YpfP.
Therefore, the fusion module strategy was applied to YpfP with bacterial wall teichoic acid

polymerase TagF as the fusion module.

2.1.7.1 Fusion protein as crystallization module

Protein crystallization refers to a process in which protein molecules gradually phase out
of the solution and assemble into regular, periodic crystalline structures through stable self
interactions. This process is the critical and often the rating —determining step in determination
of the atomic structure of proteins by X-ray crystallography. These self interactions are not only
determined by the intrinsic properties of the target protein, including irregularity and
accessibility of protein interacting surfaces as well as conformational homogeneity, but are also
significantly influenced by the specific crystallizing condition that promotes conditional changes
of the protein. However, quantification and confident prediction of the protein self interactions

still poses a great computational challenge. In fact, some pioneering research [50] has shown that

a narrow B value (the second virial coefficient) range indeed exists where protein with a B>

value in this range has a high possibility of forming well ordered crystals. It is also consistent
with the experimental observations that B> values for the amorphous protein aggregation due to

very strong self interactions and the protein solution of high solubility where the self interactions
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are very weak are both outside this range. However, experimental determination of the B> value

is still time- and material-consuming despite recent progress in this area [50]. Therefore, the
prediction of crystallization conditions and systematically designing of crystallization

experiments for a new target protein are still far from realistic.

Another approach that may increase the possibility of crystallization is to take advantage
of a highly crystallizable fusion module to facilitate the crystallization of the unknown target
protein. In this method, the number of screening conditions might be significantly reduced due to
the fact that the crystallization condition for the fusion protein can be derived based on the
crystallization condition of the fusion module. The primary assumption is that the fusion module
plays an important role in initiating and facilitating the self interaction of the entire fusion
protein. Several successful examples have demonstrated the possibility of this idea [51-53].
However, large protein fusion modules have only been successfully used in the crystallization of
small proteins. It is therefore suggested that the proteins that served as modules could form only
weak crystal contacts that tend to be easily disrupted by the addition of larger target proteins and
a fusion module with more potent crystal contacts would be more capable to impart its

crystallization properties to the target [54].

2.1.7.2 Crystallization of YpfP with the TagF fusion module

TagF was chosen because the recently solved structure of TagF (PDB 3L71) showed that
TagF has a fold similar to GT-B enzymes and has a strong positively charged helix-turn-helix
(HTH) N-terminal motif, through which the tetramer interface is formed. The small HTH motif is
relatively independent from the core structure of TagF such that the structure of the HTH motif is

unlikely to change with the removal of the interactions with the GT-B core structure of TagF.
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The similarity of the GT-B fold in TagF to the putative GT-B fold of YpfP will probably
preserve the structure of both HTH and YpfP in the fusion protein while facilitating the
crystallization of YpfP at the same time. Therefore, the HTH motif from TagF was a very
tempting fusion module for YpfP. The use of the TagF-HTH as a fusion module with YpfP

indeed yielded reproducible crystals.

2.2 Materials and Methods

2.2.1 Materials

Chemicals were purchased from Sigma-Aldrich. LAPAO (Anagrade) was purchased
from Anatrace. Lipids were purchased from Avanti Polar Lipids. The cDNA library of
Arabidopsis thaliana was generously provided by Dr. Eric Moellering at Michigan State
University and the pLWO1 [55] vector was a gift from Dr. Lucy Waskell at University of
Michigan. The Staphylococcus epidermidis cell culture was provided by Dr. Chris Waters at

Michigan State University.

2.2.2 Methods

2.2.2.1 Cloning and construction of YpfP expression plasmid

The 1146 bp ORF of ypfP was cloned from the genomic DNA of B. subtilis and sub-
cloned into the pLWO1 vector to generate the pPRMG_ypfP_his6 expression plasmid. The PCR
products were purified with the QIAquick PCR purification kit (QIAGEN) and ligated into the
pGEM-T-easy vector (Promega). Ligation products were transformed into E. coli DHS5a for
selection. Plasmids containing the ypfP ORF were isolated and digested with restriction enzymes

Ncol and Sall (New England Biolabs) and subsequently purified with the QIAquick gel
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extraction kit (QIAGEN). The ypfP gene fragment was then ligated by T4 DNA ligase
(Invitrogen) into the pLWO1 vector fragment digested with Ncol and Xhol (a Sall isoschizomer).
Ligation products were transformed into E. coli DH50 competent cells. Positive clones were
picked, and plasmid DNAs were isolated. The sequence-verified plasmid is designated as
pPRMG_ypfP_his6.

The genomic DNA of S. epidermidis was purified from 2 ml of stationary phase cell
culture using the Wizard® Genomic DNA Purification Kit (Promega) supplemented with 1 mg
lysostaphin (Sigma, L7386). A 108 bp DNA fragment corresponding to the tagF ORF 948-1052
was amplified and subcloned into pRMG_ypfp_his6é by using the Ncol site. Site-directed
mutagenesis was carried out to change the second methionine residue introduced by the second
Ncol site to an aspartate residue. The sequence-verified plasmid is designated as

PRMG_tagF HLH_ypfP_his6.

2.2.2.2 Expression and purification of the recombinant YpfP protein

The pPRMG_ypfP_his6 was transformed into the E. coli C41 (DE3) strain. E. coli were

grown at 37 °C with shaking at 200 rpm until the O.Dggg reached 1.0. Recombinant protein

expression of YpfP was induced by adding 0.1 mM IPTG to the cell culture and the cultures
were grown at 23 °C for an additional 16 h. Cells were harvested by centrifugation and stored at
—70 °C. The cell pellet was thawed and resuspended in buffer A (30 mM Tris-HCI, 300 mM
NaCl, 10 mM p-mercaptoethanol, 0.1 mM EDTA, pH 8.0); the cells were broken by two passes
though Emusilflex-C3 at 20,000 p.s.i. of air pressure. Cell debris was discarded after
centrifugation at 12,000 x g for 20 min at 4 °C, and the supernatant with the cell membranes

were centrifuged at 170,000 x g for 1 h at 4 °C. The membrane pellet was resuspended in buffer
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A and homogenized before the BCA protein assay. Then detergent LAPAO was added to 0.7 %
(w/v) to a protein concentration of 10 mg/mL. The solution was mixed and incubated for 20 min
at 4 °C and any insoluble material was discarded after the second round of ultracentrifugation at
170,000 x g for 1 h at 4 °C. The supernatant containing YpfP-detergent complexes was
immediately loaded onto a pre-equilibrated gravity flow column containing 20 mL Ni-NTA
agarose slurry. The column was washed extensively with buffer B (30 mM Tris-HCI, 300 mM

NaCl, 10 mM p-mercaptoethanol, 25 mM imidazole, LAPAO 0.1%, pH 8.0) to remove any non-

specific binding proteins until the Aogonm reading was below 0.08. YpfP was then eluted by

Buffer C (30 mM Tris-HCI, 100 mM NaCl, 10 mM p-mercaptoethanol, 200 mM imidazole,
LAPAO 0.1%, pH 8.0) and concentrated to 0.2 mg/mL by an Amicon ultracentrifugal filter with
a molecular weight cutoff of 50 kDa (Millipore). Purified YpfP was distributed into 0.5 mL

aliquots, flash frozen by liquid nitrogen, and stored at —70 °C freezer.

2.2.2.3 Giant liposome in vitro activity assay

The DAG-containing giant liposomes were prepared according to Hoeger et al. [56].
Ultra-low melting temperature agarose was first dissolved in distilled water to 1% (w/v) and
heated in a microwave oven for 20 s. Then 60 pL of the agarose solution was dispensed onto a
glass cover slide (@ 15 mm), spread evenly, and dried on a heating block at 50 °C until a thin
film of agarose formed. The slide was then placed into a plastic vial. Thirty uL of lipid in
chloroform solution was deposited onto the cover slide and dried under the air for 30 ~ 40 min.
At last, 800 uL of PBS was added into the vial and the giant liposome was formed spontaneously

within an h. Figure 2.7 shows a representative giant liposome made by this method.
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Figure 2.7 A representation of giant liposome.
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To assay the in vitro glycosyltransferase activity of YpfP, ImM UDP-glucose and 40 uL

0.2 mg/mL YpfP were added into the vial with giant liposome to start the reaction. The reaction
6]

was stopped for lipid analysis by thin layer chromatography (TLC) after incubation at 23 C for a

certain period of time.

2.2.2.4 Hybrid synthesis of UDP 6-deoxy glucose

The reaction scheme for synthesizing UDP-6-deoxy glucose is shown in Figure 2.8. On-

column conversion of the UDP-glucose into UDP-4-keto-6-deoxy-glucose by a dehydrotase is

carried out in PBS buffer supplied with 2 mM NAD" as the cofactor. The 4-keto group of the

product is further chemically reduced with 1 mM NaBHy4 [57] to form UDP 6-deoxy glucose (i.e.,

UDP-quinovose) and UDP-6-deoxy-galactose (i.e., UDP-fucose), respectively. Products of the
hybrid synthesis were analyzed by HPLC with a Carbopac PAL1 anion-exchange column (250 X

4.0 mm, Dionex Corp., Sunnyvale, CA) according to the method described by Oka et al. [58].

After sample injection, the column was eluted with solvent A (20 mM KoHPO4-KHPOy, pH 7.5)

at a flow rate of 0.7 mL/min for 5 min, and analyzed isocratically with solvent B (200 mM

KoHPO4-KHPOy4, pH 7.5) at a flow rate of 0.7 ml/min for 30 min. UDP-sugars were detected by

UV absorbance at 260 nm.
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2.3 Results

2.3.1 Choice of E. coli strains for the heterologous expression of BsYpfP

Previous studies showed half of the recombinant BsYpfP-His6 protein forms inclusion
bodies when expressed in E. coli BL21 (DE3) strain. In order to increase the yield of soluble or
membrane associated fraction, the expression temperature, the expression strain, and the addition
of the affinity tag were optimized. The properties of BsYpfP with different tags used in this
study are summarized in Table 2.1 and representative purifications are shown in Figure 2.8. E.
coli C41 (DE3) strain, which is an uncharacterized mutant of the BL21 strain that is generally
used for the expression of membrane proteins, turned out to be the best expression host for the
heterologous expression of BsYpfP. A low expression temperature (23 °C) is another important
parameter to increase the yield by reducing the inclusion body formation inside the cell.
Typically, 10 ~ 20 mg protein per liter of culture media can be obtained for various constructs.
Among all the fusion proteins, the fusion protein of BsYpfP with a maltose binding protein
(MBP) at the N-terminal was designed to increase the solubility of the fusion protein based on
the rationale that a large affinity tag, MBP, is able to mask the hydrophobic region of the BsY pfP.
Unexpectedly, this fusion protein as well as the fusion protein with a C-terminal His6 resulted in
higher percentage of protein in the membrane fraction instead of the soluble fraction. The
BsYpfP protein with a tandem FLAG (N-DYKDDDDK-C, 1012 Da) and a His6 tag at the C-
terminus was chosen for the initial crystallization experiments because of its relatively high

percentage of protein in the soluble fraction.
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Table 2.1 BsYpfP constructs with different tags used in this study

Constructs for In vivo Solubilizing Gel In vitro Crystallization
heterologous expression activity detergent filtration activity Hits
BsYpfP-Flag-His6 45.7 7.27 active Z3-12 aggregates N/D n/a
MBP-BsY pfP-His6 84.9 6.09 active CHAPS/LAPAO oligomeric N/D n/a
BsYpfP-His6 44.7 8.36 active LAPAO monomeric active n/a
HTHTagr -BsYpfP-His6 ~ 49.1 9.06 N/D 1 Z3-14 N/D N/D Yes

1. N/D: Not determined
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Figure 2.9 Representative purifications of BsYpfP with different tags by Ni-NTA column.
(A) Purification of BsYpfP-Flag-His6. Lane 1: low spin supernatant (LSS); lane 2: high spin
supernatant (HSS); lane 3: flow through; lane 4: wash; lane 5: wash 2; lane 6: elution. (B1)
Expression of MBP-BsYpfP-His6. Lanes 1&3: uninduced cell culture; lanes 2&4 induced cell
culture. (B2) Purified MBP-BsY pfP-His6 from high spin pellet supernatant (HSPS). Lanes 1&2.
(C) Purification of BsYpfP-His6. Lane 1: LSS; lane 2: HSPS; lane 3: flow through; lane 4: wash;

lane 5: wash; lane 6: wash; lane 7: elution. (D) Purification of HTHTagF -BsYpfP-His6. Lane 1:
HSPS; lane 2: flow through; lane 3: wash; lane 4: elution. M stands for protein Mw standards.
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2.3.2 Choice of detergents to suppress the protein aggregation

It is clear from Figure 2. 9 that BsYpfP can be obtained at very high purity by a Ni-NTA
column. However, the homogeneity was not optimal initially, and thus a gel filtration assay was
used to screen detergents to reduce the aggregates. In order to prevent aggregation, detergents
and/or osmolytes were added to the protein solution after Ni-NTA purification. The mixture was
then loaded on the gel filtration column to determine the effectiveness of the added compounds.
If the protein peak eluted at the void volume (0.3 CV), indicating aggregates, the additive was
considered ineffective. On the contrary, if a protein peak eluted at a volume corresponding to its
molecular weight at a particular oligomer state, the additive was considered to selectively
stabilize that oligomer state and effectively disrupt aggregates. Despite being purified from the
soluble fraction, BsYpfP-FLAG-His6 protein was prone to aggregate and easily precipitated out
of the solution at a concentration of only 2 mg/mL, as suggested by the gel filtration profile
shown in Figure 2.10 (A). However, except for some minor improvements indicated by a smaller
peak at the void volume (8 ml) in Figure 2.10 (B) compared to Figure 2.10 (A), aggregates still

exist after extensive tests.

In another approach, small aliquots of the membrane fraction, instead of the soluble
fraction, were resuspended and solubilized with a variety of detergents. The mixture was then
ultracentrifuged and the supernatant was collected. A western blot was used to distinguish which
detergent can keep the protein in solution. Subsequently, a large scale membrane protein
purification was performed by using the detergent chosen from the test. The purified protein was
also applied to a gel filtration column equilibrated with a buffer containing the detergent to
confirm the result. Two detergents, namely LAPAO and CHAPS, were found to successfully

suppress the protein aggregation for MBP-BsY pfP-His6 constructs as indicated by a major peak
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around 14 mL but very little aggregation peak around 8 mL in Figure 2.10 (C) and (D). LAPAO
was found to be particularly useful for the BsYpfP-His6 construct. The gel filtration profile of
BsYpfP-His6 in buffer supplemented with LAPAO (Figure 2.10 (D)) shows no aggregation peak

and pretty good homogeneity of the main peak around 15.6 mL.
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Figure 2.10 Gel filtration elution profile of BsYpfP. (A) BsYpfP-Flag-His6 purified from HSS
fraction run on Superdex® 200 column without detergent. (B) BsYpfP-Flag-His6 purified from
HSPS fraction run on Superdex® 200 column in detergent Z3-12. (C) MalE-BsY pfP-Flag-His6
purified from HSPS fraction run on Superose® 6 column in detergent LAPAO. (D) BsYpfP-His6
purified from HSPS fraction run on Superose® 6 column in detergent LAPAO.
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Figure 2.10 Continued.
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2.3.3 Production of glycolipids in E. coli as the proof of in vivo activity

Since E. coli cannot synthesize DAG-based glycolipids, the introduction of a foreign
glycosyltransferase gene like ypfP may produce glycolipids in the E. coli plasma membranes,
which can then be detected by TLC. This can be readily used as an in vivo activity assay for
recombinant YpfP expressed in E. coli. Although the endogenous DAG level in E. coli is not
very high [59], all the BsYpfP constructs can render the transformed E. coli capable of producing
glucosyl-glycosyl DAG. Interestingly, two additional glycolipids bands were observed for the
BsYpfP-FLAG-His6 construct (Figure 2.11). The detection of glycolipids in the E. coli whole
cell membranes confirms the in vivo activity of the recombinant BsYpfP. Based on the analysis
of multiple sequence alignment (Figure 2.12), many residues are indicated to have a role in

catalysis and/or substrate binding. Three residues of YpfP, specifically N16, H18, and D136,

. - . : ™ .
were thus changed to alanine or similar residues by the QuikChange ~ mutagenesis procedure.

Results of the whole cell lipid analysis were summarized in Table 2.2 and Figure 2.13.
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Table 2.2 Summary of glycolipids generated by YpfP in E. coli revealed by TLC analysis.

~ YpfPConstructsfor

heterologogfcegil?ression in BMGIcDG  BDGIcDG  BTriGleDG Urc‘;kf‘:"” UC”;'EO:"I’“
BsYpfP-Flag-His6 -- ++ ++++ ++ ++
MBP-BsY pfP-His6 -- ++ -- - -
BsYpfP-His6 -- ++ - - -

BsYpfP-Flag-His6 H18A - - - - -

BsYpfP-Flag-His6 H136A -- -- -- - -

BsYpfP-His6 N16D - ++ - - -

BsYpfP-His6 H18N - + - - -

BsYpfP-His6 H18D -- - - - -
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Figure 2.11 In vivo activity of BsYpfP. TLC of lipid extracts from E. coli whole cell
membranes stained for glycolipids with a-naphthol reagent. Lane R: plant galactolipids from A.
thaliana chloroplast membranes as reference; lane 1: whole cell membrane lipids from E. coli
transformed with empty vector control; lane 2: glycolipids from E. coli with overexpression of
BsYpfP-Flag-His6; lanes 3&4: glycolipids from E. coli with overexpression of MBP-BsY pfP-
Flag-His6; lane 5, glycolipids from E. coli with overexpression of BsYpfP-His6; lane 6:
glycolipids generated from in vitro liposome assay with BsY pfP-His6.
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Figure 2.12 Multiple sequence alignment of YpfP, MGD synthase and MurG. Multiple
sequence alignment was built through 3D-TCoffee server [60] against the 3D structure of E. coli
MurG (PDB 1nlm). The numbering scheme and secondary structure profile at the bottom of the
alignment refers to E. coli MurG sequence. Shown in the alignment are YpfP_BACSU (YpfP
from B. subtilis), YpfP_STAAU (YpfP from Staphylococcus aureus), YpfP_BACCE (YpfP from
Bacillus cereus), MGIcDGS_DEIGE (YpfP from Deinococcus geothermalis), MGDG1_ARATH
(MGD synthase-1 from A. thaliana), MGDGS_CUCSA (MGD synthase from Cucumis sativa),
MGDGS_SPIOL (MGD synthase from Spinacia olearcea), CLOTE_MGIcDGS (YpfP from
Clostridium tetani), MurG_ESHEC (MurG from Escherichia coli). Identical residues are
highlighted in red. Point mutations N16D, H18A and D136A in YpfP_BACSU mentioned in the
thesis are labeled with filled triangle. Residues related to substrate binding in MurG are labeled
with substrates where P stands for phosphate, R stands for sugars, U stands for uracil, and O
stands for N-acetyl group.
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Figure 2.13 In vivo activity of BsYpfP mutants. TLC of lipid extracts stained for glycolipids
with a-naphthol reagent. (A) from left to right: whole cell membrane from E. coli with
overexpression of BsYpfP-His6 carrying mutations H18N, H18D, N16D, and its wild type; (B)
from left to right: whole cell membrane from E. coli with overexpression of wild type BsYpfP-
Flag-His6, mutants H18A, D136A, a repeated wild type sample, and purified glycolipids as
reference.
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2.3.4 Determination of the in vitro activity of BsYpfP

2.3.4.1 Incorporation of DAG into the giant liposome for in vitro activity assay

Giant liposomes made upon the agarose swelling on a glass substrate can reach
millimeter in both height and diameter by merging of smaller liposomes. A continuous
multilayer membrane can be visualized even by the naked eye. The large surface area of the
liposome provides a pseudo-native membrane environment for the purified BsYpfP. Small
volumes of DAG and matrix phospholipids dissolved in chloroform and the usage of non-
radioactive soluble substrate substantially reduced the cost of the activity assay. Smaller size was
observed for the DAG-containing liposome than the one with phospholipid only. The negative
membrane curvature of DAG may account for the membrane discontinuity and the release of the
swelling pressure. Nonetheless, in vitro studies show that the recombinant BsYpfP can indeed act
on DAG and produce glycolipids, as seen by the formation of purple bands on the TLC plate
(Figure 2.14); no corresponding bands were observed in the control assays where either the
enzyme or the substrate DAG was absent. The TLC results also show a much darker band for the
diglucosyldiacylglycerol (DGDG) than the monoglucosyldiacylglycerol (MGDG). A time course
has been measured for the production of mono- and di-glucosyl lipids (Figure 2.15). The result
also shows that BsYpfp predominantly transfers two glucose moieties to the DAG with a high

ratio of DGDG/MGDG.

2.3.4.2 Recombinant BsYpfP has in vitro processive activity

MGDG and DGDG are the major glycolipids formed in the reaction catalyzed by
BsYpfP-His6. Densitometry analysis revealed the ratio of DGDG:MGDG was more or less

constant, at all of the 12 time points recorded. This result is in line with a previous study,
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suggesting that a two-step accumulation of mono-glucosylated and di-glucosylated
diacylglycerol was not observed [39]. Although the detailed mechanism is unknown, these
results suggest that the transfer of the second glucosyl moiety happens much faster than the first,
or the dissociation rate of the MGDG from the enzyme is much slower than the final product.

Nonetheless these data clearly indicate that the recombinant BsYpfP has processive activity in

vitro.

45



oeclc 15 30 60 90 240 120 480

c16:0 ) )
c18:0 min min min min min min min

o IuPr

. Front

BMGIcDG 10:0

BDGIcDG 10:0

P~y
"t

Figure 2.14 Time course studies of BsYpfP-His6 in vitro activity. Lipids extracted at different
time points from the giant liposome assay are analyzed by TLC and visualized with a-naphthol
staining. From left to right: the first lane is a negative control where the substrate DAG was
absent; the second lane is the commercial mono a-glucosyl DAG as a reference.

46



2000

1800

1600 T

st
B
=
=

1200

1000

800

600

area intensity (pixel)2

i
=
=

E H*' ‘1

’ 1

0 50 100 150 200 250 300

reaction time (min)
(Right axis)

BDGIcDAGC100  *MGIcDAGC100  * ratio DGDG:MGDG

Figure 2.15 In vitro glycolipids accumulation curve of BsYpfP-His6. Quantification of the
glycolipids by intensity count is done by Scion Image software.
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2.3.4.3 Recombinant BsYpfP can utilize DAG of various acyl chain lengths

Pure sn-1,2 DAG with different acyl chain lengths was tested as the substrate of the
recombinant BsYpfP-His6. The results show that YpfP adds the sugar substrate to the DAG
regardless of the length of acyl chain (Figure 2.16). This result also indicates that substrate
specificity of the DAG is assured mostly through the headgroup region where the five potential
hydrogen bonding oxygen atoms are located. TLC analysis showed a strong correlation between
a higher mobility of the diglucosyldiacylglycerol and a longer acyl chain length of the DAG.
This result is expected due to the decrease in polarity of the glycolipids with longer acyl chain

length.
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Figure 2.16 Substrate specificity of BsYpfP. From left to right, DAGs with increasing acyl
chain lengths are tested as in vitro substrates. Production of the glycolipids is analyzed by TLC
stained with the a-naphthol reagent.
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2.3.4.4 Recombinant BsY pfP-His6 has highest activity at pH 7.5

A pH profile of in vitro activity was measured for the BsYpfP-His6 construct based on
the intensity of alpha-naphthol stain shown on TLC corresponding to the glycolipids formed
under various pH conditions. Intensities of the spots were measured by densitometry using
Scionlmage software. Maximum activity was observed at pH 7.5 for BsYpfP-His6 as shown in

Figure 2.17.
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Figure 2.17 The pH profile of BsYpfP in vitro activity. In vitro activity of BsYpfP-His6 was
measured at different pH conditions based on the production of glycolipids. The relative activity
is calculated with highest activity as 100% at pH 7.5.
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2.3.4.5 Successful synthesis of the UDP-6-deoxy-glucose

In order to obtain detailed enzymatic parameters of the first transfer reaction catalyzed by
YpfP, a scheme was designed for the synthesis of the substrate UDP-6-deoxy-glucose from
UDP-glucose (Figure 2.8). Preliminary HPLC results (Figure 2.18 (B)) showed an approximately
95% conversion rate from UDP-glucose to UDP-4-keto-6-deoxy-glucose was achieved in a
reaction catalyzed by Rhm2N, a UDP-glucose dehydratase from A. thaliana. Two new peaks
were found in the HPLC chromatogram with retention times of 15.51 and 16.86 min,

respectively, when UDP-4-keto-6-deoxy-glucose was chemically reduced by sodium

borohydride (NaBHg4) as shown in Figure 2.18 (C-E). Responding to the higher amount of the

reducing agent, the peak areas of the two peaks increased while the UDP-4-keto-6-deoxy-
glucose decreased. The two peaks are well separated and putatively assigned to UDP-a-D-fucose
and UDP-a-D-quinovose at this time. The ratio of the two peak areas is 2 to 3. However, the
separation and purification of UDP-a-D-fucose and UDP-a-D-quinovose on a preparative

column was not further pursued because no column was available for the large scale purification.
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Figure 2.18 HPLC chromatogram of hybrid synthesis of UDP-6-deoxy-glucose. (A)
Standards. (B) On column conversion of UDP-glucose to UDP-6-deoxy-glucose by Rhm2N.
(C, D, E) Chemical reduction of UDP-6-deoxy-glucose to UDP-fuctose/UDP-quinovose
mixture by 2 uL, 10 puL, and 40 uL of 100 mM NaBHy, respectively.
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Figure 2.18 continued.
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Figure 2.18 continued.
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Figure 2

.18 continued.
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Figure 2.18 continued.
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2.3.5 X-ray crystallography studies of the recombinant BsYpfP
2.3.5.1 Extensive screen of crystallization conditions for the BsYpfP with different tags

BsYpfP-His6, BsYpfP-FLAG-His6, MBP-BsYpfP-His6 were subjected to various
high throughput screening conditions in either sitting drop or microbatch under oil format.
In general, equal amounts of protein solution and screen solution were dispensed to the
wells by the robot and mixed. In sitting drop format, plates were sealed in the presence of
55 pL screen solution in the reservoir well. In microbatch format, plates are topped with a
layer of Al’s oil and vapor was constantly drawn to the surrounding wells with 0.75 M of
LiCl solution. Plates were kept in 20 °C for crystals to grow. BsYpfP proteins easily
precipitated out of solution and formed heavy brown amorphous precipitates in either high
or low molecular weight polyethylene glycol (PEG) conditions while BsYpfP has relatively
high solubility in high concentration salt solutions. In spite of extensive conditions screened
and various strategies employed to refine screening conditions, all efforts failed to yield

crystal hits worth further pursuing. Occasionally, detergent LAPAO crystals were obtained.

2.3.5.2 Successful crystallization of the recombinant HTHTagF -BsYpfP-His6

Crystal growth and quality often requires stable crystal contacts preferably in all
three directions. The purpose of the introduction of the HTH structure of SeTagF into
BsYpfP was to reproduce such contacts found in TagF structures to promote the growth of
BsYpfP crystals. HTHTagF -BsYpfP-His6 was purified to homogeneity in the presence of
the detergent Z3-14. One crystallization condition from the Hampton crystal screen Il was
found to produce hut-shape crystals of the fusion protein (Figure 2.19). This condition

contained 100 mM sodium citrate, pH 5.6, 500 mM ammonium sulfate, and 1.0 M lithium

58



sulfate. Further optimization of buffer pH to 5.8 produced large enough crystals for X-ray
diffraction tests. Interestingly, SeTagF crystallized in a similar condition of 100 mM
HEPES, 2 M ammonium sulfate. Moreover, BsYpfP-His6 protein remained soluble in 2 M
ammonium sulfate solution, while HTHTagF -BsYpfP-Hisé was precipitated by 1.6 M

ammonium sulfate.
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Figure 2.19 Photographs of HTHTagF -BsYpfP-His6 crystals. (A) Photograph is taken

under light microscopy. (B) and (C) are taken under crossed polarizing light.
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2.3.5.3 Ring pattern diffraction images of the HTHagF -BsYpfP-His6 crystals

The crystals of HTHTagF -BsYpfP-His6 were cryoprotected in 2.2 M lithium sulfate
and tested at the synchrotron for X-ray diffraction. Unfortunately, the crystals were very
fragile and partially deformed during mounting with cryoloops. Diffraction images of the
crystals showed several rings instead of well separated spots. The ring diffraction was at
low resolution and was not the typical solution ring observed for ice crystals, suggesting
that the crystals were indeed YpfP crystals. This result might reflect the poor packing of the

molecules within the crystals and further optimization and screening is needed.
2.4 Discussion

In general, a lipid-modifying membrane protein is usually known to be recalcitrant
to crystallization. The more hydrophobic and the smaller the size of headgroup of the
substrate lipids, the more difficult it is to get the protein crystals. Part of the reason may be
that, in order to access the specific lipid substrate, a hydrophobic patch and/or
transmembrane helices are often required for the enzyme. However, the hydrophobicity
poses a great challenge for purification and crystallization of the enzyme. Unfortunately,
diacylglycerol, a very biochemically important lipid, is one of the lipids with the smallest
headgroup and, therefore, brings great challenges for purification and characterization of the
enzymes that process it. The hydroxyl group that is very reactive in a series of enzymes,
including kinases, glycosyltransferases, and acyltransferases, render DAG one of the most
versatile molecules in metabolism and regulation. However, only the structures of
diacylglycerol kinases have been determined up to now. Therefore, little is known regarding
the structure of this important family of proteins, and more detailed biochemical and

biophysical characterization is still needed. In this study we set out to purify and crystallize
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one of these important DAG processing enzymes, YpfP, a glycosyltransferase from B.

subtilis.

| have optimized the choices of the expression strains and membrane solubilizing
detergents for recombinant BsYpfP during this study to set up a good platform for its further
characterization. Also BsYpfP is a peripheral membrane protein and the recombinant
protein can be expressed as soluble protein. The requirement for the detergent LAPAO for
the purification of recombinant BsYpfP protein into the monodisperse and homogeneous
solution confirmed the idea that a hydrophobic patch is present in the protein that renders it

more prone to aggregation without the presence of membrane-like environments.

DAG is insoluble in water and is difficult to handle in an aqueous buffer alone. In
addition, mixing DAG with phospholipids still gives rise to a turbid liposome solution upon
hydration partly because of the negative spontaneous membrane curvature of DAG. It has
been found that addition of a micelle-forming detergent, such as Triton X-100 or CHAPS,
can reduce the turbidity at OD35onm. Thus the in vitro activity of DAG kinases and
MGlIcDG synthase were assayed with the hydrophobic substrate DAG present in the form of
mixed micelles [61-67]. In both cases, a radioactive soluble substrate (e.g. ATP or UDP-
glucose) was used to increase the sensitivity, where the radioactivity in the organic phase
was recorded. However, the high concentration of DAG used is very hard to dissolve and
made this method inapplicable for YpfP. Therefore a giant liposome assay was developed
for in vitro activity measurement of recombinant BsYpfP protein. This assay is an important
improvement on the existing mixed micelle assay by providing the enzyme with a
membrane-like environment without using the radioactive substrate. In addition, the

relatively simple experimental setup makes mixing the diacylglycerol with the matrix
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phospholipids more effective and less time consuming. The processivity of the BsYpfP
observed by using the giant liposome assay is consistent with previous studies [39] and

further confirmed the reliability of this assay system.

Having the capability to assay BsYpfP in vitro allows for more detailed and
controlled mutagenic studies to characterize the active site residues. Multi-sequence
alignment and homology modeling analysis (results not shown) suggested that the His18
residue may play a role as the general base expected in the inverting GT-B
glycosyltransferases. However, the mutagenesis studies on the His18 mutants, measured
with the giant liposome assay, did not indicate any significant change of activity. This result
suggests that His18 may not play a critical role in catalysis, which raises the question as to

which residue acts as the general base.

The strategy of masking the hydrophobic patch by addition of a protein aid was
explored to assist the crystallization of BsYpfP. Initially a large protein, MBP, was fused at
the N-terminus of BsYpfP. Quite unexpectedly, this fusion protein was found mostly in
membrane fractions, indicating the patch was not sufficiently covered. As an alternative, a
structural HTH motif found in TagF, a structurally-determined protein that has a similar
GT-B fold with YpfP, was fused also at the N-terminus. This motif may function as an
interface for higher order oligomeric assembly and also serve as a nucleation site for
crystallization. Although the relatively small size of the HTH motif should not cover the
hydrophobic patch, the spatial arrangement of the GT-B fold may enhance the relative
exposure of the more hydrophilic C domain, allowing it to form the crystal contacts, while
the more hydrophobic N domain is sequestered in the middle by the surrounding HTH motif.

Regardless, this design indeed led to the successful crystallization of the HTHTagF-BsY pfP-

63



His6. Even more, the similar crystallization conditions of TagF and HTHTagr-BsY pfP-His6
confirmed that the HTH motif played a very important role in crystallization and reduced
the need for extensive screening. This clearly confirmed the idea that a good crystallization
module should impart its crystallization ability to its target protein, and therefore the
crystallization condition of the fusion protein can be derived and optimized from the
crystallization condition of the fusion module. Unfortunately, the current crystals were very
fragile and diffracted poorly, suggesting that the fusion module alone could not provide
enough crystal contacts to create high quality crystals. Thus, optimizing the crystal contacts
from the target protein and the crystallization aid is still the challenge in the quest to obtain

crystals of high quality for successful structural determinations.
2.5 Conclusions

Two novel approaches were applied in the biochemical and biophysical studies of
the membrane peripheral protein BsYpfP. One was to make the DAG containing giant
liposome for the successful determination of BsYpfP in vitro activity. The simplified lipid
hydration and liposome forming process renders this approach very attractive for
development into a more general assay for enzymes involved lipid metabolism by providing
the membrane-like environments. The other one is to use a fusion protein for the successful
carystllization of BsYpfP. The selection criteria of this fusion protein from known structure
are: (1) stable crystal contacts to maintain high order of interactions under crystallizing
conditions; (2) minimum sterical clashes between the fusion and target proteins; (3)
minimum sterical clashes between the target proteins due to the geometrical arrangement of
the fusion protein. It is reasonable to suggest that based on these criteria, a targeted search

within the structure database will yield many more fusion motifs or proteins suitable for a
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specific protein, such as TagF for YpfP used in this study. They may greatly enrich the tool
sets available to crystallographers to tackle many more challenging proteins (i.e., weak self

interacting proteins) such as membranes associated proteins.
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CHAPTER 3

STRUCTURAL STUDIES ON ADHESINS FROM ENTEROHEMORRHAGIC

ESCHERICHIA COLI (EHEC) O157:H7

3.1 Background and introduction

3.1.1 Pathogenesis of E. coli

3.1.1.1 Pathogenic E. coli

The bacterium Escherichia coli is one of the most common bacteria found in the
normal intestinal microflora of warm-blooded animals. Typically, it colonizes the
gastrointestinal tract of human infants within 40 h after birth and coexists with other
commensal microbes in its host within the mucous layer of the mammalian colon for
decades. E. coli is also the workhorse model organism for molecular biology that has been
extensively investigated and developed as the host of various cloning and expression
vectors. However, several E. coli strains are highly pathogenic and can cause severe human

disease.

Pathogenic E. coli strains have acquired specific virulence factors that allow them to
infect host organisms and cause a broad spectrum of diseases. In many cases, novel
combinations of virulence factors, arising through horizontal gene transfer, enable pathogenic
E. coli strains not only to survive the selective pressures in their habitat, but also to become
specific “pathotypes” of E. coli that are capable of causing disease in healthy individuals.
There are three types of E. coli infections in humans: urinary tract infections (UTI), neonatal
meningitis, and intestinal diseases (gastroenteritis). The diseases caused by a particular strain

of E. coli depend on the distribution and expression of an array of virulence determinants,
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including adhesins, invasins, toxins, and abilities to withstand host defenses. Among
intestinal pathogens, there are six categories : enteropathogenic E. coli (EPEC),
enterohaemorrhagic E. coli (EHEC), enterotoxigenic E. coli (ETEC), enteroaggregative E.
coli (EAEC), enteroinvasive E. coli (EIEC) and diffusely adherent E. coli (DAEC) [1]. The
various pathotypes of E. coli can also be grouped into serotypes based on shared O
(lipopolysaccharide), H (flagellar) and K (capsular) antigens. Historically, serotyping is
important in distinguishing the small number of E. coli strains that cause disease and over

700 serotypes of pathogenic E. coli strains have been recognized so far.

3.1.1.2 Pathogenic E. coli serotype O157:H7

The enterohemorrhagic E. coli (EHEC) serotype O157:H7 first came into play as a
pathogen in 1982 in a multi-state outbreak of unusual gastrointestinal illness caused by
contaminated hamburgers and was subsequently isolated in 1983 [2]. Since then, it has been
implicated in many outbreaks of food-borne illnesses, including acute diarrhea, hemorrhagic
colitis, and hemolytic uremic syndrome, which may lead to kidney failure [3]. E. coli
0157:H7 remains a worldwide threat to public health; in the United States, it is estimated that
close to 75,000 cases of E. coli O157:H7 infections occur every year [4]. The severity of
disease, the lack of effective treatment, and the potential for large-scale outbreaks have
propelled intensive research on the pathogenesis of E. coli O157:H7, especially the
mechanism of the infection in a hope that a comprehensive understanding of the infection

pathway may lead to new developments of vaccines and treatments.

E. coli O157:H7 is notorious for its ability to cause serious food poisoning in humans
and its extremely low dose required for infection [5]. As a result, E. coli O157:H7 has been

characterized in detail in terms of pathogenesis, clinical diagnosis and detection [3]. The
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toxins that are responsible for the illness are believed to be the shiga-like toxins (Stx), which
is also known as verocytotoxin. It is named after the Shiga toxin originally produced by
Shigella dysenteriae and there is evidence suggesting that E. coli O157:H7 obtained its
pathogenesis from Shigella in a horizontal gene spreading event caused by bacteriophage [6].
Stx consists of five identical B subunits that are responsible for binding the holotoxin to the
glycolipid globotriaosylceramide on the target cell surface, and a single A subunit that
cleaves ribosomal RNA to cease the host cell protein synthesis [7]. In human, Stx is produced
by E. coli O157:H7 attached to the colon epithelium. Stx then travels through the
bloodstream to the kidney, where it damages the renal endothelial cells and causes
microvasculture occlusions through a combination of direct toxicity and induction of local
cytokine and chemokine production that eventually results in renal inflammation [8]. The
damage can lead to hemolytic uremia syndrome, which is characterized by hemolytic anemia,
thrombocytopenia, and potentially fatal acute kidney failure. Several other potential
adherence factors have also been identified in O157:H7, but the significance of these factors

in human disease has not been determined.

3.1.1.3 Targeting secretion systems for vaccine development

Similar to other mucosal pathogens, pathogenic E. coli strains use a multi-step
scheme to colonize a mucosal site, evade host defenses, multiply, and damage host cells
during infection [5]. Secretion systems of E. coli play critical roles during these processes as
suggested by the significantly higher percentage of the genome encoding secretion related
proteins in pathogenic E. coli [9] compared to the model E. coli K-12 strain. First of all,
pathogenic E. coli strains need to express specific adherence factors, such as fimbriae or

fibrillae, to allow them to colonize sites where commensal E. coli cannot. These virulence
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proteins and adhesins are usually synthesized inside the bacteria and secreted by different
types of secretion systems onto the bacterial cell surface, which then allows their attachment
to the host cell surface [10-12]. In addition, the actual toxins and effector proteins that affect
the host cell viability are also synthesized by the pathogenic E. coli and get secreted into the
host cell through some of the same secretion systems [13-15]. The Type IV secretion
system has been found to transport plasmids carrying virulence factor genes between E. coli
strains and other pathogens that may facilitate the evolution of pathogenic E. coli. Therefore,
targeting virulence proteins, adhesins, and their cognate secretion systems of pathogenic E.
coli is a promising path for developing new vaccines against the severe disease caused by

pathogenic E. coli.

3.1.2 Secretion systems in Gram negative-bacteria

Secretion in bacteria refers to the processes by which bacteria use to transport large
substrate molecules, such as enzymes or toxins, across the cell membrane and envelope. It is
an important aspect of bacterial physiology in the adaptation and survival to their natural
environment. Moreover, it is an indispensible mechanism for bacterial pathogens to insert
harmful toxins, adhesins, degradative enzymes, and other translocated effectors during the

infection of a host organism.

Gram-negative bacteria have evolved a remarkable number of secretion pathways that
are typically composed of multiprotein complexes forming nano-machines to facilitate the
secretion process. So far, six secretion systems have been identified and characterized in
Gram-negative bacterial pathogens [16]. A number of groups are working on these exquisite
nano-machineries and published excellent reviews of the details of each individual system

[17-24]. Here, | will briefly review the architecture and comparison of these secretion
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systems in Gram-negative bacteria (Figure 3.1). Generally, these secretion systems utilize one
of the two secretion mechanisms: the one-step mechanism or the two-step mechanism. Type |
(T1SS), 11 (T3SS), IV (T4SS) and VI (T6SS) secretion systems use the one-step mechanism
whereby substrates are translocated directly from the bacterial cytoplasm to the extracellular
medium or into the target cell. Therefore, they are usually composed of secretion machinery
that can span both the inner and outer bacterial membranes. In contrast, the Type Il (T2SS)
and V (T5SS) secretion systems, as well as pili assembled by the Chaperone-Usher pathway
(CU) (not shown in Figure 3.1), contain protein machinery that can only transverse the outer
membrane and use a two-step mechanism whereby substrates are first translocated across the
bacterial inner membrane into the periplasm and then subsequently targeted to one of the

secretion systems for release into the outside.
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Figure 3.1 Cartoon representations of bacterial secretion systems
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T1SS (purple in Figure 3.1) is well conserved among all the three kingdoms; the
bacterial system is similar to the ABC transporter found in eukaryotes and composed of only
three proteins: the ABC protein, the membrane fusion protein (MFP), and the outer
membrane protein (OMP). However despite this simple design, T1SS secretes proteins from
10 kDa to almost 1000 kDa through both inner and outer membrane in a single step without
stable periplasmic intermediates. T2SS (red in Figure 3.1) usually consists of 12-16 protein
components, but only two of them are effectively located in the OM. Despite the fact that it
transverses both the inner and outer membranes, T2SS is a two-step secretion system.
Proteins assigned to T2SS need to be translocated by either the Tat translocon, which only
transports folded proteins, or the Sec complex, which allows unfolded proteins through the
inner membrane into the periplasmic space. Once in the periplasmic space, the effector

protein is recognized and transported across the outer membrane by the T2SS.

T3SS (blue in Figure 3.1), also known as the injectisome for its ability of injecting
effector protein directly into the host cell in a single step, has been subjected to extensive
investigation because the effector proteins injected through T3SS frequently alter the basic
cell function of the host cell. The basal structure of T3SS (light blue) is well conserved and
composed of at least 20 proteins that transverse the inner and outer bacterial membranes as
well as the membrane of host cell. A family of customized cytoplasmic chaperones is
required to deliver a specific effector to T3SS and several accessory proteins, including the
ATPase, will facilitate the transport of different effector proteins. In the last step, the external

needle will inject the effector protein through the host cytoplasmic membrane.

T4SS (orange in Figure 3.1) is widely distributed in both Gram-negative and Gram-

positive bacteria and fulfils a wide variety of functions. It not only injects effector proteins
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into the host cell, but has also been found to mediate the DNA/plasmid transport among
bacteria and between bacteria and host cells. T4SS usually consists of 12 components that
span the inner and outer bacterial membranes. Similar to T3SS, T4SS also has an
extracellular pilus composed of one major subunit and one minor subunit that is responsible
for injecting effector proteins or genetic materials into the target cell. T4SS is also powered
by ATP hydrolysis and three protein components on the cytoplasmic side have been found to

have ATPase activity.

The newly discovered T6SS [25] (pink in Figure 3.1) also contains a needle-like
structure to inject the effector proteins into a host cell, except that this long needle is attached
at its base in the inner membrane and extends all the way into the host cell through two layers
of membranes. Not much is known about the T6SS, but about 15-20 proteins have been
suggested to be in the complex. Several new genetic and structural evidences [26, 27] also

suggest that the T6SS resembles an upside-down bacteriophage tail complex.

Finally, T5SS (yellow in Figure 3.1) is the simplest and most predominant among the
secretion systems described. It is also very unique in terms that (1) it is composed of a single
protein located in the outer membrane and (2) it does not need ATP hydrolysis to provide the
power for the translocation. More interestingly, the effector is a part of the transporter and the

whole protein is translocated across the inner membrane by the Sec complex.

As mentioned above, all the secretion systems are related, to some extent, to bacterial
pathogenesis, toxicity and virulence factor spreading. Intensive investigation has been
focused on these secretion systems in order to understand the fundamental mechanism of
bacterial-host interaction during the infection process. Since there is demand for new

antibiotics for treating bacterial infections, research on the secretion systems will provide
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potential targets for discovery and design of novel antibiotics. Structural studies of protein
components and targets of the secretion systems offer the possibility to understand the
molecular mechanisms in detail and will provide a rational framework for the design of
drugs that can block these machineries to attenuate the infections caused by pathogenic
bacteria that use these secretion systems as virulence factors. As the simplest system and the
most widely used by a broad range of bacteria, T5SS seems to be a very promising target
for research into vaccine development.
3.1.3 Type V secretion system of Gram-negative bacteria

The T5SS, also known as the autotransporter (AT) system, is the simplest and most
widespread among all the secretion systems in Gram-negative bacteria. More than 700
proteins are identified to be transported to the bacterial cell surface through this secretion
system. The canonical (or Type V,;) AT consists of a single protein acting both as the
"translocator" at the C-terminal and the passenger domain at the N-terminal. Two additional
subgroups of the T5SS have been subsequently identified and characterized, namely the
two-partner system (TPS, type Vp) and the oligomeic coiled-coil adhesin system (Oca, type
V). Depending on the function of the specific effector protein, the secreted proteins will
either remain intact or be cleaved from their OM anchors after being transported.
Nonetheless, they all have been predicted to protrude about 10 ~ 15 nm from the bacterial
cell surface [28]. The passenger domains have been implicated in several different aspects
of bacterial virulence, such as proteolytic activity, bacterial motility, adhesion,
hemagglutination, serum resistance, cytotoxicity, and biofilm formation [29].
3.1.3.1 Major types of autotransporters in E. coli

ATs are found in all E. coli strains. A recent bioinformatic survey of twenty-eight

selected E. coli genome sequences revealed a total of 215 AT-encoding sequences [30].
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Partly because there were only a few pairs of TPSs indentified in E. coli, Wells et al. [30]
grouped the 215 AT proteins into three broad subfamilies: (1) the trimeric AT adhesins
(TAA), (2) serine protease ATs of the Enterobacteriaceae (SPATES), and (3) the AIDA-I
type ATs. Some distinct features of each subfamily are recapitulated in the simplified carton
below. More detailed descriptions can be found in papers [30, 31]. As is indicated by the
name, the SPATE subfamily AT has a distinct peptidase-S6 domain that possesses a serine
protease activity at the N-terminal passenger domain. Both SPATE and AIDA-I subfamily
ATs have pertactin domains that can be cleaved after the transport is completed. On the
contrary, the YadA (Yersinia adhesin) TAA subfamily does not have the pertactin domain
and the passenger domain remains attached to the C-terminal translocator after being
translocated. The YadA [32] and the Haemophilus influenzae adhesion protein Hia [33] are
two well characterized TAAs that demonstrate some of the general features that also hold for
the E. coli TAA. As the name indicates, members of this subfamily all behave as a trimer and
their major activity relates to the adhesion of the pathogen to the host cell [34]. Thus the
passenger domains are not cleaved after the transport is completed. A structural model has
also been proposed for TAA based on based on data from electron microscopy and amino
acid sequence analysis [35].
3.1.3.2 AIDA-I type AT and Eha proteins
The focus of this chapter is on the EHEC autotransporter (Eha) proteins, which belong
to the AIDA-I subfamily of the Type V4 ATs. Detailed analysis of the structure and
biogenesis of AT will be discussed in a later section with the canonical AT as the model.
AIDA stands for Adhensin Involved in Diffuse Adherence [36]. Members of the AIDA-I type
ATs are all involved in biofilm formation and host cell binding. EhaA, B, C, and D were

identified in the enterohemorrhagic E. coli O157:H7 EDL933 strain genome in 2008 and
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shown to be prevalent in E. coli O157:H7 and a selective lab collection of Shiga toxin-
producing E. coli (STEC) strains [31]. Besides the standard pertactin (green in Figure 3.2)
and AT domain (light blue in Figure 3.2) in all AIDA-I type ATs, EhaA, C, and D have a
unique proline-rich repeats (lavender in Figure 3.2) between the pertatin and AT domains.
Eha A has been shown to induce cell aggregation and increases adherence of E. coli K-12 to
primary bovine epithelial cells while Eha A, B, and D showed biofilm formation ability on
polystyrene surfaces [31]. In this chapter, | took the structural biology approach to analyze
the important structure features among these closely related proteins in hope that the structure
information will provide more details for understanding the pathogenesis of pathogenic E.

coli mediated through AT systems.
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Figure 3.2 Carton representation of SPATE, TAA, AIDA-I subfamily of AT in E. Coli.
EhaA, B, C, D proteins, which belong to AIDA-I are also shown in the picture. Domains are
color coded as follow: orange: signal sequence; light orange: peptidase-S6; green: pertactin;
lavender: proline-rich repeats; light blue: C-terminal B domain. Numbers above indicate
domain boundaries.
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3.1.4 The structure of V5 autotransporters

The canonical type V4 AT protein typically contains a cleavable signal sequence, an N-
terminal passenger domain and a C-terminal translocator or f domain. The signal sequence
on the N-terminus is used to target the protein to the Sec complex [37] and initiates
translocation across the bacterial IM while the C-terminal -barrel structure can be inserted
into the OM and assist the transport of the passenger domain across the OM. The passenger
domains are the ones that possess the actual enzyme activity and are usually virulence factors,
adhesion proteins, and enzymes that may or may not be cleaved and released into the outside
medium or inserted into the host cell once they are transported [29]. The C-terminal -barrel
is embedded in the OM and functions as the anchor and translocator of the passenger domain.
However, the mechanism of how the passenger domain is transported across the OM remains

debatable and will be reviewed in section 3.1.5 in detail.

While sequence alignments of type V5 ATs suggested remarkable variability of the

passenger domain, several recently resolved structures [38-40] revealed some common
structural features of the N-terminal passenger domains (Figure 3.3). The available evidence
indicates that the structure of the passenger domains contain a repeating B-helix motif
(yellow) shown in Figure 3.3, that produce a quite elongated structure. Comprehensive
sequence analysis and available structures suggested that in most canonical autotransporters,
the passenger domain is likely to contain substantial B-helical structure. Given that the -
helical structure is pretty uncommon among protein structures, the prevalence of this
structure in the AT family suggests a certain important role of this structure in the function
of ATs. In general, the canonical autotransporters seem to use the B-helix as the scaffold for

the passenger domain, upon which various loops and domains are appended (Figure 3.3)
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that mediate function in each unique passenger domain. Many TAAs also share similar
overall architectures with the type V, ATs. For example, in the trimeric autotransporter
YadA structure, the passenger domain forms a B-roll that is composed of three long B-sheets
[34]. This also reiterates the importance of the basic B-helix fold in the overall structure of

the ATs.

Unlike the highly diverse passenger domains, the C-terminal translocators are very
similar in size and overall structure, which are composed of the B barrel porin domains that
transverse the bacterial OM. Instead of forming a hollow channel like most of the porin
proteins, the C-terminal B barrel of autotransporters usually contains one or more helices
inside the channel (magenta «a helix in Figure 3.3), which is the extension of the passenger
domain and links the two domains together. In cases where the passenger domains will be
cleaved and released, the cleavage site is usually presented in this linker region.

3.1.5 The structural implications of autotransporter biogenesis

ATs are synthesized in the cytosol and translocated across the IM via the Sec
pathway; the most ATs have a 20-30 amino acid peptide signal that is typical for Sec-
dependent proteins [41-43]. After being translocated into the periplasmic space, the B-
domain is inserted into the OM and the passenger domain is translocated across the OM.
However, the mechanism of the insertion and translocation remain debatable. Until now,
three hypotheses have been proposed (shown in Figure 3.4), although none of them

completely fit all of the experimental data.
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Figure 3.3 A cartoon representation of a classical type V, autotransporter structure.
The structures of the passenger and B domains are taken from E. coli Hbp fragment
structures PDB 1WXR and PDB 3AEH, respectively. Structure of the full length protein
SPATE AT is speculative and is not to scale.
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Figure 3.4 Proposed mechanisms of biogenesis of AT. (A): hairpin model; (B): Omp85
model; (C): multimer model. The B-domain is colored in blue and the passenger domain is
colored in orange. The Omp85 complex is represented by a pink barrel.
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The hairpin model (Figure 3.4A) was first proposed based on the observation that N-
terminally truncated passenger domains, as well as passenger domain chimeras, can be
effectively translocated across the OM. Therefore, the passenger domain is not threaded
through the channel formed by the B-domain from the N-terminus. Alternatively, the hairpin
model proposed that the C terminus of the passenger domain initiates the translocation by
forming a hairpin structure inside the B domain and this hairpin is maintained during the
translocation process while proximal segments of the polypeptide are threaded through the
pore in a linear fashion. Available structural information also supported this model in that the
diameter of the B-domain of NalP is only wide enough to accompany two polypeptide strands,
if they were in a completely extended conformation [44], while the B-domain of TAA Hia can
accommodate three hairpins composed of two extended polypeptide chains [45]. However a
recent molecular dynamic simulation showed that the pore of NalP would never be wide
enough to accommodate a polypeptide chain that contains any tertiary structure [46] ,
meaning that the passenger domain will have to fold outside the cell completely and the a-
helical conformation of the small segment observed inside the B-domain and the hydrogen
bonding network between the a-helix and the interior of the B barrel would have to form after
the translocation is completed. Also, the diameter measured on the structure of Hia [45]
suggested a very tight fit for the three potential hairpins inside the p-domain, which would

probably make any movement during the translocation process sterically difficult.

The Omp85 model (Figure 3.4B) proposed that the passenger domain is translocated
by an external translocase, potentially the Omp85 protein, instead of the p-domain of itself.
Omp85 protein was suggested to be a candidate because it plays an essential but poorly

understood role during the insertion of B-barrel proteins, such as the p-domain of ATs [47,
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48]. Therefore, in this model, both the passenger domain and the f-domain are translocated
and inserted by Omp85 in an at least partially folded state. The B-domain is still essential for
targeting the passenger domain to the OM and probably during the initiation of the
translocation, but does not play actual catalytic role during the translocation. This model
accounts for the observations that the f-domain seems to be pre-folded in the periplasm [49]
and small, folded polypeptide segments can be secreted apparently intact [50]. It can also
explain the small diameter of the pore formed by the p-domain and avoids the problem of the
hydrogen bonding in the hairpin model because the whole structure of the autotransporter is
folded simultaneously with the help of the Omp85 complex. However, the Omp85 model
does not explain the necessity of the a-helical segment inside the B-domain, if it is not the

initiation point of the translocation of the passenger domain.

An alternative multimer model for AT translocation was proposed based on the study
of the IgA protease [51]. In this model (Figure 3.4C), a channel wide enough to accommodate
a folded (or partially folded) polypeptide chain is formed by an oligomer assembly of ATs,
which facilitates the transport of several passenger domains. However, this model was
proposed solely based on the observation that the C-terminus of IgA protease purifies as a
large oligomeric complex that forms striking ring structures [51]. In another words, this
model may be an exception that does not represent the majority of the ATs, even if it is
correct. On the other hand, it is unclear whether the multimer is formed before or after the
transport of the passenger domain. In the latter case, the oligomerization may play an entirely
different role in the function of the IgA protease. Another fundamental flaw of this multimer
model lies in the intrinsic structural property of the B-barrel protein. The B-barrel structure

forms an aqueous channel in the lipid membrane by placing the hydrophobic residues outside
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the channel to interact with the hydrophobic lipid environment while keeping the inside
hydrophilic with hydrophilic residues lining the interior of the channel. However, in the
multimer model, the presumed aqueous channel required for translocation would require that
the B-barrel domains of the multimer to "unzip™ to create this macro-pore. After translocation
of the passenger domains, the B-barrel domains would then have to zip up again to enclose
the a-helical linker. Unless further experiments can prove it in detail, this hypothesis is the

least supported by the evidence.

Besides the mystery of the mechanism for passenger domain transport, another
important aspect of the type V secretion system remains enigmatic -- the driving force of the
translocation. Unlike other secretion systems that utilize the energy released by ATP
hydrolysis, type V ATs do not utilize any ATPase activity; the periplasmic space is also
devoid of ATP. Moreover, the OM is devoid of electrochemical gradient that can be used as
an energy source because OM porins permit free diffusion of small ions, which renders the
OM leaky. One possibility is that the electrochemical potential maintained by the IM is
somehow coupled and harvested by the ATs located in the OM. However, unlike other
secretion systems that have a structure which transverses and couples both membranes, no

evidence has been found the support this hypothesis in the type V secretion system.

3.1.6 Research aims on Eha proteins

The main aim of the study in this chapter is to further characterize a sub family of
AIDA-I type ATs by using structural, biochemical and biophysical techniques and to gain
insight into the mechanism of protein translocation across the outer membrane. The foci of
this chapter are: (1) cloning, expressing, and purifying the Eha adhesins, as full-length

proteins, as domain fragments, and as chimeras in an effort to characterize their structure-

92



function relationships; (2) Efforts were made to crystallize the different Eha protein
constructs, and crystals were obtained; (3) The structure of EhaB translocation domain was

determined and its biophysical behavior was characterized.

3.2 Experimental procedures
3.2.1 Materials

Restriction enzymes and T4 ligase were purchased from New England Biolabs. The
pET-28b and pET-22b vectors were purchased from Novagen. Detergents Zwittergent 3-14
and 3-12 were purchased from Anatrace. Crystal Screen | & Il were purchased from
Hampton Research. Cryo Screen | & Il were purchased from Emerald Biosystems.
MemGold and Memsys & Memstart were purchased from Molecular Dimensions.
3.2.2 Expression and purification of Eha proteins

The full-length coding sequences of ehaA, ehaB, and ehaD were cloned from E. coli
0157:H7 EDL933 genomic DNA from the STEC Center (courtesy of Dr. Linda Mansfield,
MRU/STEC Principal Investigator). The gene fragment ehaB_c (translocation domain, 678-
980) was cloned into pET-28b vector between restriction sites Ncol and Xhol. An
additional EhaB_c construct was created: pPRMG_EhaB_c_His6 containing the native signal
sequence (1-27), the ehaB_c translocation domain (678-980), and the introduction of two
intervening restriction sites Ndel and Spel. A final ehaB expression construct was created in
pET-28b containing the native signal sequence (1-27), the ehaB passenger domain (57-573),
the ehaB pertactin domain (574-677), and the ehaB_c translocation domain (678-980). This
modified full length version of ehaB, designated as pRMG_EhaB_fl_His6, differed from
the native coding sequence by the introduction of unique restrictions sites between all the

putative structural domains. For ehaA and ehaD, plasmids designated pPRMG_EhaA ¢ His6,
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pRMG_EhaA _fl_His6, and pRMG_EhaD_c_His6, were constructed in a similar way,
except utilizing the Ncol or Ndel sites on the 3'-end and Xhol at the 5'-end and ligated into
a modified pET22b vector. Also, construct pPRMG_EhaA_fl_His6 included the passenger

and translocation domains to express an intact type V, autotransporter.

The expression of the Eha translocation domains from ehaA, ehaB, and ehaD were
done by transforming the appropriate plasmid into E. coli BL21 (DE3) strain. A single
colony selected from an LB plate containing 100 pg/mL of ampicillin was scaled up into 1
L of liquid LB media culture and grew at 37 °C until the ODggg reached 1.0. Protein
expression was induced with 0.5 mM IPTG and the cells were grown at 37 °C for 4~6 h
before harvesting. The cell pellets were re-suspended and broken by sonication. In all three

cases, the Eha translocation domain proteins were enriched in the inclusion body fraction.

The Eha translocation domains were purified and refolded from inclusion bodies by
using a procedure developed from methods described by Buchanan et al. [52] and Gellman
and colleagues [53]. The inclusion body fraction was washed twice in 20 mM Tris-HCI, 100
mM NaCl, 1 mM B-EtSH (pH 8.0) with 0.1% deoxycholate added and centrifuged. The
washed inclusion bodies were then denatured and solubilized in freshly-made 20 mM Tris-
HCI, 100 mM NacCl, 8 M urea, 1| mM B-EtSH (pH 8.0). The denatured protein solution was
subjected to sonication and centrifugation at 16,000 x g for 20 min at 4 °C. The supernatant
was mixed with an equal volume of 10% detergent zwittergent 3-14 (Z3-14) solution and
refolded by a drop wise dilution method in the presence of 0.05 % detergent Zwittergent 3-
14 in buffer A (50 mM Tris-HCI pH 8.0, 100 mM NaCl, 2 mM EDTA, 5 mM CaCl»).
Refolded Eha translocation domains were then partially purified by Q Sepherose® fast flow

anion exchange chromatography and eluted by a salt gradient up to 1 M NaCl. The eluted
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fractions were pooled and subsequently loaded onto a gravity flow Ni-NTA (Qiagen)
chelation affinity column pre-equilibrated with buffer B (30 mM Tris-HCI pH 8.0, 200 mM
NaCl, 0.02 % Z3-14). The Eha translocation domains were eluted with buffer B
supplemented with 150 mM imidazole. The eluted protein was subjected to either gel
filtration chromatography (Superose 6) or a second anion exchange chromatography before

being concentrated to 10 mg/ml with a 50 kDa MWCO concentrator (Millipore).

The pRMG_EhaB_fl_His6 was transformed into E. coli BL21 (DE3) strain. E. coli
were grown at 37 °C with shaking at 200 rpm until ODggg reached 1.0. Expression of
recombinant EhaB full lengh protein was induced by adding 0.1 mM IPTG to the cell culture
and the cultures were grew at 20 °C for an additional 16 h. Cells were harvested by
centrifugation and stored at —70 °C. The cell pellet was thawed and re-suspended in buffer C
(30 mM Tris-HCI pH 8.0, 300 mM NaCl, 10 mM B-EtSH, 0.1 mM EDTA); the cells were
broken by two passes though Emulsiflex -C3 at 20,000 psi. Cell debris was discarded after
centrifugation at 12,000 x g for 20 min at 4 °C, and the supernatant with the cell membranes
were centrifuged at 170,000 x g for 1 h at 4 °C. The membrane pellet was re-suspended in
buffer A and homogenized before the BCA protein assay. The detergent -decyl maltoside
(C1o0M) was added to 1 % (w/v) to a protein concentration of 10 mg/mL. The solution was
mixed and incubated for 20 min at 4 °C and any insoluble material was discarded after the
second round of ultracentrifugation at 170,000 x g for 1 h at 4 °C. The supernatant containing
EhaB-detergent complexes was immediately loaded onto a pre-equilibrated gravity flow
column containing 15 mL Ni-NTA agarose slurry. The column was washed extensively with
buffer D (30 mM Tris-HCI pH 8.0, 300 mM NaCl, 25 mM imidazole, 0.17 % C1gM) to

remove any non-specific binding proteins until the OD2gonm reading was below 0.08. Full

95



length EhaB was eluted with Buffer E (30 mM Tris-HCI pH 8.0, 100 mM NaCl, 200 mM
imidazole, 0.17% Cq1gM). The elution was then subjected to Hi-Trap Q anion exchange
chromatography (column volume: 1mL) to further purify the target protein. The enriched
fractions of EhaB full length protein were pooled and concentrated to 8 mg/mL by a 100 KDa
MWCO concentrator (Millipore). The purity of the final protein solution was assessed by
SDS-PAGE analysis. The EhaA full length protein was similarly purified as the EhaB full

length protein except that Z3-12 was used instead of C1gM.

3.2.3 Crystallization and cyroprotection of Eha proteins

Crystallization was done by vapor diffusion using the sitting drop technique. In order
to find initial crystallization conditions, several commercially available screens were used
according to a standard sparse matrix method, including Crystal Screen | & Il, Cryo Screen |
& 1, MemGold, and Memsys & Memstart. Preliminary screenings were set up by using a
Gryph0n® crystallization robot (ArtRobins) to mix the protein solution with the screening
solution in three different volume ratios (e.g. 200 nL : 200 nL, 450 nL: 150 nL, 150 nL : 450
nL). Optimization of the initial hits was carried out around the original condition by varying
precipitant concentrations, the buffer pH and types of additives. Once promising
crystallization conditions were identified, the larger microliter scale experiments were set up
manually to produce crystals of better quality. For most crystallization experiments, the

crystallization trays were incubated at 20 °C.

All the crystals obtained were treated before all diffraction experiments by the addition
of cryoprotectants to the mother liquor. The final cryoprotectant concentrations varied

depending on the compound used: ~32 % (v/v) for methylpentanediol (MPD), ~18 % (v/v)
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for ethylene glycol, or ~2.5 M sodium malonate. Crystals were then flash-frozen by rapidly

dunking into liquid nitrogen before data collection.

3.2.4 X-ray diffraction data collection and structure determination

The resulting crystals from the purified adhesins were characterized by X-ray
diffraction collected at 100 K at LS-CAT 21-1D-G and 21-ID-F beamlines at the Advanced
Photon Source, Argonne National Laboratory. When possible, complete sets of X-ray data
images were processed and scaled with HKL2000 [54] and analyzed with Xtriage from the
Phenix [55] program suite (version 1.6.2). For EhaA _c, EhaB_c, and EhaD_c, initial
molecular replacement trials was done by using NalP (PDB 1UYN) or EspP (PDB 2QOM) as
staring models in Phaser [56]. For EhaB_c, one solution, derived from EspP, gave reasonable
initial R-factor and R-free values in Phaser. Inspection of the initial 2F,-F; electron density
maps revealed continuous density for the a-helical linker that was not part of the phasing
model. After several iterative rounds of model building and refinement with Phenix, the
EhaB-c structure from residues 682-980 (with only 3 missing extracellular loops) was
resolved at 2.2 A resolution. Coot was used for manual model building [57] with iterative
refinement cycles performed in Phenix Refine. The TLS refinement picking was performed

in Phenix. The structure quality was assessed with Molprobity [58].

3.2.5 Planar bilayer lipid membrane (BLM) assay for ion channel activity

The ion channel activity of the EhaB_c was measured using the BLM technique [59].
Diphytanoylphosphatidylcholine (DPhPC) (20 mg/mL) was dissolved in hexane, and small
aliquots were introduced on a 1 mm aperture in the thin Teflon vial separating two

compartments containing 1 M KCI in 20 mM HEPES, pH 7.4. Ag-AgCl electrodes were
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used to provide electrical contact between the buffer and the operational amplifier (Axopatch
1D amplifier, Axon instrument). In the absence of the protein, the conductance of the lipid
membrane was 1-3 pS. The membrane protein to be examined and/or chemicals were added
into either compartment under constant stirring. Experiments were carried out at 22-24 °C.
Purified and concentrated EhaB_c was first incorporated into C12E4 micelles by simple
mixing and incubation at 4 °C for 48 h and then painted into planar BLM by placing a glass
micropipette in contact with the membranes. Single or several channels of the same types can

be isolated for channel activity recording.

3.2.6 Multiple sequence alignment of p domain of Eha proteins

The sequences of the B-domain of EhaA, B, C, and D are aligned with NalP, Hbp
(N1100D), and EspP with T-Coffee [60]. Figure 3.6 shows the result of the alignment with
light blue representing the secondary structure of NalP, light green representing the
secondary structure of Hbp, orange representing the secondary structure of EspP on top of
the sequences and the lavender representing the secondary structure of EhaB at the bottom

of the sequences. The figure was prepared using the program ALINE [61].
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z3948IEhaD beta . VNND@N . FVNDL. ... ... ... ... .
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Q8SGK5ITUYN X GSKQYGNHBGR 1084
08809313AEH A FGKYNTDDANN 377
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204021EhaA beta ADRGYNDTSAM 1349
23487IEhaC _beta GSDDFAQTAGF 1250
23948EhaD beta GAGVESPWNEY 1528
20469EhaB beta GGDVD N 980

Figure 3.5 Multiple sequence alignment of § domain of Eha proteins. Shown in the
alignment are Q8SGK5_1UYN_X (NalP), 088093 3AEH_A (Hbp (N1100D)),
QtBSW5_2Q0OM_B (EspP), z0402_EhaA-beta (EhaA), 2z3487_EhaC-beta (EhaC),
23948 EhaD-beta (EhaD), z0469 EhaB-beta (EhaB). Darkness of the red color represents
the conservation of the residues.
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3.3 Results and Discussion

3.3.1 Purification of Eha full length autotransporter proteins and translocation

domains

The expression of Eha full length proteins at 20 °C gave rise to a higher percentage
of protein in the membrane fraction. Both EhaA_fl and EhaB_fl have been obtained in high
purity by using Z3-12 and C1gM detergents, respectively. The SDS-PAGE analysis showed
the EhaA_fl protein has a MW of 140 kDa (Figure 3.6A) and the EhaB_fl has a MW of 110
kDa (Figure 3.6C). An additional step of purification (i.e., anion exchange chromatography)
was very useful to remove many contaminant or potential interacting proteins (Figure 3.7).

The final protein yield per liter cell culture was 1 mg for EhaB and 2 mg for EhaA.

Three translocation domain fragments, EhaA ¢, EhaB _c, and EhaD c, were all
purified from the inclusion bodies after denaturation and detergent-assisted refolding
procedures [52, 53, 62], which has been successfully used to refold and purify many outer
membrane porins. To increase the monodispersity of the refolded proteins, gel filtration
studies were carried out to eliminate any misfolded aggregates. Figure 3.6B showed that the
peak fraction of EhaA c eluted from a Superose 6 gel filtration column. An unknown
protein band with a MW of 49 kDa was present in both EhaA ¢ and EhaD_c protein
solutions. An additional step of anion exchange chromatography was also useful for Eha
translocation domain proteins (data not shown). Interestingly, the refolded B-barrel domain
is very stable. The Figure showed no pronounced degradation of EhaA_c, EhaB_c, and

EhaD_c after half a year of storage at 4 °C (Figure 3.6D).
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3.3.2 Crystallization of EhaA and EhaB full length proteins

In order to elucidate the structural basis of the adhesion and the biogenesis of the
autotransporters, crystallization of the EhaA_fl protein was attempted. Small crystals of
EhaA fl were grown by mixing 3 pL of purified EhaA fl protein (7~8 mg/mL) with 1 puL of
the following well solution: 0.2 M NaAc, 25.5% PEG 4000, 0.1 M Tris-HCI pH 8.5.
Crystals of the bi-pyramidal shape with size of 15 x 15 x 15 pm appeared after 4 weeks of
incubation. Unfortunately, these small crystals not only took a month to grow, but also only
diffracted to a resolution of 10 A at best. Indexing the diffraction data with HKL2000

suggested a C2 space group.

The growth of EhaB_fl crystals remained elusive until recently. The protein was
purified through an additional step of the ion exchange chromatography. Small crystals of
cubic shape and bi-pyramidal shape appeared after several months of incubation in two very
similar conditions where PEG 200 was the major precipitant: (1) 30% (v/v) PEG 200, 0.2 M
(NH4)2HPO4, 0.1 M Tris-HCI pH 8.5; (2) 30% (v/v) PEG 200, 0.2 M (NH)2SO4, 0.1 M
CAPS pH 10.5. Cube-shape crystals have size of 30 x 30 x 30 um and bi-pyramidal shape
crystals with size of 15 x 15 x 15 pum. Unlike EhaA fl crystals, the EhaB_fl crystals were
birefringent in cross-polarized light and gave all indications that they are genuine EhaB_fl
protein crystals. However, more characterization of these crystals is needed, including their

X-ray diffraction behavior.
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Figure 3.6 SDS-PAGE analysis of purified Eha proteins. (A) Elution fractions of
EhaA_fl protein from Superose 6 gel filtration. Lanes 1-8, elution fractions 8-16. (B)
Elution fractions of of EhaA_c protein from Superose 6 gel filtration. Lanes 1-6, elution
fractions 13-18. (C) Elution fractions of EhaB_fl protein after Hi-Trap Q ion-exchange
chromatography. Lanes 1 & 2 fractions 2 & 3, lanes 3- 9, fractions 12, 15, 18, 21, 24, 27, 30,
(every third fractions from 10-30). (D) Eha proteins after storage at 4 °C for half a year.
Lanes 1-3 & 4-6, 5 puL and 2.5 pL, respectively, of EhaA ¢ (10 mg/mL), EhaB ¢ (8
mg/mL), and EhaD_c (13 mg/mL). All fractions are 1 mL/fraction. Lane M stands for the
protein molecular weight standards.
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Figure 3.7 Elution profile of ion-exchange chromatography of EhaB_fl. SDS-PAGE
analysis of the fractions is shown in Figure 3.6 C.
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3.3.3 Crystallization of Eha translocation domains

The crystallization of the refolded Eha B-domain proteins in detergent Z3-14 or Z3-12
proved to be quite straightforward. Initial screens revealed a variety of conditions where
crystals grew. The three major precipitants that best promoted crystal growth of Eha B-
domains are PEG 400, AS, and MPD. Interestingly the growth time of the crystals is
positively correlated to the diffraction power of the crystals. Crystals of the Eha -domain
proteins appeared overnight in the PEG 400 conditions, ~4 days for those grown in AS, and 2
~ 4 weeks for those grown in MPD. The best diffraction was observed in crystals grown in
the MPD conditions. Crystals of EhaA_c exhibiting excellent X-ray diffraction were grown
by mixing 2 pL of purified EhaA c¢ protein (10 mg/mL) with 2 pL. of one of the two
following well solutions: (1) 0.2 M magnesium acetate, MPD 30 % (v/v), 100 mM sodium
cacodylate pH 6.5; (2) 1.84 M AS, 5% (v/v) iso-propanol. Hexagonal plate shaped crystals
with a size of 30 x 30 x 10 um appeared in condition 1. The rod shape crystals could grow in
size up to 40 x 40 x 200 um in condition 2. Crystals of EhaB_c were grown by mixing 2 pL
purified EhaB ¢ protein (5~6 mg/mL) with 2 puL of the following well solution: MPD
23~28 % (v/v), PEG 8000 5% (w/v), and 100 mM HEPES at pH 6.99. Rod shaped crystals
with a size of 25 x 25 x 100 um appeared after 2 ~ 3 weeks of incubation. The best crystals of
EhaD ¢ were grown by mixing 2 pL of purified EhaD c¢ protein (13 mg/mL) with 2 pL of the
following well solution: 30% MPD, 0.05 M zinc acetate, and 0.1 M sodium cacodylate at pH
6.5. Hexagonal plate shaped crystals with a size of 30 x 30 x 10 um appeared after 4 weeks of
incubation. Representative crystal pictures are shown in Figure 3.9. One dataset at 2.0 A
resolution was collected for the EhaB_c protein at beamline 21-1D-G. Similarly datasets of

EhaA_c and EhaD_c were collected at resolutions of 2.35 A and 2.45 A, respectively. The
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structure was solved by molecular replacement by using the NalP 3 domain (PDB 1UYN) as

the search model. The data collection and refinement statistics are summarized in Table 3.1.
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Figure 3.8 Representative pictures of Eha protein crystals. (A): EhaB_fl crystals (grown
from 25.5% PEG 4000, pH 8.5). (B) EhaA_c crystals (grown from 1.86 M AS and 5%
isopropanol). (C) EhaB_fl crystals (grown from 30% PEG 200, pH 8.5). (D) EhaB _fl
crystals (grown from 30 % PEG 200, pH 10.5) (E&F) EhaB_c cystals (grown from 28%
MPD and 5% PEG 8000, pH 6.99). (G&H) EhaD_c crystals (grown from 30% MPD, pH
6.5).
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Table 3.1 Data collection, phasing and refinement statistics for Eha structures.

EhaB ¢ EhaA ¢ EhaD c
Data collection
Space group C2 P422 P321
Cell dimensions
a,bc (A) 127.1103.262.7 147.1147.11709 137.1137.151.6
a B v (°) 90.099.2 90.0 90.090.090.0 90.090.0 120.0
Resolution (A) 50-2.20 50.00-2.45 50.00-2.35
(2.28-2.20)" (2.49-2.45) (2.39-2.35)
Rsym 0.04(0.19) 0.11(0.47) 0.082(0.34)
I/ ol 21.7(4.5) 23.7(1.7) 24.4(4.3)
Completeness (%) 97.8(87.1) 99.7(95.0) 94.3(75.0)
Redundancy 4.1(3.5) 13.7(6.6) 10.2(7.3)
Refinement
Resolution (A) 24.03-2.20 - -
No. reflections 40343 - -
Rwork / Reree 0.222/0.252 - -
No. atoms: - -
Protein 4200 - -
Ligand/ion 234 - -
Water 49 - -
B-factors - -
Protein - - -
Ligand/ion - - -
Water - - -
r.m.s deviations
Bond lengths (A) 0.008 - -
Bond angles (°) 1.254 - -

1 Values in parentheses are for highest-resolution shell.
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3.3.4 The crystal structure of the EhaB translocation domain (EhaB g7g-9g0)

Crystals of the EhaB_c protein were obtained in space group C2, with two copies in
the asymmetric unit. The solution derived from EspP as the phasing model underwent
several iterative rounds of model building and refinement with the data in the resolution
range of 2.2 ~ 25 A. Although no NCS restraints were applied, the two copies of the protein
are essentially identical. The final refined structure has a high average B factor of 68, after
TLS restraints were applied. The overall structure of EhaB_c (Figure 3.9) comprises an o-
helix surrounded by a 12-stranded p-barrel structure with a hydrophobic thickness of 25.2 A.
An estimate of the average B-strand inclination to the outer membrane is 40 degrees,
assuming a 5 degree tilt according to Lomize and colleagues [63]. Structural alignment of
EhaB_c with the B-barrel structures of the NalP (PDB 1UYN) and the Hbp (PDB 3AEH)
showed RMSDs of 0.29 A and 0.15 A in spite of a very low sequence identity (<20%).
According to the standard nomenclature [64], the strand connections are named turn N at
the periplasmic end and loop N at the external end, where N=1, 2, 3,...,12. Loop 4 and loop
5 are disordered and missing from the ehaB_c model. This result is expected because the
missing passenger domain may interact with and stabilize the external loops of the B barrel
domain. For example, all the loops are clearly resolved in the only structure of a full length

AT EstA (PDB 3KVN), where the passenger domain stabilizes these external loops.
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Figure 3.9 Structure of EhaB_c. (A) Surface representation of the EhaB_c monomer viewed from the side. (B) Cartoon model viewed from
the side. The a-helix is colored in red, the P barrel is colored in dark cyan, and the turn 1 is colored in orange. (C) Surface representation and
viewed from side after 180° rotation. (A) and (C) Electrostatic surface potential calculated using Adaptive Poisson—Boltzmann Solver[65].
Positive potential is colored blue, and negative potential is colored red. Potentials are contoured from +20 kT/e to -20 kT/e. Two lines of dots
indicate the outer membrane boundary. The membrane thickness is 25.2 A. The red dots refer to the extracellular side and the blue ones to the
periplasmic side. The inclination of the P strand to the membrane boundary is labeled as angle a at 40°. The tilting of the B barrel to the axis

vertical to the membrane is labeled as angle 3 at 5°.
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EhaB belongs to the AIDA-I subfamily of the Type V4 ATs, and its passenger

domain is not cleaved after the translocation. The a-helix starts at residue 682 and
traverses most of the barrel lumen before exiting as a loop, which is then connected
to the first B-strand at the periplasmic end. The continuous a-helix of EhaB_c is
analogous to that of NalP f-domain, a member of non-SPATE-like serine protease
ATs, but quite different from the one observed in the Hbp p-domain, where a
conserved motif (EVNTNLNKRMGDLRD) is found to be the autocleavage site
between the long and short a-helices inside the B-domain. In both NalP and Hbp
proteins, the passenger domain can be released from the pathogen, an event not

expected to occur in EhaB [66].

Detailed analysis of the distribution of the aromatic residues (Phe, Trp, and
Tyr) from three AT B-domains is summarized in Table 3.2 and a side view of the -
domain with the aromatic residues highlighted in NalP, EhaB_c and Hbp is shown in
sticks Figure 3.10. One anomalous observation is the inverted distribution of the
aromatic residues inside versus outside of the barrel structure. Inside of the EhaB_c
barrel there are 10 aromatic residues within the B-barrel pore (i.e., in membrane, but
on the inner surface of the pore) and 4 on the extracellular surface, while NalP and
Hbp have less within the membrane (3 and 6, respectively) and more outside the
membrane (8 and 7, respectively). Although there is no satisfactory explanation for
this discrepancy at the moment, our data from molecular dynamic simulation of the
EhaB_c (Y. Zheng, M. Feig., and R. M. Garavito, unpublished data) indicate that the
a-helix alone may be prone to unfolding and can be “pushed out” of the barrel

structure into the periplasmic space. This was not observed in the similar study on
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NalP B-domain [44] and prompted us to further analyze the residue distribution
within the barrel. Our structure indeed shows significant differences in the aromatic
residue distribution, which suggests that the inverted distribution of the aromatic
residues may play a role in stabilizing or destabilizing the a-helix inside the barrel.
This may have some functional implications as well. Since EhaB has a non-
cleavable passenger domain that functions as an adhesin to laminin and collagen I,
an additional tug force may be required to enhance or stabilize adhesion, thus
preventing adhesin molecules from falling off the outer membrane. However, these

are only hypotheses that need to be tested by experiment.
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Table 3.2 Aromatic residue distributions in the EhaB, BalP and Hbp p domains

Number of aromatic Barrel inner surface
) outer
a-helix b
residues of the B barrel Within®  Above surface
EhaB 1 10 4 24
NalP 0 3 8 9
Hbp 3 6 7 18

a: refers to the part of B barrel predicted to be within the membrane thickness.

b: refers to the part of f barrel predicted to be above the membrane.
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NalP_c

Figure 3.10 Cut-away view of NalP_c, EhaB_c and Hbp_c. (A) NalP_c (LUYN, (B) EhaB_c, (C) Hbp_c (3AEH). Helices inside the barrel
are colored in red, link regions between the helix and the barrel are colored in orange and the [ barrels are colored in yellow, pale cyan and pale
green, respectively.
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3.3.5 The planar BLM studies of the EhaB translocation domain

Although the translocation domain of AT proteins is not a pore in a strict sense, its
fB-barrel structure is highly reminiscent of the OM porins, and the gap between the a-helix
and the B-barrel indeed is capable of allowing ion flow across the membrane [44, 67].
Therefore, an investigation of ion conductivity of EhaB_c protein in a planar lipid bilayer
(BLM) may provide valuable information concerning the interactions between the a-helix
and the wall of the p-barrel, as well as the overall structural dynamics of the translocation
domain. In preliminary planar BLM studies, a single EhaB_c protein was incorporated into
a DPhPC membrane and its ion conductance was measured at different membrane potentials.
The EhaB_c protein is open at positive potentials and stable for several seconds, but less
inclined to open at negative potentials (Figure 3.11). As shown in the potential ramping
graph (Figure 3.12), the EhaB protein functions as a rectifying voltage-gated channel when
inserted into the membranes (i.e., ions flow easier in one direction than the other.). As the
absolute orientation of the EhaB_c protein relative to the electrodes is unknown, the
relationship of the rectification to the pore's structure is also not known. However, this
observation is consistent with the fact that the a-helix folds in a directional manner inside

the B-barrel.

The constant alternating between the open state and the closed state (in less than ms)
indicates the dynamic nature of the a-helix. At 100 mV, the channel abruptly closed after
only a few seconds of opening (Figure 3.11). One explanation could be that there is a

potential induced conformational state into which the a-helix can be folded to close the pore
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for a long period of time. Given that the absolute orientation of the EhaB _c in the
membrane is not yet known, we have designed and expressed EhaB_c fusion protein with a
second protein fused to the N-terminus of the EhaB_c protein, tethered by a cleavable linker
(data not shown). If these EhaB_c protein chimeras behave well in BLM experiments,
conductance measurements can be done in the presence and absence of proteases. Such
experiments should provide the opportunity to determine the absolute orientation of the
translocation domain in the membrane and allow a wide-ranging array of mutagenic studies
to tackle structure function questions regarding the dynamics and folding of the translocator

domains in type V5 ATSs.
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Figure 3.11 Behavior of EhaB_c in planar BLM. No current is detected in the detergent
control sample. When single channel is incorporated into the membrane, -100 mV potential
is applied until the current is stable. A gradual increase of positive potentials is applied to
record the channel activity. The closed state and the open state are labeled as ¢ and o,
respectively. Both chambers are filled with buffer (200 mM KCI, 5 mM CaCl,, 20 mM
HEPES pH 7.3).
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Figure 3.12 EhaB_c is a rectifying voltage-gated channel. Cycles of potential ramping
from +100 mV to -100 mV are applied to the single channel incorporated in the planar BLM.
The recorded currents are plotted on the Y axis to show the degree of the channel opening at

the specific potential.
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3.4 Conclusions

Autotransporters are important virulence factors in Gram-negative bacteria. Despite
their divergent virulence functions, a highly conserved domain organization suggests the
shared biogenesis pathway. The crystal structure of the EhaB translocation domain, an
AIDA-I type AT, provides the structure basis for close comparison to the structures from
SPATE type ATs. EhaB is an outer membrane protein with a conserved 12-stranded f-
barrel and an N-terminus a-helix folding inside the barrel. Some of differences in the
aromatic residue distribution highlighted here may play a role in the proper function of the

passenger domain.
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CHAPTER 4

CRYSTAL STRUCTURE DETERMINATION OF SUCROSE SYNTHASE-1

FROM ARABIDOPSIS THALIANA

4.1 Introduction

4.1.1 Sucrose metabolism and sucrose synthesis in plants

Sucrose transport and metabolism is the central system for the partitioning of carbon
resources in all vascular plants [1, 2]. In oxygenic plants, sucrose is the major product of
photosynthesis [2] and is transported to sites of growth, development, and energy storage
[1]. Yet, despite the vital nature of carbon allocation via sucrose transport, only 4 enzyme
types [2] are needed to mediate sucrose metabolism in plants: sucrose phosphate synthase,
sucrose phosphate phosphatase, invertase, and sucrose synthase. By coordinating the levels
of activity of these enzyme classes at different times during growth, in different plant
organs, and in different cellular locations [3-9], plants create a spatial and temporal system
of sucrose sources and sinks that effectively and efficiently transports sucrose from one site
to another [3, 4, 10-14]. The balance between both sucrose flux and its metabolic utilization
can be achieved simply by controlling the activities of the sucrose-cleaving enzymes

sucrose synthase and invertase [1, 6, 15].

Of the sucrose-metabolizing enzymes, only sucrose synthase (SUS) is capable of
catalyzing the synthesis and cleavage of sucrose in a reversible and relatively energy neutral

manner [1, 2, 15]. The SUS reaction therefore provides a crucial direct, but reversible, link in
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sucrose metabolism between respiration, carbohydrate biosynthesis, and carbohydrate
utilization [2], as well as allowing a sucrose sink to be rapidly converted into a sucrose source
without the synthesis or degradation of enzyme [1, 15]. Although invertases have a clear role
in normal plant growth [16, 17], SUS is critically involved in pollen tube growth [18, 19], the
establishment of nitrogen fixation [9, 20-22], biomass production [4, 12], and fruit and seed
maturation [3, 23-25], particularly during abiotic stresses [17, 26, 27]. SUS participates in the
regulation of sucrose flux through its capacity to rapidly alter its cellular location, from the
cytosol to sites of cellulose, callose, and starch biosynthesis [4, 6, 10, 11, 18, 28-30]. SUS
interacts with various organelles [13, 15, 31, 32], membrane protein targets [6, 18, 19, 22, 33-
35], and cytoskeletal actin [5, 36]. However, the mechanism by which SUS binds to cellular
targets, the structural aspects that control SUS partitioning, and the structural effects of the
partitioning on the catalytic function of SUS are still mostly unknown at a molecular and

atomic level.

4.1.2 Sucrose synthase structure biology

SUS is a retaining glycosyltransferase and a member of the GT-4 glycosyltransferase
subfamily, within the metal-independent GT-B glycosyltransferase superfamily [37]. From
primary sequence and biochemical analyses, SUS is structurally and functionally similar to
sucrose phosphate synthases and glycogen synthases [2]. In some plants, more than one SUS
isoform is expressed in vivo [1, 15, 17]. The SUS1 isoform from Arabidopsis thaliana

(AtSusl) has the primary structure of a typical sucrose synthase: residues 1 to 277 form an N-
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terminal “regulatory” domain involved in cellular targeting [38] and residues 278 to 771 form
the GT-B glycosyltransferase domain. Finally, a C-terminal extension, which is the most
variable of the SUS domains, is only 37 amino acids long in AtSusl, but it can be over 100
residues in other SUS isoforms [39]. Within the N-terminal regulatory domain, two Ser
residues have been identified as sites for phosphorylation [40-42]. In Z. mays, the
phosphorylation of the SUS1 isoform at Serl5 (Serl3 in AtSusl) diminishes SUS binding to
actin [15], increases membrane association [42, 43], and enhances SUS catalytic activity at
acidic pH [43]. In contrast, the phosphorylation of Ser170 in maize SUS1 (Serl67 in AtSusl)
promotes SUS turnover by enhancing SUS ubiquitinylation and its subsequent degradation
[40, 44]. Interestingly, SUS1 from Z. mays and Glycine max also bind the early nodulin 40
(ENODA40) peptides [40, 45], which are hormone-like peptides involved in root nodule

organogenesis in legumes [46].

In this chapter, | present the X-ray crystal structures of AtSusl, which was determined
both as a complex with bound UDP-glucose at 2.8 A resolution and as a complex with bound
UDP and fructose at 2.85 A resolution. The structures shed light on structure-function
relationships in sucrose catalysis and cleavage and the structural relationships between
retaining and inverting glycosyltransferases in the GTB superfamily. The structure of AtSusl
also reveals structural features that may be involved in SUS interactions with its cellular

targets.

4.2 Experimental procedures
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421 Materials

Chemicals were purchased from Sigma-Aldrich. UDP were purchased from Sigma-
Aldrich. UDP-glucose was purchased from Crystalchem. Escherichia coli strain B843 was
purchased from Novagen. Selenomethionine was purchased from Anatrace. Crystallization
screens were purchased from Hampton Research, Molecular Dimensions and Emerald
Biosystem. The cDNA library of A. thaliana was generously provided by Dr. Eric

Moellering at Michigan State University.

4.2.2 Methods

4.2.2.1 Cloning and expression of AtSusl

The open reading frame (ORF) of AtSUS1 was PCR-amplified with high-fidelity
Taq DNA polymerase (Invitrogen) using the first strand cDNAs prepared from A. thaliana
(ecotype  Columbia), and the  gene-specific  primers  AtSUS1-FW, 5-
ACATGTCAGCAAACGCTGAACGTATG-3, and AtSUS1-RV, 5'-
GTCGACATCATCTTGTGCAAGAGGAA-3'. The primer sequences included appropriate
restriction sites Afll11 and Sall (underlined). The PCR product was cloned into the pPGEM®-
T Easy vector (Promega). The excised fragment of AtSUS1 ORF was subcloned into the
expression vector pET17b (Novagen) using the compatible Ncol and Xhol sites to create a
C-terminal fusion protein with a His6-tag. Constructs were confirmed by sequencing and

introduced into the E. coli expression strain Rosetta ADE3.
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4.2.2.2 Protein expression and purification

The transformed bacteria were cultured at 37 °C in 2YT medium containing 100
ug/mL ampicillin and 34 pg/mL chloramphenicol until reaching an ODgy 0f ~1.0, and then
gene expression was induced with 0.5 mM IPTG for 12-16 h at 20~23 °C. Harvested cells
(~4 g from 700 ml of cell culture) were resuspended in 50 ml lysis buffer (30 mM Tris-HCI,
pH 8.0, 200 mM NaCl, 150 mM sucrose, 2 mM EDTA, and 1 mM DTT) and were lysed
after two passes at 15,000-20,000 p.s.i on an Avestin EmulsiFlex C-3 homogenizer.
Following a centrifugation step at 20,000 x g (4 °C) for 20 min, the clarified lysate was
fractionated by the addition of (NH,).SOg; the fraction that precipitated between 45 and
55% (NH,4).SO, saturation was collected by centrifugation at 20,000 x g for 20 min. The
precipitate was redissolved in 50 mL buffer A (lysis buffer without EDTA) and was applied
to a 10 mL Ni-NTA (Qiagen) gravity flow column, pre-equilibrated in buffer A. After
extensive washing, fractions were eluted using buffer A containing 150 mM imidazole over
two column volumes. Fractions containing AtSUS1 were pooled and concentrated to about
1 mL, and 500 pL volumes were applied at 0.4 mL min™ to a Superose 6 gel filtration
column (GE Life Sciences) pre-equilibrated with either buffer A (ImM EDTA) or buffer B
(30 mM TrisHCI, pH 8.0, 200 mM NaCl, 20 mM fructose, 1 mM EDTA, and 1 mM DTT).
Peak fractions were concentrated to a protein concentration of ~15 mg/mL. The
selenomethionyl (SeMet) derivative of AtSUS1 was expressed in the methionine auxotroph

cell line B843 (DE3) (Novagen) and purified in the same way as the native protein.
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4.2.2.3 Crystallization and cryoprotection

UDP or UDP-glucose was added to the AtSUS1 protein solution to a 5 mM final
concentration. Crystals were grown by the hanging-drop method at 20 °C using 2 pL of
protein solution mixed with an equal volume of reservoir solution. AtSusl crystallized
under a number of different conditions in monoclinic and tetragonal habits at 1.8 - 2.0 M
ammonium sulfate (AS). The crystals of AtSUS1 in complex with fructose and UDP grew
in 80 mM sodium citrate, pH 5.8, 150 mM potassium sodium tartrate, and 1.86 M
ammonium sulfate. The crystals of UDP-glucose complex grew in the same condition
except the pH of the citrate buffer was 6.1. Cryoprotection was achieved by sequential
addition of increments of mother liquor supplemented with 2.0 M sodium malonate pH 5.8
followed by subsequent flash cooling in liquid nitrogen. Native AtSusl crystals diffracted to
2.6-2.9 A for C2 space group and 3.4 A for 1422 space group. Interestingly, reducing agents
may play a role in determining the crystal space groups. In the absence of DTT, AtSusl
crystals are about equally divided into the two space groups, whereas if 2 mM DTT is added,
the population of Susl crystals is predominately monoclinic. AtSusl C2 crystals have the

lattice constants: a=276.75 A, b=261.88 A, ¢=160.19 A, o.= B =90.0°, y =108.7".

4.2.2.4 Phasing, structure determination, and refinement

The native and SAD (single-wavelength anomalous dispersion) data were collected
at LS-CAT (Advanced Photon Source, Argonne, IL) beamlines 21-1D-D and 21-ID-G and

processed using XDS [47] and SCALA [48]. Positions for 94 of the 112 selenium sites in
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the asymmetric unit (ASU) of the SeMet-AtSus1/UDP/fructose crystals were located at 3.1
A using AutoSol in the Phenix program suite [49], version 1.6.2; the overall figure of merit
was 0.404 over 168,850 Friedel pairs. In the first SAD-phased, density-modified electron
density map, the molecular boundary was clear and secondary structural elements could be
identified. Density modification and initial model building were done using AutoBuild,
which yielded an initial model with >4800 of possible 6,520 residues built in the first round
(Rwork = 0.31 and Rfree = 0.35). Using the Se sites as sequence landmarks, a consistent
primary sequence assignment was made for 1 chain in the SeMet-AtSusl structure, and
yielded a tentative model from residue 47 to 120 and 153 to 804 for the 8 subunits in the
ASU. This initial model was then used to phase native data for the AtSusl/UDP/fructose
complex to 2.85 A resolution. Iterative model building with COOT 6.1 [50] and refinement
against the native data using Phenix Refine, with NCS restraints for residues 130-807,
yielded consistent atomic models for all 8 subunits in the ASU. After releasing the NCS
restraints during the final rounds of model building and refinement, the final model
accounted for 6250 of the possible 6,520 residues. The refined model for the
AtSus1/UDP/fructose complex was used to phase native data for the AtSus1/UDP-glucose
complex to 2.80 A resolution. Iterative model building with COOT 6.1 [50] and refinement
using the same protocols yielded a final model that accounted for 6216 of the possible 6,520
residues. Data collection and refinement statistics for the AtSusl structures are listed in

Table 4.1. For both complexes, ~95.5% of the residues are in the most favored and ~4.4%
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are in the additionally allowed region of the Ramachandran plot, and 0~0.1% are in

disallowed regions.

4.2.2.5 Multiple sequence alignment of the SUS homologs

The SUS sequences from a variety of plant species were obtained from NCBI, and
aligned with T-Coffee [51] with respect to the different folding domains. Figure 4.1 shows
the alignment of the CTD (cellular targeting domain) and EPBD (ENODA40 peptide-binding
domain) domains (residues 1-276) in AtSusl with 11 other SUS homologs from 9 different

plant species. The figure was prepared using the program ALINE [52].
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Table 4.1 Data collection, phasing and refinement statistics for AtSusl structures

AtSUSl/FructOfe/U DP | AtSUS1/Fructose/ AtSUS1/UDP-
(SeMet) UDP Glucose
Data collection
Space group C?2 C2 C2
Cell dimensions
a, b, c (A) 276.2 263.7 159.7 277.2261.5161.1 | 276.8261.9 160.2
a B v (°) 90.0 108.7 90.0 90.0 109.390.0 90.0 108.7 90.0
Peak
Resolution (A) 50-2.90 50.00-2.85 50.00-2.80
(2.95-2.90)° (3.0-2.85) (2.95-2.80)
Rsym 0.18(0.72) 0.13(0.68) 0.11(0.62)
| /ol 5.7(1.4) 7.6(1.1) 9.1(1.4)
Completeness (%) 99.9(89.7) 99.4(99.5) 99.6(99.2)
Redundancy 7.3 2.6(2.6) 3.0(3.0)
Refinement
Resolution (A) 24.99-2.91 24.96-2.85 24.98-2.80
No. reflections 214680 249285 263089
Rwork / Rfree 0.186/0.237 0.185/0.234 0.188/0.236
No. atoms
Protein 50240 50443 50122
Ligand/ion 480 538 560
Water 563 499 442
B-factors
Protein - 46.29 47.90
Ligand/ion - 48.47 40.93
Water - 31.67 32.34
R.M.S deviations
Bond lengths (A) 0.011 0.011 0.010
Bond angles (°) 1.136 1.079 1.114

1 The structure of Se-Met labeled AtSUS1 complexed with UDP and fructose was only
partially refined, due to its lower resolution, and just used to phase the other two complexes.

2 Values in parentheses are for highest-resolution shell.
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Figure 4.1 Sequence alignment of N terminal regulatory domains of selected
SUS enzymes. The numbering scheme and secondary structure profile at the top of
the alignment refers to AtSusl. Shown in the alignment are
sp|P49040|SUS1_ARATH (AtSusl), emb|CAB89040.1|SUS4_ARATH (A. thaliana
SUS4), emb|CAB40794.1|SUS_MEDTR (Barrel Clover),
gb|AAC28107.1|SUS_PISSA (garden pea), sp|P13708.2|SUSY_SOYBN (soy bean),
tr[EOKNH1|SUS1_POPTO (poplar), gbJACV72640.1|SUS1_GOSHI (cotton),
sp|P10691.1|SUS1 _SOLTU  (potato),  sp|P31922|SUS1 HORVU (barley),
sp|P30298.2|SUS1_ORYSJ (rice), sp|P04712.1|SUS1_MAIZE (maize),
emb|CAA04543.1|SUS_TRIAE (common wheat). Conserved amino acids are shown
in four levels of green, the two conserved phosphorylation sites of Serl3 and Ser167
residues is denoted by a red triangle, and site of the thiolation, Cys266, is marked by
a black triangle. The interface residues between monomers A and B are highlighted
in blue rectangular box. The residues in the black rectangular box are at interfaces
between monomers A and D.
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4.3 Results and Discussion

4.3.1 Overall structure of AtSusl

Reiterative cycles of model building and refinement yielded well-defined structures
for AtSUS1 complexed with either UDP and fructose or UDP-glucose, at 2.85 A and 2.80 A
resolution, respectively. The resolved contents of the asymmetric unit revealed two 222-
symmetric tetramers of AtSUS1 (Figure 4.2; denoted as tetramers ABCD and EFGH)
related by a pure translation parallel to the c-axis of the unit cell. The overall packing
arrangement reveals columns of stacked tetramers (Figure 4.3A), with each column slightly
interdigitated with its neighboring columns (Figure 4.3B). This interdigitation apparently
impacts the order (Table 4.2) and conformation (Figure 4.3C) of the N-terminal domain of
each monomer such that differing portions of the N-termini could not be resolved. For the
two tetramers in the asymmetric unit of the AtSUS1/UDP/fructose complex, the model
encompassed residues 11 to 807 for subunit H (Figure 4.4), residues 14 to 807 for subunit B,
and residues 27 to 807 for the remaining subunits. In the AtSUS1/UDP-glucose complex,
the model included residues 28 to 807 for subunits B and H and residues 27 to 807 for the

remaining six subunits.
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Table 4.2A Average B-factors for all protein atoms (by chain) in SUS1/Fru/UDP

complex
Chain Domain 1 Domain 2 Domain 3/4° Overall
A 73.4 (999)" 56.0 (987) 34.8 (4297) 44.3 (6283)
B 82.7 (1035) 62.3 (987) 38.1 (4303) 49.2 (6325)
C 72.5 (1001) 56.8 (987) 41.4 (4303) 48.8 (6291)
D 68.3 (988) 59.6 (987) 35.0 (4303) 44.1 (6278)
E 77.2 (987) 56.9 (987) 36.2 (4297) 45.9 (6271)
F 65.5 (1009) 60.6 (987) 34.3 (4303) 43.4 (6299)
G 66.2 (1008) 55.3 (987) 35.9 (4303) 43.8 (6298)
H 76.3 (1111) 56.7 (984) 38.7 (4303) 48.0 (6398)

a) Residues to 156 (including linker, 129-156)
b) Residues 157-277
c) Residues 278-807
d) Number of atoms

Table 4.2B Average B-factors for all protein atoms (by chain) in SUS1/UDP-glc

complex
Chain Domain 12 Domain 2 Domain 3/4° Overall
A 76.6 (999)° 55.7 (987) 33.3 (4303) 43.0 (6289)
B 92.1 (862) 62.7 (987) 40.8 (4303) 51.5 (6152)
C 79.2 (1004) 59.3 (987) 49.8 (4303) 56.0 (6294)
D 71.3 (985) 57.2 (987) 34.7 (4303) 44.0 (6275)
E 82.9 (987) 56.6 (987) 37.3 (4297) 475 (6271)
F 66.6 (1006) 59.1 (987) 31.3 (4303) 41.3 (6296)
G 67.2 (1003) 57.3 (987) 37.9 (4303) 45.6 (6293)
H 89.9 (965) 58.3 (984) 42.3 (4303) 52.2 (6252)

a) Residues to 156 (including linker, 129-156)
b) Residues 157-277
¢) Residues 278-807
d) Number of atoms
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Figure 4.2 A ribbon drawing of the AtSusl tetramer. Panel A shows the face-on view of
the EFGH tetramer, which is equivalent to the ABCD tetramer; panel B shows a side view
of the tetramer. The cellular targeting domain (CTD) is colored marine; the ENOD40
peptide binding domain (EPBD) is cyan; the linker between CTD and EPBD is green, the
GT-B domains are wheat, and the C-terminal extension helix is orange. The first helix (al)
of the CTD (in magenta) is only ordered in the H and B subunits.
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Figure 4.3 A packing diagram of the AtSusl tetramers in the unit cell. The protein is
shown in a line representation. The cellular targeting domains (CTDs) are colored in
magenta for subunits B and H, and blue for subunits A and C-G; the remaining portions of
the AtSuslpolypeptides are grey. In A, the view down the c-axis shows five stacks of
tetramers; the stacks bounded by ellipses are shown from the side in B to highlight how
each stack interdigitates with its neighbors. The half stack bounded by the rectangle in A is
shown from the side in C to highlight how the CTDs change conformation from one layer (*)
to the next (**). In D, a ribbon diagram shows the conformational differences in the CTDs
(relative to the EPBD and the GT-B domains) between subunits B and H (magenta) and the
remaining 6 subunits (blue).
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Figure 4.4 A stereo view of the CTD in subunit H in AtSusl complexed with UDP and
fructose. The polypeptide is represented as sticks: the carbon atoms of the helix ol in the
CTD are colored in magenta, the rest of the CTD is cyan, and the polypeptide chain outside
of the CTD is grey. The region of the 2Fo-Fc electron density map surrounding the CTD is
contoured at 0.95 o.

The AtSusl polypeptide chain (residues 11-808) folds into a tri-lobed structure with

four distinct domains (Figure 4.5A). The first two domains have been designated a cellular
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targeting domain (CTD, residues 11-127) and an ENODA40 peptide-binding domain (EPBD,
residues 157-276). The final two domains comprise the two Rossmann-fold domains of a
canonical GT-B glycosyltransferase [37]. The observed secondary structure of the CTD
starts at residue 16 with two a-helices (helix al and a2; Figure. 4.3D), which are oriented
roughly perpendicular to each other. Helix o2 is connected to a very short B-strand (B1),
which is then followed by another two helices (helix a3 and 04). With B1, the next four -
strands create a 5 stranded, anti-parallel B-sheet (strands B1-B5), which give the appearance
of a platform from which two a-helical loops (helices al/a2 and a3/a4) dangle. Although
the primary sequence in the helices of the CTD differs between SUS from different plant
species, the core of the [-sheet (strands P2-B5) shows a high degree of sequence
conservation (Figure. 4.1). The AtSusl monomers exhibit only minor deviations from 222
NCS symmetry within the tetramer, except for the CTD where significant conformational
differences are observed (Figure 4.3C). In both crystal structures, the CTD domains in the B
and H subunits exhibit a rigid body rotation of ~6 degrees with respect to the other domains,
compared to their orientation in the remaining 6 subunits. The helix o5 lies across the
surface of the B-sheet, which seems to pivot on the helix surface (Figure 4.3D). More
precise measurements of domain movement are difficult because of the high level of
disorder in the CTD domains (Table 4.2). The overall fold of the CTD bears no resemblance
to previously known folds, as judged by the DALI program [53]. From helix a5, the
polypeptide meanders for 28 residues (128-156) to the EPBD (Figure 4.5A), a relatively
compact bundle of six a-helices. A putative potassium ion binding site (Figure 4.5A) is
located at the C-terminal end of helix a7 and coordinated by 5 backbone carbonyl oxygens
(L184, R185, H187, L194, L196) and the 081 atom of Asnl193. The primary sequence

conservation in the linker and EPBD is much higher between SUS from different plants
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than that found in the CTD (Figure 4.1). The overall fold of the EPBD shows only a very

weak similarity to ubiquitin when analyzed with the DALI program [53].
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Figure 4.5
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Figure 4.5 Views of the overall fold of AtSusl and its subunit interfaces. In panel A,
helix a1 of the subunit H (magenta) is clearly seen as it begins the CTD. At residue 128, the
CTD-EPBD linker (green) meanders to residue 156, which starts the helical EPBD (cyan); a
putative K* ion (violet) is seen bound to the EPBD. At residue 278, the polypeptide enters
the N-terminal GT-B domain (GT-By, in wheat). A rotated view of the monomer (panel B)
shows the GT-B domains, GT-By (wheat) and GT-B¢ (yellow) with UDP and fructose in
the active site within the interdomain cleft. The GT-B hinge is located at residues 527 and
754. Note the long Nal helix of the GT-By domain, which extends from the active site to
the EPBD. In panel C, the A:D subunit interface is essentially formed by C-terminal
extension helix (copper) and part of the CTD-EPBD linker (green). In panel D, the A:B
subunit interface is formed by EPBD (cyan) and the CTD-EPBD linker (green). Cys266
(yellow), the site of thiolation by the ENOD40 peptides, lies in a groove near the molecular
2-fold axis.
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As the polypeptide chain exits helix all, a 5-residue stretch separates the EPBD
from the first B-strand of a GT-B glycosyltransferase, a bi-domain structure where each
domain is comprised of a Rossmann fold [37]. As the structural topology and secondary
structural elements of the GTB enzymes are quite conserved [37], we will use GT-By and
GT-Bc to refer to the N- and C-terminal domains, respectively, of the GT-B
glycosyltransferase. Likewise, the conserved secondary structural elements of the GT-B
domain will be referred to by the nomenclature defined by Ha et al. [54]; e.g., Nal would
refer to the first a-helix in the GT-By domain (Figure 4.6). The initial portion of the GT-By
domain in AtSusl extends from residues 278-526 and the GT-Bc domain from residues
527-754. As typical of all known GT-B glycosyltransferases [37], the interdomain hinge in
AtSusl (Figure 4.5B) consists of two linkers, one between the two domains and one
between two final C-terminal a-helices (Ca7 and Na6). The polypeptide then ends with a

helical, 37-amino acid C-terminal extension (Figures 4.5A and 4.5B).
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Figure 4.6 Topology diagram of the GT-B glycosyltransferase domain in AtSusl. The
secondary structural elements for the GT-By domain are shown in wheat and for the GT-Bc
domain are in yellow. The nomenclature for denoting the secondary structural elements is
derived from Ha et al. [54] for MurG, except for the helical extension (helix a7) shown in
brown, which is unique to sucrose synthases.
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Although the glycosyltransferase domain has all the conserved secondary structural
elements of the GT-B glycosyltransferases, there are several structural elaborations not seen
in other GTB enzyme structures. In the GT-By domain, the Rossmann-fold deviates from its
canonical form by the replacement of the Na2 helical return by the B-strand N1*, which
makes several antiparallel interactions with the linker region between the CTD and the
EPBD (Figure. 4.5A). Another unique feature of GTB-N is that helix Nal is ~10 A longer
than the homologous helix in other GT-B glycosyltransferases. As a result, the C-terminal
end sticks out of the GT-By domain and abuts against the EPBD (Figure. 4.5B). One
consequence of this fold is that helix Ca7, the helix adjacent to the second hinge site
(residues 753-754), is held in place by the Nal helix of GT-By and helices a6 and all in
the EPBD domain. In contrast, the GT-Bc domain generally follows the canonical
Rossmann fold seen in the other GT-B glycosyltransferases. The active site of AtSusl lies

within the cleft region formed by both GT-By and GT-B¢ (Figure 4.5B).

4.3.2 Implications of the AtSusl quaternary structure

The biophysical analyses on SUS from maize [44], mung bean [55], and potato [56]
strongly suggested that its native oligomeric state is a tetramer, although SUS may exist in a
dimer form [5]. The initial selection of an AtSusl tetramer created a rather flat oligomer
that exhibited excellent noncrystallographic 222-symmetry (Figure 4.2). This tetramer
displays only two sets of subunit interfaces (A:B and C:D or A:D and B:C), which results in
a large hole in the center of the oligomer (Figure 4.2A). As other tetramer arrangements
could be generated, the monomer interactions within the crystal were further analyzed
through the use of the PDBePISA server (http://www.ebi.ac.uk/msd-srv/prot_int/). The

analysis confirmed that the initial choice of the tetramer produced the most compact and
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most plausible oligomer. The average surface area covered by the A:D interface is ~1280
2 . . .

A" (only about 4% of a monomer's total surface area) with a predicted solvation free energy
. i -1 .

gain A'G of -18.8 kcal mol . In contrast, the A:B interface covers less average surface area

(~1076 Az) and is much less hydrophobic (A'G = -6.4 kcal mol'l). Interestingly, neither the

A:B nor the A:D interfaces involve significant interactions between the GT-B domains.

The subunit interfaces in the proposed tetramer (Figure 4.2) were also examined to
see if the tetramer was consistent with the known biochemical data. The N-terminal half of
the CTD-EPBD domain linker (residues 131-142) and portions of the C-terminal extension
(residues 778-796) create the A:D interface (Figure 4.5C). Although the majority of
contacts are between these two polypeptide segments, residues 131-134 of the linker also
contact the surfaces of helices Na3 and No4 in the GT-Bp domain. One prediction that can
be made is that removal of the C-terminal extension would seriously compromise this
subunit interface. Hardin et al. [38] demonstrated that C-terminal truncation of recombinant
maize SUSI resulted in the expressed protein forming dimers, which is consistent with the

A:D interface being part of the native AtSusl tetramer.

The A:B interface (Figure 4.5D) is created almost entirely from interactions between
adjacent EPBDs, although the C-terminal half of the CTD-EPBD domain linker (residues
147-154) also makes a few contacts with helix a10 of a neighboring EPBD. The A:B
interface creates a long groove with Cys266 sitting ~3 A away from the dyad axis within
this groove. The ENOD40 peptides A and B are small, hormone-like peptides that are
involved in root nodule organogenesis in legumes [46]. These peptides bind to SUS from
maize [40] and soybean [45], and Rohrig et al. [57] have demonstrated that the

dodecapeptide ENOD40-A specifically thiolates Cys264 of soybean SUS, which is
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equivalent to Cys266 in AtSusl. Even though the equivalent residue in maize SUSL is
Ala261, Hardin and colleagues [40] observed that ENODA40 peptides not only bound tightly
to SUS1, but also inhibited the phosphorylation of Ser170. The phosphorylation of Serl170
in SUS1 promotes SUS turnover by enhancing the ubiquitinylation of SUS, followed by its
subsequent degradation [40, 44]. Serl67, the equivalent residue in AtSusl, lies within the
A:B interface at the N-terminal end of a6 (Figure 4.1). In the intact native tetramer, Ser167
is inaccessible to phosphorylation, but would be accessible if the tetramer dissociates into
dimers upon disruption of the A:B interface, a reasonable hypothesis given that this
interface is predicted to be much less hydrophobic than the A:D interface. The dissociation
into dimers would then allow its phosphorylation and increase the potential for
ubiquitinylation and turnover. Hence, the in vitro effects on ENOD40 peptides on SUS

phosphorylation can be completely explained by their interaction at A:B interface.

4.3.3 Sucrose synthase active site

As expected for a GT-B family glycosyltransferase, the ligands (UDP-Glc or UDP
and fructose) bound in the cleft between the GT-By and GT-B¢ domains (Figure 4.5B). No
significant global conformational differences with respect to the GTB domains were
observed between the AtSUS1/UDP/fructose and AtSUS1/UDP-glucose complexes. In the
AtSUS1/UDP/fructose complex, UDP and D-fructose were clearly resolved in each active
site within the asymmetric unit; what appeared to be UDP-glucose was also well resolved in
each active site of the AtSUS1/UDP-glucose complex. As monomer F had the lowest
average B-factor for both complexes among the eight monomers (Table 4.2), the discussion

will refer to this subunit.
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The UDP moiety in both complexes is bound in an identical manner (Figures 4.7
and 4.8), primarily through interactions with the GT-B¢ domain (loops C1—al, Cp3—a3,
and CP4—ad, as well as helices Ca3 and Co4); the only interactions with the GT-By
domain involve hydrogen bonds from the backbone amide nitrogen of Gly303 to O1B and
O3B of the B-phosphate. The face of the uracil ring stacks against the methyl group of
Met578, while the edge of the ring makes three hydrogen bonds: the uracil atoms O4, N3,
and O2 to the amide N of GIn648, to the carbonyl O of GIn648, and to N62 of Asn654,
respectively. The 02’ and O3’ hydroxyls of the ribose ring hydrogen bond to the
carboxylate oxygens of the Glu685. The a-phosphate of UDP is bound to the protein
through hydrogen bonds from the O1A and O2A atoms to backbone amide nitrogens of
Thr680 and Leu679, respectively. However, the O1A atom also participates in a hydrogen
bond chain with the amide nitrogen of Arg580 that is mediated by two conserved water
molecules in the active site. Finally, the Nn1 atom of Arg580 contacts the B-phosphate via
the O1B and O2B oxygens, while the N nitrogen of Lys585 interacts with O2B and O3A
atoms. Overall, the UDP moiety binds in a similar manner to AtSusl as ADP in E. coli
glycogen synthase (ecGS), although the ribose ring of ADP is liganded by Asp21 from the

GT-By domain[58] and not by a residue from the GT-B¢ domain.
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Figure 4.7
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Figure 4.7 Stereo views of the active site in AtSusl. Panel A shows the interactions
between the protein, UDP, and fructose (Fru) in the UDP/fructose complex. Potential
hydrogen bonds from the GT-By domain are shown in magenta, from GT-B¢ domain in
cyan. Note a potential hydrogen bond (wheat) from the O3B phosphate oxygen to the 02
hydroxyl of fructose. Panel B shows the interactions between the protein, UDP, and a
glucosyl intermediate in the UDP-glucose complex. Potential hydrogen bonds from the
protein to the ligands are colored as in A. The two analogs for the oxocarbenium ion
intermediate, lichenan (LCN) and 1,5-anhydro fructose (NHF), are shown in grey and
salmon, respectively. The O3B phosphate oxygen is too far away from the C1 anomeric
carbon of LCN for a covalent bond (2.9 A; black dotted line). The 2F,-F electron density
maps (blue) shown in panels A and B are contoured at 1.8 o; the two conserved water
molecules (blue) are shown as spheres. After superposition of the UDP/fructose (cyan) and
UDP-glucose (grey) complexes, panel C shows a composite view of the active site; fructose
is shown in magenta and LCN in grey. Note that C1 anomeric carbon of LCN (asterisk) is
approached on the a face by O2 hydroxyl of fructose (2.3 A), and O3B of the UDP p-
phosphate (2.9 A), shown as black dotted lines; on the B face, the C1 carbon is in close
proximity to the backbone carbonyl of His438 (3.3 A).
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Figure 4.8 Schematic diagram of potential hydrogen-bonding interactions of bound UDP, LCN and fructose with the protein, from the
superposition of the two complexes. All potential interactions are within 3.3 A. Circles represent bound water molecules W1 and W2.
Hydrogen bonds from GT-By domain shown as long dashed lines (----); hydrogen bonds from GT-B¢ domain are shorter dashed lines (...... )
dotted lines (......) show the interactions between leaving and attacking groups to the C1 anomeric carbon of LCN.
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In the AtSUS1/UDP/fructose complex, fructose is firmly bound in the B-furanose
form within a pocket formed exclusively by residues of the GT-By domain (Figures 4.7 and
4.8). Each hydroxyl of fructose is hydrogen bonded, which may help maximize substrate
specificity. The O1 hydroxyl interacts with the amide nitrogen atoms of Gly302 and Gly304,
the O2 hydroxyl binds to the amide nitrogen of GIn304, and the O3 hydroxyl binds to the
Oel oxygen of GIn304. Finally, the O4 hydroxyl is bound to Ne&2 nitrogen of His287. The
only interaction with a charged side chain is made between the O6 hydroxyl and the NC
atom of Lys444. Although no hydrogen bonds are made, the guanidinium group of Arg382

sits within ~3.6 A of O4 and C6 (Figure 4.7A).

The modeling of the glucose moiety in the AtSUS1/UDP-glucose complex was
much more challenging, despite the slightly higher resolution and excellent electron density.
Cycles of model building and refinement, followed by omit difference map analyses,
consistently revealed a significant gap between the O3B B-phosphate atom of the UDP and
the C1 anomeric carbon of the glucose moiety in all monomers within the asymmetric unit.
Attempts to fit the glucose moiety of an intact UDP-Glc into the rather flat electron density
always resulted in marked distortion of the stereochemistry at the anomeric carbon and the
appearance of significant negative electron density in Fo-F. difference maps. The liganded
species was then modeled as a mixture of UDP-GIc, UDP, and a separate glucosyl species.
The proposed mechanisms for transfer of the donor saccharide in the retaining
glycosyltransferases fall into three distinctly different types [37]: (1) a double-displacement
mechanism that predicts the formation of a covalent enzyme-glycosyl intermediate, (2) an
Sni mechanism that predicts a transition state with a transient oxocarbenium ion pair, and (3)

an Syi-like mechanism that combines transient ion pair intermediate with a conformational
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shift as the incoming acceptor attacks (Figure 4.9). Despite the growing amount of
structural information on retaining glycosyltransferases, a preponderance of evidence
favoring one mechanism over the others is still lacking. The Syi-like catalytic mechanism
has been proposed for several retaining glycosyltransferases from the metal-dependent GT-
A and the metal-independent GT-B enzyme families [37, 59]. However, Soya et al. [60]
recently presented evidence showing that the blood group A and B synthesizing
glycosyltransferases GTA and GTB form covalent enzyme-glycosyl intermediates, which
supports the double-displacement mechanism. Against this background of catalytic
mechanisms, we evaluated several different scenarios for UDP and glucose within the

AtSusl active site.
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Figure 4.9 A diagram of the Syi-like reaction scheme (adapted from Lairson et al. [37]). As SUS binds either UDP-glucose and fructose
(step 1) or UDP and sucrose (step 5), the ternary ES complex rapidly generates a stabilized oxocarbenium phosphate ion pair intermediate (step
3). The collapse of the intermediate towards either sucrose cleavage (step 1) or sucrose synthesis (step 5) depends on subtle changes in position
of the oxocarbenium ion with respect to UDP (step 2) or fructose (step 4).
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The initial evaluation unequivocally ruled out the existence of an enzyme-glycosyl
intermediate, even at a low level of occupancy. Rather, the flat electron density around the
C1 anomeric carbon suggested a somewhat distorted glucosyl species, similar to the
glucosyl intermediate observed in EcGS [58]. Two glucose derivatives were chosen that
mimic the oxocarbenium-phosphate ion pair intermediate predicted by the Syi-like catalytic
mechanism (Figure 4.9): 1,5-anhydro fructose (NHF), which is a natural product [61], and
the tautomer of NHF, lichenan (LCN), which is a C2 deprotonation product of the D-
glucopyranosylium (oxocarbenium ion) and contains a C1-C2 double bond. The primary
difference between NHF and LCN is the extent of the planar portion of the ring; i.e., O1-
C1-C2-02-C3 atoms lie in a plane in LCN, but C1-C2-0O2-C3 atoms lie in a plane in NHF.
After parallel cycles of refinement and model building using various combinations of UDP-
Glc and UDP with the individual glucosyl analogs, the results suggest that UDP-GIc or free
glucose probably contributes to less than 10% of the electron density of the glucosyl moiety.
On the other hand, a mixture of LCN and NHF can account for the observed electron
density (Figure 4.7B) when at roughly a 60:40 ratio in each monomer. Thus, in the absence
of an acceptor, the glucosyl binding site seemingly traps a mixture of tautomeric
intermediates after UDP-Glc hydrolysis (step 3 in Figure 4.9). For simplicity, interactions
between the glucose moiety and AtSusl will be described using LCN, although the NHF
displayed the identical intermolecular interactions with the protein and UDP. The protein
hydrogen bonds with LCN at four points (Figures 4.7B and 4.4): both the O¢l oxygen of
Glu675 and amide nitrogen of Phe677 ligand to O3' hydroxyl, the amide of Gly678 binds to

the O4' hydroxyl, and the N2 nitrogen of His 438 binds to the 6-hydroxyl.
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Both complexes are in the identical closed, ligand-bound form; the pair-wise
superimposition of the Ca atoms between the GT-B domains of the two complexes gives
R.M.S. deviations of less than 0.23 A. Given the high degree of conformational homology
between the two complexes, the structures were superimposed to provide a composite view
of the ligands with respect to each other (Figure 4.7C). The composite view also shows that
the C1 carbon is in close proximity to the backbone carbonyl oxygen of His438 (3.3 A), 02
hydroxyl of fructose (2.3 A), and O3B of the UDP B-phosphate (2.9 A). Moreover, the
attacking group (O2 hydroxyl of fructose) and the leaving group (O3B phosphate oxygen)
are both on the a face of LCN, while the carbonyl of His438, which may stabilize the partial
positive charge at the C1 carbon, is on the § face. The AtSUS1/UDP-glucose complex also
suggests that the stabilized glucosyl intermediate makes intimate interactions with the
pyrophosphate of UDP (Figure 4.7C): the O2' hydroxyl interacts with O2B and the O4'

hydroxyl interacts with O2A.

At this limited resolution, it is difficult to provide a more detailed analysis of the
AtSusl complexes. Nonetheless, it is clear that there is no suitable protein residue in the
immediate area surrounding LCN and fructose (Figure 4.7C) to act as a glucosyl acceptor,
as would be expected for the Sy2 reaction mechanism, and that UDP-glucose is cleaved into
UDP and an unknown glucosyl species that is not D-B-glucose (Figure 4.7B). Moreover,
this glucosyl intermediate is also well stabilized by interactions with the protein and the
pyrophosphate of UDP (Figures 4.7C and 4.8). In fact, the interactions of His438 and
Glu675 with LCN are identical to those made by His161 and Glu377 in EcGS to the 1,5-
anhydrosorbitol (Figure 4.10), the model for the putative glucosyl intermediate observed in

EcGS [37, 59]. Finally, the O3B oxygen of UDP and the C1 carbon of fructose are in a
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position to attack the same of face of LCN. These results are consistent with the Syi-like
reaction mechanism proposed for retaining glycosyltransferases [37, 59](Figure 4.9). What
makes these observations surprising is the long-lived nature of this glycosyl intermediate.
Few structures of catalytic intermediates have been reported for either the GT-A or GT-B
retaining glycosyltransferases. Although a short-lived intermediate was reportedly observed
in ternary structures of MalP [62], Sheng and colleagues [58] have provided the only
convincing demonstration of a stable glycosyl intermediate in the GT-B retaining
glycosyltransferase EcGS. Why SUS would generate a stable glycosyl intermediate in the
absence of fructose is an open question. However, SUS can reversibly transfer glucose
between UDP and fructose; virtually all other retaining glycosyltransferases catalyze
irreversible reactions. Perhaps by stabilizing the glucosyl intermediate in an enzyme
complex with UDP, the direction of the reaction can more readily respond to changes in
substrate concentrations. Hence, mass action can more effectively shift SUS between
sucrose cleavage and sucrose synthesis, as is required for plant development and growth [1,

2],
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His438 ' His438

Figure 4.10 Stereoview of the conserved interactions in the active site of AtSusl and
the retaining glycosyltansferases glycogen synthase from E. coli (EcGS; PDB 3GUH)
[58] and UDP-glucosyltransferase OtsA from Mycobacterium tuberculosis (PDB 3C4V)
[63]. (A): Electron density of modeled breakdown product of UDP-glucose LCN and NTF.
(B): Overlay of active site structure. Each of these enzyme complexes was crystallized in
the presence of UDP-glucose. The UDP moieties for AtSusl (grey) and OtsA (magenta)
overlay well with the ADP moiety from EcGS (cyan), but the glucosyl intermediates
observed in AtSusl and EcGS [58] are displaced from the glucosyl moiety in OtsA due to
its intact O3B-C1 bond. The glucosyl moieties are liganded by the protein in a conserved
manner: the O3' hydroxyl by a carboxylate (Glu675 in AtSusl, Glu377 in EcGS, and
Asp361 in OtsA) and the O6' hydroxyl by a histidine (His438 in AtSusl, Hisl161 in EcGS,
and His154 in OtsA). Interestingly, in AtSusl and EcGS, the amide nitrogens of His 438
(AtSusl) and His161 (EcGS) sit less than 3.3 A away from the C1 anomeric carbon, as
expected for a role in stabilizing the intermediate. Also note how a conserved lysine
coordinates (Lys585 in AtSusl, Lys305 in EcGS, and Lys267 in OtsA) to the conserved
carboxylate and to the pyrophosphate oxygens. Finally, the a-phosphate ligands the O4'
hydroxyl (*) in all three enzyme-ligand complexes.
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4.3.4 Insights into the evolution of the retaining and inverting GT-B

glycosyltransferases

A major unanswered question concerns the evolution of the inverting and retaining
reaction mechanisms within the GT-A and GT-B superfamilies [37]. As noted by Martinez-
Fleites et al. [64], the loop between Cp4 and Co4 differs markedly between the inverting
and retaining glycosyltransferases in the GT-B superfamily (Figure 4.11). In the retaining
GT-B glycosyltransferases (blue in Figure 4.11), the CB4-Cad loop is quite long and
essentially blocks the pyrophosphate and glycosyl moieties of the NDP-sugar donor from
entering this area (Figure 4.6A). For AtSusl, a portion of the CB4-Ca4 loop (residues 675-
680) participates in the binding of the UDP-glucose (Figure 4.8). In contrast, the much
shorter Cp34-Co4 loop in the inverting subfamily allows the NDP-sugar donor to bind across
the front of the Co4 helix (Figure 4.10B), which may allow the positive end of the helix
dipole to assist in liganding the pyrophosphate group [65, 66]. An additional feature was
noted when comparing AtSusl with other inverting and retaining glycosyltransferases in the
GT-B superfamily. In the inverting GT-B glycosyltransferases, the Np1-Nal loop is also
quite short and extends outward from N1 before returning to begin the Nal helix (Figure
4.11B). As a consequence, the acceptor molecule lies away from the mouth of Nal helix. In
the retaining GT-B glycosyltransferases, however, the Nf1-Nal loop is much longer, but
extends up and over NB1 and Nal before beginning the first turn of the Nal helix (Figure
4.11A). Now the acceptor molecule can lie adjacent to the mouth of Nal helix, and in a
position to be affected by the positive end of the Nal helix dipole. The end of the Nf1-Nal
loop (residues 302-302) actually participates in the binding of fructose and the

pyrophosphate (Figure 4.8).
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The analysis of multiple sequence alignments between GT-B glycosyltransferases
consistently reveal a higher degree of conservation in GT-B¢ than GT-By. One explanation
is that the diversity of the sugar acceptors requires a more adaptable binding pocket. When
both domains of inverting and retaining GTs are structurally aligned, in most cases, the
superpositions give relatively high R.M.S. deviations for equivalenced Ca position, which
often prevents a more detailed analysis. However, smaller R.M.S. deviations for Ca
positions can be obtained when each individual GT-B domain is superimposed. This
prompted us to use an alternative procedure to superimpose the inverting and retaining GTs.
First, the GT-B¢c domains of AtSusl and MurG (PDB 1NLM), an inverting GT, are
superimposed to highlight any differences between the two GT-By domains. The GT-By
domain of AtSusl alone is then superimposed onto the GT-By domain of MurG. This
manner of comparing the GT-By domain of AtSusl to an inverting GT would allow the
elucidation of possible rigid body movements that do not arise simply from the
conformational changes required to open and close the active site cleft. The only caveat is
the GT-B structures to be superimposed must all be in the catalytically-competent “closed”

state.

The resulting comparison is shown in Figure 4.12 with the original AtSusl structure
colored in blue and the AtSusl structure after rotation colored in dark red. As expected, the
UDP moieties in AtSusl and MurG superimposed very well; the binding the NDP-sugar
donor is generally defined by the GT-B¢c domain. The question to ask next is how the GT-
Bn domain differ with respect to the NDP-sugar donor. | observed striking differences in
the placement of the GT-By domains, relative to the GT-B¢ domains, such that there is the
34 degree rotation of the Nal helix between inverting and retaining GTs. As clearly shown

in Figure 4.12 the NB1-Nal loop in AtSusl forms the binding pocket for the fructose and
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the NB5-Na5 loop, which occupies the 3 face of the NDP sugar ring to stabilize the C1
anomeric carbon, essentially blocks any attack of a sugar acceptor from the opposite
(inverting) direction. Conversely, when the GT-Byn domain of AtSusl is superimposed
directly onto the GT-By domain of MurG, the position of the NB1-Nal loop blocks a sugar
acceptor from the “retaining” direction, but the NB5-Na5 loop is now rotated away to make
room for the inverting sugar acceptor. Two conclusions can be drawn from my structural
superposition experiments. First, GT-By domains in inverting and retaining GTs are quite
structurally homologous, an observation made by many others [67]. The second conclusion
is that despite this structural homology, the relative rotation of the GT-By domain relative
to the GT-B¢ domain positions the NB1-Nal loop and the NB5-Na5 loop and it may be this
difference in tertiary structure that determines the direction from which the sugar acceptor
will attack the C1 anomeric carbon. The GT-Byn domain rotation in concert with the
restriction of the NDP-sugar by the Cp4-Co4 loop distinguishes the inverting mechanism
from retaining mechanism. Further investigation is still needed to determine what structural
feature causes the GT-By rotation. Detailed comparison of the hinge regions may provide
more information concerning the underlying structural differences between the inverting

and retaining GTs.
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Figure 4.11 Structural comparison of inverting and retaining GTs. In A, the retaining
glycosyltansferases AtSusl (blue), WaaG (PDB 2IW1), EcGS (PDB 3GUH, 3CX4), and
MshA (PDB 3C4V) were superimposed by using strand Cp4, helix Co4, and the nucleotide
diphosphate moieties. Note how the NB1-Nal loops for WaaG, EcGS, and MshA (all
yellow) follow the same path, while the sugar acceptors (a-1,4-glucan, cyan; L-myo-
inositol-1-phosphate, green; fructose, magenta) are clustered near the o face of the sugar
ring of the NDP-sugar donor and at the mouth of the Nal helix. In B, the inverting
glycosyltansferases GtfD (PDB 1RRV), MurG (PDB 1INLM), VvGT1 (PDB 2C1Z) were
superimposed with AtSusl with the same protocol. Note how the sugar acceptors
(kaemphenol, cyan; desvancosaminyl vancomycin, green) are clustered near  face of the
sugar ring of the NDP-sugar donor and positioned away from the mouth of the Nal helix.
The NB1-Nal loops (yellow) and the Cp4-Ca4 loops in the inverting glycosyltansferases (B)
are much shorter than the corresponding loops in the retaining glycosyltansferases (A).
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Figure 4.12 Structural comparison of AtSusl GT-By domain in the retaining and
inverting positions. (A) Superimposition of the GT-B¢ domains (pale green) of the AtSusl
and EcMurG structures. The resulting deviation in the placement of the two GT-By domains
is shown by coloring AtSusl (blue) and EcMurG (orange) differently. (B) The original
AtSusl structure is colored in blue while the structure after rotation (see text for details) is
colored in dark red. Retaining sugar acceptor fructose as well as sugar donor UDP-glucose
are shown in green sticks. Inverting sugar donor UDP-N-acetylglucosamine is shown in
salmon stick. The loops around the active site are highlighted. The rotation path is labeled

with a chain of green arrows.
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4.3.5 Functional implications of the AtSusl structure

A preponderance of evidence clearly shows that SUS binds to membranes, to
membrane-bound complexes for cellulose and callose biosynthesis, and to cytoskeletal
elements. How SUS interacts with different cellular targets is unknown, but the presence of
sucrose [5, 38], thiolation of Cys266 by ENOD40-A [57], and the phosphorylation of SUS
[5, 40, 43, 55] seem to alter its binding to cell membranes and F-actin, as well as its sucrose
cleavage activity. In maize SUS1, the phosphorylation of Serl5 [5, 43] shifts the
oligomerization of SUS1 from dimers to tetramers and increases SUS1 binding to
membranes, but markedly diminishes SUS1 binding to F-actin. The residue equivalent to
Serl5 in AtSusl is Ser 13 (Figure 4.1), which lies in a disordered region in all but one
subunit: subunit H in the AtSUS1/UDP/fructose complex (Figure 4.4). Although the main
chain is fairly well resolved in this region, the electron density for the side chains is very
poor. Nonetheless, Ser 13 in subunit H would lie next to helix a8 in the EPBD of subunit H
(Figure 4.13A). Although the level of primary sequence identity is lower in the CTD and
EPBD domains relative to the GTB domain, there are clear regions of conservation (Figure
4.1). It is premature to speculate on the detailed interactions between the N-terminus and
helix o8, but the phosphorylation of Serl3 would certainly alter the electrostatic
environment in this region. The conserved sequence surrounding Ser13 is cationic (10R-X-
H-S-X-R/K-E-R17), while the neighboring helix a8 has both anionic and cationic patches
(leL-K-R-A-E-E-Y-Lzm). Would a phosphorylated Serl3 promote its interaction with Arg

211 or Lys212 or perhaps disrupt interactions with Glu214 or Glu215? Regardless, al
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easily becomes disordered, and the entire CTD can move as a rigid body (Figure 4.3).
Mapping the movement of the CTD onto all the subunits, the overall impact of this
conformational change is to move the CTDs closer or farther apart across an approximately
50 A wide groove on the face of the AtSus1 tetramer (Figure 4.13B); the a9 helices of two
EPBDs form the base of the groove. The overall dimensions and shape of the groove are
quite complementary to the size and topography of the F-actin fiber (Figure 4.13C). This
qualitative model for AtSusl binding to F-actin proposes that the CTD domains would bind
within the groove of the F-actin, where the al helix of the CTD and helix a9 in the EPBD

may directly mediate contact with the actin fiber.
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Figure 4.13 Juxtaposition of the CTD and EPBD domains with the AtSusl active site.
(A) Serl3, the site of phosphorylation, lies against helix a8 of the EPBD. Nearby is Cys266,
the site of thiolation by the ENOD40 peptides, and the C-terminal end of helix Nal, which
starts within the active site. Conformational changes originating at the CTD or A:B
interface could to transmitted to the active site via helix Noal. (B) The observed
conformational changes in the CTD essentially change the width of a groove on the face of
the AtSusl tetramer; helix a9 of the EPBD makes the top of the groove. (C) The AtSusl
tetramer is juxtaposed with a double-stranded F-actin filament generated from PDB 3MFB
(rabbit F-actin). One F-actin strand is green and the other is cyan; the CTD of AtSusl is
colored blue, and the bulk of AtSusl is wheat. The CTD is the size of the F-actin groove
and helix al of the CTD (magenta) would lie against the F-actin fiber.
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The structure of AtSusl does not shed light on how SUS interacts with the
membrane or other cellular sites or why phosphorylation of Serl3 enhances SUS binding to
membranes, but diminishes its binding to actin [5]. However, the structure of AtSusl
suggests how CTD interaction with cellular targets, SUS phosphorylation at Ser13, and the
thiolation by ENOD40 peptides may alter SUS catalysis. As shown Figure 4.12A, the
unusually long Nal helix (303-326) of the GT-By extends out from the active site. The N-
terminal end of Nal interacts with pyrophosphate and fructose (Figures. 4.8 and 4.13A); the
C-terminal end of Nal abuts against helix a10 of the EPBD (Figure 4.13A). Adjacent to
helix 010 are helix a9, which may interact with actin, and helix a8, which interacts with the
region surrounding Serl13; nearby is Cys266, the site of thiolation by ENOD40 peptide A.
The juxtaposition of potential regulatory sites around the EPBD suggests that
conformational changes in this domain could be readily transmitted into the active site
through distortions of the Nal helix. In mung bean SUS1, Nakai and colleagues noted that
the phosphorylation of Serll, the equivalent of Serl3 in AtSusl, increases sucrose affinity
[55], suggesting that phosphorylation may enhance sucrose cleavage, i.e., UDP-glucose
generation. They also found that mutation of Serl3 to glutamate mimics phosphorylation.
Therefore, mutagenic analysis of the residues in the EPBD, at the C-terminal end of Nal,
and surrounding Serl3 may provide crucial insights in the regulation of SUS function and

enzymatic activity.

174



4.4 Conclusions

The structure determination of AtSusl provided the structural basis for the
regulation and the assembly of a eukaryotic glycosyltransferase. The structures in complex
with substrates also unveiled the evidence for the Syi like enzyme mechanism proposed for
the retaining glycosyltransferases in the previous studies [37]. Two novel folds revealed in
the structures will provide the knowledge base for the rational design of experiments to
investigate their roles in Susl’s spatial regulation as well as the effects of stabilization by
the tetrameric assembly on the enzyme activity and its physiological rules. The structural
comparison of the inverting and retaining glycosyltansferases pinpointed some simple but
important structural features, such as the loop variation and the domain rotation, which may
be essential for pre-determining the inverting or retaining mechanism and the outcome of
the glycosylation. Further experiments are needed on how the two hinges connecting the
two GTB sub domains contribute to the reactions. This information would greatly enhance
our understanding of the glycosyltansferases and also help the design of compounds or

antibodies to modulate the activity of a specific glycosyltansferase.
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CHAPTER 5

CONCLUSION AND FUTURE DIRECTIONS

5.1 Conclusion of the thesis

The major endeavor of this thesis is the crystallization of several important proteins
involved in the host-microbe interactions from model organisms and pathogenic bacteria to
provide the knowledge base for better understanding of the interactions between host and
microbes. To this end, the structures of AtSusl and EhaB_c were determined. New
structures of AtSusl in complex with different substrates not only helped to elucidate the
retaining glycosyl transfer mechanism but also shed light on the potential structural
relationships between the retaining and inverting glycosyltransferases. The structure of the
EhaB_c protein from pathogenic E. coli 0157: H7 was determined to 2.0 A. Interestingly,
EhaB_c has a significantly higher amount of bulky aromatic residues (Trp, Tyr, Phe) lining
the pore and a considerably lower pore conductance compared to the NalP protein [1]. On
the other hand, preliminary results of a molecular dynamic simulation (data not shown)
suggested that the helix inside the EhaB [ domain has a tendency to fall back to the
periplasmic side of the OM. These new features of EhaB_c will potentially provide
additional insight on the biogenesis of AT proteins but future characterizations are still
needed. A major effort of this thesis was devoted to the crystallization of BsYpfP but no
well-diffracting crystal was obtained so far. However, the exploration of the fusion module

to facilitate the crystallization of BsYpfP indeed yielded crystals and proved the concept of
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the strategy [2-4]. Better yet, these exercises provided valuable experiences in designing
customized crystallization strategies for hard-to-study proteins such as BsYpfP. At the same
time, the in vitro and in vivo activities as well as the biophysical and biochemical properties
of BsYpfP were characterized in detail and will undoubtedly facilitate future crystallization

and research on BsYpfP.

5.2 Future directions

5.2.1 Future research directions on BsYpfP

The extensive crystallization screen and manipulation with the BsYpfP fusion
proteins eventually gave some clues for the crystallization condition of BsYpfP. The
encouraging crystal obtained with the TagF-BsY pfP fusion protein especially suggested that
a proper fusion module may play an important role in the crystallization of BsYpfP. The
next step will be further exploring more fusion modules to facilitate the crystallization of
BsYpfP. Despite this being still a trial-and-error effort, the new crystallization robot and
imaging system here at Michigan State University will significantly reduce the amount of
time and resources needed and increase the possibility of obtaining the crystal of BsYpfP.
Other approaches to increase the possibility of getting the crystal of BsYpfP may include
cutting off unstable regions of the protein with information from limited proteolysis [5] and

predictions [6] as well as including ligands in the drop to stabilized the crystal contacts.

Besides the structure determination of BsYpfP that may provide a detailed

mechanism of the glycosyl transfer reaction, biochemical characterization of BsYpfP will
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also lead to better understanding of the processive glucosyltransferases. In this thesis, a
giant liposome assay and a hybrid synthesis of the non-reactive substrate UDP-6-deoxy-
glucose have been developed. However, due to lack of a proper separation column, analysis
of the activity with this substrate did not proceed further. Continuous work on this subject
may result in a more detailed understating of the unique processive glycosyl transfer
activity. The giant liposome assay combined with the glycolipid anchor will provide a

platform for characterization of downstream enzymes in the biosynthesis of LTAs.

5.2.2 Future research directions on Eha proteins

Crystallization of full length Eha proteins is critical for understanding of the
mechanism of translocation. Preliminary screening has already identified promising
conditions for EhaA_fl and EhaB_fl but further optimization is still needed to produce
diffraction quality crystals. At the same time, diffraction datasets have been collected for
EhaA_c and EhaD_c proteins at resolutions of 2.35 A and 2.45 A, but their structure
solution by molecular replacement has not yet been successful. However, the structure
determination EhaA_c and EhaD _c proteins should be readily obtainable through the use of
single or multiple anomalous dispersion methods; this aspect of the work is currently
underway. The structures of these closely related Eha proteins may provide additional
information on the biogenesis of ATs as well as insights on their role in virulence of E. coli

O157:H7.
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The BLM experiment on the MBP_EhaB_c was only a preliminary study, and the
quite interesting results need to be explored in more detail. To be more convincing, the
BLM experiment needs to be repeated under a variety of conditions and the BLM
experiment on other Eha proteins needs to be carried out to better understand the significant
differences in conductivity and its relationship with the bulky residues inside the porin

domain.

In the longer term, the structural information obtained from high resolution structures
of Eha proteins can be used in the further development of the autodisplay system based on E.
coli ATs. The technique of autodisplay was introduced in 1986 when Freudl et al. showed
that heterologous OmpA can be expressed and exposed on the surface of an E. coli K-12
strain [7]. Since then, a broad number of display systems have been established for a variety
of model organisms and have been widely used as the platform for the development of
whole cell biocatalysis, live vaccines, biosorbents, biosensors, inhibitor design and
protein/peptide library screening as well as matrices for epitope mapping and antigen

delivery [8-12] in both research and industry.

Slightly different strategies are used in each organism and reviewed elsewhere [13].
In E. coli, the endogenous AT system is utilized for the display where the natural passenger
domain of the AT is replaced by the fragment of interest and thus transferred by the -
domain of the AT and subsequently displayed on the cell surface of the bacterial cell. The
autodisplay system in E. coli has several outstanding advantages in terms of ease of

manipulation, simplicity of the design, and abundance of protein molecules displayed [14],
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as well as free diffusion environment to facilitate the observation of protein-protein
interaction [14, 15]. The autodisplay system based on E. coli has been very successful in a
number of cases. The additional structural information of the adhensin Eha proteins will

offer even more versatility for this system.

5.2.3 Future research directions on AtSusl

The structure of AtSusl revealed some potential interactions between CTD with
cellular targets such as actin [16, 17], as well as the potential SUS phosphorylation at Ser13
[18, 19], and the function of thiolation at ENODA40 peptides [20], but there are still many
unanswered questions. For example, what is the mechanism of SUS interacting with actin,
the membrane, or other cellular sites? What is the function of the phosphorylation of Ser13?
Will the conformational changes in the EPBD domain be transmitted to the active site
through distortions of the Nal helix? In mung bean SUS1, Nakai and colleagues noted that
the phosphorylation of Serll, the equivalent of Serl3 in AtSusl, increases sucrose affinity
[21], suggesting that phosphorylation may enhance sucrose cleavage, i.e., UDP-glucose
generation. They also found that mutation of Serl3 to glutamate mimics phosphorylation.
Therefore, mutagenic analysis of the residues in the EPBD, at the C-terminal end of Nal,
and surrounding Ser13 may provide crucial insights into the regulation of SUS function and
enzymatic activity. Crystallization of these mutants may provide critical information to
answer these questions. On the other hand, in order to further assess the influence of
conformational changes in the EPBD domain on the global structure as well as the balance

between the sucrose synthesis and cleavage activities, characterization of a solution
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structure is necessary. With the high resolution structure at hand, small angle X-ray
scattering (SAXS) experiments will be very useful to characterize these conformational
changes. In addition, the solution structure may reveal some physiological significance of
the equilibrium of tetrameric verse other oligomeric states. A SAXS experiment with a
different substrate binding at the active site is already under way. Further detailed

characterization and analysis will be carried out in the near future.
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