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Abstract of the Dissertation

Quantitative Computational and Biophysical Investigation

of Multivalent Proteins

by

Vadim Patsalo

Doctor of Philosophy

in

Applied Mathematics and Statistics

Stony Brook University

2012

The valency of a biological molecule is the number of interactions that it is able to make with
other molecules. Multivalency arises in proteins which oligomerize or contain tandem repeats, and
commonly involves the binding of carbohydrates. Biological processes which rely on multivalency
include surface interactions (e.g. virus–cell adhesion and cell–cell binding) or de-mixing phenomena.
The energetics of multivalent interactions can be significantly enhanced relative to their monovalent
counterparts, and numerous multivalent inhibitors of viral infection have been identified. In this
dissertation, we present computational and biophysical investigations of several multivalent proteins
related to human viral pathogens.

The bivalent lectin Cyanovirin-N inhibits HIV infection by binding the high-mannose glycans on
the surface of the viral glycoprotein gp120. We performed Poisson–Boltzmann calculations and
identified adjacent serines sequestered in the protein core which form a bridging interaction. We
showed that this interaction does not overcome the desolvation penalty for burying the two groups,
and went on to design and characterize a series of stabilized protein variants.

The tetravalent lectin MVL also neutralizes HIV, but recognizes a glycan substructure different from
Cyanovirin-N. An unresolved question regarding MVL and other HIV-neutralizing agents is whether
multivalency is necessary for efficient viral neutralization. We biophysically characterized individual
monovalent domains of MVL. The C-terminal domain was folded and populated a monomer/dimer
equilibrium at micromolar concentrations. HIV neutralization experiments revealed that the C-
terminal domain alone was able to neutralize three of four viral strains with efficacy near that of
the wild type protein, suggesting that multivalency is not necessary for nanomolar inhibition by
this protein.

The adenoviral protein E4–ORF3 forms a heterogeneous polyvalent nuclear fiber and inactivates
several host responses to the infection. Using biophysical techniques we characterized a nonfunc-
tional variant of E4–ORF3, revealing that a homodimer is the building block of the nuclear web.
Based on a subsequently-solved X-ray structure, we propose mechanisms of how the mutation
abrogates function, and how E4–ORF3 is able to capture a diverse panel of host cellular proteins.
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Chapter 1

General Introduction

1.1 Multivalent Interactions in Biology

Biology is driven by the non-covalent association of molecules. Among countless examples of

noncovalent biomolecular association events are: regulation of protein production by transcription

factors, enzymatic binding and turnover of metabolic substrates and cofactors, and the assembly

of lipids to form membranes. The valency is a key property of a macromolecule, and is defined

as the number of separate ligand–receptor interactions the molecule is capable of simultaneously

engaging [52, 119]. Biomolecular interactions (involving proteins, saccharides, nucleic acids, lipids,

small molecule metabolites, etc.) or their assemblies (cells, viruses) can be divided into three broad

classes based on the valency of the ligand and receptor molecules involved.

1. The first class of interactions includes univalent association (e.g. the binding of bovine pan-

creatic trypsin inhibitor to trypsin, or the binding of ribosomal proteins to rRNA). Here, a

receptor contains a single binding cavity, which can be occupied by a ligand. These inter-

actions have only two states (bound or unbound) and the corresponding equilibrium affinity

constant and free energy of binding are derived by measuring the relative populations of these

two states (Figure 1-1A).

2. The second class of interactions involves multivalent receptors and monovalent ligands. Text-

book examples of this class are the binding of molecular oxygen to hemoglobin and of metals

to the chelator EDTA. This class of interactions, in certain cases, gives rise to the phenomenon

of cooperativity. For instance, the binding of oxygen to hemoglobin is the classical example of

positive allosteric cooperativity, in which the binding of the first ligand increases the affinity

of subsequent binding events. In general, positive cooperativity can arise from a conforma-

tional change or a shift in the receptor equilibrium [85]. Metal chelation is an example of

configurational cooperativity, where the initial binding event pre-organizes other receptors

(carboxylate groups in the case of EDTA) to engage the ligand. As a class, these interactions

are not considered multivalent [52].
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3. The third class of interactions involves the simultaneous engagement of multivalent recep-

tors with multivalent ligands. Among these are the interactions between surfaces, cells, and

macromolecular assemblies. Examples of these include: binding of a virus to receptors on the

host cell, adhesion of uropathogenic bacteria to epitheleal cells, or the association of toxins

with cell membranes. Multivalent molecules and interactions of this class can exhibit char-

acteristics absent from their monovalent counterparts, and can be significantly enhanced in

their strength compared to their monovalent counterparts, reaching levels of effective irre-

versibility. In general, multivalent interactions can be positively or negatively cooperative, or

display no cooperativity at all.

A C

B

Figure 1-1: Schematic representation of multivalency. A. Interactions between monovalent
receptors and ligands populate a bound/unbound equilibrium, which can be described by an equi-
librium constant and an associated binding free energy. B. Multivalent interactions present several
experimental and theoretical challenges. For large polyvalent systems, determining the receptor
fractional occupancy is impossible in many cases. Shown here is a schematic of a trivalent recep-
tor interacting with a trivalent ligand. More complex, heterogeneous binding between these two
molecules can also occur, which can lead to large assemblies or aggregates. Panels A and B adapted
from reference [119]. C. On the macroscopic level, the Xanthium burr can be thought to engage in
multivalent interactions. The attachment of the burr to a multivalent receptor (such as an animal’s
coat or a sweater) involves a large number of simultaneous yet independent noncovalent interac-
tions. The sum of these interactions produces a high burr–sweater affinity which can withstand
large shear forces. However, since the interactions are non-covalent, the burr can be detached by se-
quentially unfastening each hook. Burr image credit: http://www.dpi.nsw.gov.au/agriculture/pests-
weeds/weeds/profiles/californian-burr

Multivalency and cooperativity are key features of biological systems, and their presence leads

to collective properties which are absent from individual constituents [187]. Even without the

affinity gains due to positive allosteric cooperativity, multivalent interactions on the molecular and

cellular levels represent a fundamental conceptual departure from their monovalent counterparts.

Polyvalent interactions offer numerous advantages, including achieving tight binding using modest

surface area, creating contacts between large biological surfaces, and assembly of specific molecular
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geometries [119]. Multivalent interactions can also give rise to de-mixing phenomena common

to eukaryotic organisms; the prototypical example is the formation of “nuclear bodies” by the

multivalent protein PML [14]). Recently, a synthetic system has been described which undergoes

a de-mixing phase transition similar to those observed in nature [106]. Such phase transitions may

be biologically useful in order to spatially organize and regulate biochemical phenomena on the

macroscopic scale.

1.1.1 Examples of Carbohydrate-mediated Multivalent Interations

Carbohydrates and carbohydrate–binding proteins are found on the surfaces of cells, viruses, and

bacteria; multivalent carbohydrate–protein interactions mediate inter-cellular processes such as ad-

hesion and pathogenesis (Figure 1-2). Understanding the role glycosylation plays in these processes

is crucial for the design of successful therapeutic approaches. It has been suggested that significant

therapeutic breakthroughs will occur through appreciation and study of multivalent interactions

as a whole, and through the incorporation of insights gleaned from these studies to inhibitor de-

sign [119].

Viruses begin their life cycles through an attachment to the host cell. This step frequently in-

volves multivalent interactions, and is commonly carbohydrate-mediated. For example, the Human

Immunodeficiency Virus (HIV) is decorated with 8–10 heavily glycosilated “spikes” on its surface.

These spikes (trimers of glycoproteins gp41 and gp120) target the host receptor CD4 and CCR5/

CXCR4, which are present in multiple copies on the cell surface [45].

Numerous inhibitors of HIV infection have been discovered, and these molecules are frequently

multivalent [6]. Among these are naturally-occurring lectins and neutralizing antibodies. Lectins

are carbohydrate-binding proteins of non-immune origin which have no enzymatic activity upon

their cognate substrates [110]. Lectins are typically multivalent, and are frequently isolated from

their original source due to their ability to agglutinate cells or particles which display carbohydrates

on their surface (e.g. erythrocytes). Protein–carbohydrate interactions are routinely multivalent

because carbohydrate-binding proteins are commonly composed of repeats and/or multimers of

modular domains. It is thought that multivalent interactions help many lectins overcome low

(mm-range) affinity at individual binding sites [87,148,179].

The biological context of a lectin’s function within its native organism is often elusive. This may

be due to the unavailability of the genome sequence, or because the lectin is expressed in its native

organism under a set of conditions which are difficult to replicate ex vivo. Intriguingly, this is often

not the main focus of the scientific investigation involving lectins. A number of lectins have found

therapeutic or biotechnological use outside their native environment; examples of biotech utility

of lectins include: lectin chromatography for glycoprotein purification and lectin microarrays for

carbohydrate content profiling of bacteria or viruses [81,82].

Lectins can interfere with the action of human pathogens, and thus have generated therapeutic

interest [6]. However, efforts to engineer improved lectin inhibitors have had limited success, and

3



A B

sLex

C

Figure 1-2: Multivalency on the molecular and cellular levels. A. The action of the immune
system is dependent on multivalency. Divalent IgG antibodies recognize an antigen epitope on the
surface of a bacterial cell. The FC region of antibodies is mannosylated, and interacts multivalently
with the FC receptors present on the surface of macrophages, resulting in two “layers” of multivalent
interactions. B. Attachment of viruses to cells is mediated by multivalent interactions. Here, the
attachment of an influenza virus to the host cell is depicted; the hemagluttinin molecules on the
surface of the virus recognize host sialic acid moieties. Viral attachment leads to deposition of
the viral material inside the host cell via endocytosis. C. Injury to endothelial tissue results in
enhanced expression of the E- and P-selectins on the cell surface. Neutrophils are attracted to this
site, and interact multivalently through the sLex groups found on the endothelial surfaces. Figure
adapted from reference [119].
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rely mainly on increasing the number of binding sites through dimerization or tandem duplication.

The lack of success is partly due to the fact that the lectin targets are not well characterized. In this

work, we present two investigations of multivalent lectins which aim to design improved inhibitors,

as well as to understand the role of multivalency in their function. Inhibition of HIV infection

by lectins is mediated by the viral surface glycoprotein gp120. Each molecule of gp120 contains

approximately two dozen N-linked glycosylation sites, depending on the viral strain, and both

high-mannose (for example Man9GlcNAc2) and complex oligosaccharides decorate its surface [6].

It is thought that the main function of carbohydrates on HIV is to create a “glycan shield”, the

primary role of which is to obscure the underlying viral proteins from detection by the host immune

system [141,183].

1.2 Overview of the Present Work

In this work, we describe investigation of three proteins which rely on multivalency for function.

The first two studies are of multivalent lectins which neutralize infection by HIV. The final study

describes the adenoviral protein E4–ORF3, which inhibits anti-viral host proteins by forming large

polyvalent assemblies within the nucleus.

In Chapter 2, we used computational tools to discover a destabilizing interaction within the core

of the divalent HIV-inhibitory lectin Cyanovirin-N (CVN). CVN is composed of two homologous

domains. The initial design goal of this study was to create a split-CVN molecule for “mix-and-

match” combinatorial screening of carbohydrate specificity against the many possible carbohydrate

epitopes on the viral glycoprotein gp120. However, neither domain containing the wild-type se-

quence proved possible to produce experimentally. We focused our attention on enhancing the

stability of the CVN domains within the context of the wild-type molecule and, using Poisson–

Boltzmann electrostatic calculations, discovered a serine–serine interaction buried within the core

of CVN domain A. We demonstrated that this serine pair is destabilizing to the protein fold. This

is likely because the favorable electrostatic interaction between the two sidechains is inadequate to

overcome their cumulative desolvation penalties. We further showed that CVN variants incorporat-

ing larger aliphatic substitutions at the serine sites were more stable than the wild-type molecule,

and extended these mutants to domain B of the wild-type molecule. The stabilized variants re-

tained both the Cyanovirin fold and its exquisite carbohydrate specificity. In addition, we found

that CVN unfolding by the chaotropes urea and guanidinium hydrochloride proceeds on the time

scale of days, and is not strictly two-state. Previous studies characterizing the effect of muta-

tions on CVN stability were misled by its slow unfolding, and we provide updated thermodynamic

parameters of its denaturation.

Chapter 3 extends the concept of the combinatorial carbohydrate-binding scaffold to the tetrava-

lent HIV-inhibitory lectin MVL. Unlike the topologically-unusual CVN domains, the 54-residue

domains of MVL are composed of a ubiquitously-occurring secondary structure motif; as a result,

5



these domains may be more likely to retain their fold when excised from the full-length protein.

We found that the homologous amino- and carboxy-terminal domains of MVL (MVLN and MVLC,

respectively) differed in their stability. While MVLC was folded, MVLN was unfolded under all ex-

perimental conditions. Despite numerous attempts to obtain folded MVLN through rational design

and symmetrizing approaches, our efforts were not successful. We confirmed that MVLC is dimeric

at µm concentrations, and tested the ability of the domain to neutralize viral infection alongside the

wild-type protein. The inhibitory potency of the single MVLC domain was indistinguishable that

of its tetravalent parent, suggesting that multivalency is not strictly necessary for potent antiviral

neutralization by MVL.

In Chapter 4, we present the results of a computational investigation into carbohydrate recognition

by MVL. Relying on structural modeling and long-timescale molecular dynamics simulations, we

investigated the binding of a series of high-mannose and chitin-derived oligosaccharides. We found

that MVLN is less complementary to high-mannose oligosaccharides than MVLC. In addition,

we observed unprecedented carbohydrate–carbohydrate interactions in the tetravalent wild-type

molecule. Finally, our structural modeling, in concert with re-examination of experimental data,

uncovered a dual binding mode of the tetrasaccharide GlcNAc4 to MVL.

In Chapter 5, we applied biophysical techniques to experimentally characterize the adenoviral pro-

tein E4–ORF3. Upon viral infection E4–ORF3 forms fibrous aggregates (termed tracks) within the

nucleus of the infected cell. A number of host proteins, including the nuclear body-forming PML

and its associated transcription factors, subsequently or concurrently relocalize into the tracks,

which disables their function or targets them for proteosomal degradation. The exact mechanism

of E4–ORF3 function is presently unknown. Nuclear aggregates of E4–ORF3 may be amorphous

or amyloid-like in nature, and it is thought that their formation creates a polyvalent scaffold which

captures host proteins. The scaffold may function by reducing the entropic costs of substrate

binding, or by forming novel emergent protein-binding interfaces. We demonstrate that wild-type

E4–ORF3 and non-functional mutant L103A possess identical secondary structure with significant

α-helical content, revealing that the mutation does not work by a trivial unfolding mechanism,

and suggesting that the nuclear tracks are composed of well-folded proteins. Intriguingly, hy-

drodynamic characterization revealed that the two variants differ in their association state: while

recombinantly-produced wild-type E4–ORF3 is heterogeneously oligomeric (and functional), L103A

is predominantly trapped in a homodimeric state (and is non-functional). We hypothesize that the

dimer is the building block of the nuclear tracks, and demonstrate that during co-expression, L103A

abrogates track formation by wild-type E4–ORF3 in a dominant-negative fashion.

We extend the insights gleaned from our initial E4–ORF3 studies in Appendix A. Relying on a

recently-discovered connection between E4–ORF3 and the small ubiquitin-like modifier (SUMO)

post-translational modification, we investigated the in vitro interaction between E4–ORF3 and

human SUMO1, and determined that L103A interacts with SUMO1 weakly, beyond experimen-

tal detection. Based on examination of the recently-solved structure of an E4–ORF3 variant we
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propose a mechanism by which the L103A mutation affects E4–ORF3 oligomerization. We per-

formed bioinformatic analysis of the E4–ORF3 sequence and suggest that the C-terminal domain

of E4–ORF3 contains a SUMO-interaction motif (SIM). This previously-undetected putative mo-

tif shares remarkable homology with characterized SIMs, and many of the host proteins affected

by E4–ORF3 contain the SUMO post-translational modification. Finally, we present a structural

model of the E4–ORF3 SIM bound to SUMO1, and discuss this putative complex in the context

of known E4–ORF3 orthologs and non-functional mutants.

7



Chapter 2

Rational and Computational Design

of Stabilized Variants of Cyanovirin-N

which Retain Affinity and Specificity

for Glycan Ligands∗

Abstract

Cyanovirin-N (CVN, UniProt ID: P81180) is an 11-kDa pseudo-symmetric cyanobacterial lectin
that has been shown to inhibit infection by the Human Immunodeficiency Virus (HIV) by binding
to high-mannose oligosaccharides on the surface of the viral envelope glycoprotein gp120. In this
work we describe rationally-designed CVN variants that stabilize the protein fold while maintaining
high affinity and selectivity for their glycan targets. Poisson–Boltzmann calculations and protein
repacking algorithms were used to select stabilizing mutations in the protein core. By substituting
the buried polar side chains of Ser11, Ser20, and Thr61 with aliphatic groups, we stabilized CVN by
nearly 12 ◦C against thermal denaturation, and by 1m of GuaHCl against chemical denaturation,
relative to a previously-characterized stabilized mutant. Glycan microarray binding experiments
confirmed that the specificity profile of carbohydrate binding is unperturbed by the mutations, and
is identical for all variants. In particular, the variants selectively bound glycans containing the
Manα(1→2)Man linkage, which is the known minimal binding unit of CVN. We also report the
slow denaturation kinetics of CVN and show that they can complicate thermodynamic analysis;
in particular, the unfolding of CVN cannot be described as a fixed two-state transition. Accurate
thermodynamic parameters are needed to describe the complicated free energy landscape of CVN,
and we provide updated values for CVN unfolding.

∗Portions of this chapter have been previously published as:

Patsalo V, Raleigh DP, Green DF. Rational and Computational Design of Stabilized Variants of Cyanovirin-N which
Retain Affinity and Specificity for Glycan Ligands. Biochemistry, 50(49):10698-712. (2011)
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2.1 Introduction

The 11 kDa lectin Cyanovirin-N (CVN), originally isolated from the freshwater cyanobacterium

Nostoc ellipsosporum, has generated interest as a potential anti-viral agent. Therapeutic interest

in CVN stems from its ability to potently and irreversibly inactivate both laboratory-adapted and

naturally-occurring strains of the Human Immunodeficiency Virus (HIV) [70]. This irreversible

inhibition involves tight binding of CVN to the high-mannose oligosaccharides on the viral envelope

glycoprotein gp120 [26]. The binding event affects the flexibility of gp120, and is thought to hinder

the conformational changes which are required for proper interactions with the cell-membrane

receptor CD4 and co-receptors CCR5/CXCR4, which are essential for subsequent gp41-mediated

membrane fusion [6, 41].

The presence of glycans on gp120 is crucial to the ability of HIV to evade detection by the

immune system. The dense glycan coating of gp120 gives rise to what has been termed a “glycan

shield” due to its masking of the underlying immunogenic protein epitopes [183]. In fact, most of the

surface of the proteins exposed on the extraviral side of the envelope is covered by carbohydrates.

CVN, along with a number of other lectins, represents an example of a novel class of therapeutic

carbohydrate-binding agents against enveloped viruses. The antiviral activity of such molecules is

dual in mechanism; first, they are able to bind to the glycans of the viral envelope and block virus

entry, and second, long-term exposure to such agents leads to a progressive deletion of the glyco-

sylation sites on the viral surface as an adaptive response to antiviral pressure. In the case of HIV,

the deletion of the “glycan shield” is thought to reveal previously-obscured epitopes and allow en-

hanced detection and neutralization of the virus by the immune system [6,151]. CVN has also been

shown to inhibit transmission by other enveloped viruses: in addition to HIV, CVN inhibits Ebola

and herpes simplex viral infection by binding to their respective envelope glycoproteins [13, 175],

and influenza infection by binding to hemagglutinin [138].

Wild-type CVN has modest stability and a tendency to form domain-swapped dimers [10].

These factors complicate its clinical use and can make biophysical and biochemical studies of the

protein difficult. The most promising clinical application of CVN is as a topical microbicide,

with hope of reducing HIV transmission in sub-Saharan Africa. The therapeutic must thus be

stable under a wide range of conditions and possess a long shelf life under harsh conditions. The

interest in developing CVN as a microbicide has led to investigations of large-scale production

of the protein using bacterial, yeast, and plant expression systems [35, 126, 159]. Stabilization of

CVN has implications for recombinant production of the protein as a therapeutic, and can aid in

recombinant protein purification. In addition, availability of stabilized CVN variants facilitates

studies of mutations which significantly disturb the stability of the protein fold, such as previously-

characterized binding-site knockouts [12,31,56,121,122] or designed protein oligomers [90].

We set out to design variants of CVN which are more stable to chemical and thermal unfolding,

but retain the full biological activity of the wild-type protein. Here, we present CVN variants which

are more stable than the wild-type protein, yet retain the native fold and carbohydrate specificity.

The designed homologues represent a new background which is amenable to binding-site redesign or

9



engineering, due to their increased tolerance of higher temperatures and denaturant concentrations

compared to wild-type CVN.
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Figure 2-1: A. Ribbon representation of Cyanovirin-N based on PDB 1IIY [15]. Domain A is
colored purple, and Domain B green. Disulfide bonds are shown in licorice, and Ser11, Ser20,
Thr61, Ala71 are shown in space-filling representation. Fractional side-chain solvent accessibility
of these residues is indicated in parentheses. Solvent accessibility was computed with Naccess [83]
B. Sequence logo representation of CVN family rendered with WebLogo 3.0 [37]; the height of
the letter stack at each position is proportional to sequence conservation, while the height of the
letters within a stack is scaled to relative amino-acid frequency. The numbers below the logo are
position indices in the sequence alignment. The first and second repeats are aligned to emphasize
the tandemly-repeated nature of CVN. The sequence of P51G-CVN is shown above.

Protein stabilization has previously been achieved using a variety of approaches: improving core

packing [38], removal of buried polar side chains or unsatisfied salt bridges [20,75], homology-based

strategies [125], mutation of charged surface residues [171], introduction of new disulfide bonds [147],

turn redesign [132,144,199], modulation of unfolded state entropy [3], and rational considerations of

unfolded state interactions [34]. Often, the substitutions increase stability via a mixture of effects,
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such as optimized core packing and increased burial of hydrophobic surface area, which may be

difficult to deconvolve [118]. In this work, we employed a rational design strategy which removes

buried polar groups and improves the packing within the protein core to yield increased stability.

We found that kinetic denaturation of CVN by guanidine hydrochloride (GuaHCl) is very slow,

and that CVN folding is not two-state. Previous studies of CVN folding thermodynamics were

misled by the slow unfolding, and we provide updated thermodynamic parameters for CVN.

2.2 Materials & Methods

Continuum Electrostatic Calculations. Electrostatic contribution of CVN side chains to

protein stability were obtained using standard methods [67] by solving the linearized Poisson–

Boltzmann equation [61, 80] using a multigrid finite-difference solver (M.D. Altman and B. Tidor,

unpublished) distributed with the Integrated Continuum Electrostatics (ICE) software package

(DFG, E. Kangas, Z.S. Hendsch, and B. Tidor, available for licensing through the MIT Tech-

nology Licensing Office). Dielectric constants of 2 and 80 were used for the solute and solvent,

respectively. The dielectric boundary was defined by the molecular surface using a 1.4 Å radius

probe, with radii optimized for this purpose [135]. The ionic strength was set to 145 mm, with a

2.0 Å ion-exclusion layer. A 129-unit grid was used with overfocusing boundary conditions (the

longest dimension of the molecule occupying 23%, then 92%, and finally 184% of one edge of the

grid).

The electrostatic contribution of a side chain at position i to the unfolded state was modeled

by its interactions with the (i− 1)carbonyl-(i)–(i+ 1)amino “tripeptide” in the absence of any other

protein groups. The conformation of the “tripeptide” was unchanged from that of the folded protein.

Electrostatic calculations were performed on 201 snapshots extracted from a 200 ns explicit-solvent

molecular dynamics simulation of CVN [57].

Protein Design Calculations. We used a hierarchical design procedure [66] based on the Dead-

End Elimination and A∗ algorithms [40,64,99,102,113,117] to find low-energy sequences compatible

with the CVN fold. The protein backbone was kept fixed, and the “penultimate” rotamer library

of Richardson and colleagues [114] was used for side-chain rotamers. Energies were evaluated with

the CHARMM potential [27] with the PARAM22 force field [116] using the analytical continuum

electrostatic model [152].

All CHARMM energy terms (bond, angle, dihedral, improper, Lennard-Jones, and electrostatic)

were used in the search. Changes to protein stability upon mutation or side-chain rearrangement

were approximated from the energetic difference between the folded and the unfolded states based

on isolated model side chains. The isolated side chains were acetylated at the N-terminus and N-

methylamidated at the C-terminus. Rotamers which clashed with the backbone or with neighboring

side chains were eliminated. Sequences greater than 15 kcal mol−1 above the global minimum energy

configuration were discarded. Ten top-scoring configurations for the remaining sequences were re-
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ranked using Analytical Continuum Electrostatics [153], as implemented in CHARMM. Software

written in collaboration with Tidor and colleagues [66,109] (available for licensing through the MIT

Technology Licensing Office) was used for the search.

Cloning, Protein Expression & Purification. Mutants were constructed starting with the

synthetic gene coding for Cyanovirin-N (DNA 2.0) cloned into the pET-26b(+) vector (Novagen)

using the NdeI and XhoI restriction sites. Round-the-horn site-directed mutagenesis (S. Moore,

unpublished) was performed using the Phusion High-Fidelity PCR Kit. Briefly, non-overlapping

primers, with one encoding the desired mutation, were phosphorylated at the 5’ end using T4

Polynucleotide Kinase. The phosphorylated primer mix was then added to the PCR reaction, and

extension followed for 30–35 cycles. The purified PCR product was then ligated at 16 ◦C overnight

with T4 DNA Ligase, and transformed into XL1-Blue Competent Cells (Novagen). A typical

transformation yielded 50–200 colonies. Restriction enzymes, Phusion polymerase, polynucleotide

kinase, and ligase were purchased from New England Biolabs. The identity of the mutants was

confirmed by DNA sequencing.

Plasmids bearing the appropriate mutations were transformed into BL21(DE3) E. coli strain

(Novagen). Cells were grown at 37 ◦C until OD600 reached 0.8, and protein expression was induced

by addition of 1 mm isopropyl-d-thiogalactoside for 4–5 h. The cells were pelleted by centrifugation

at 7500 g, and frozen at −80 ◦C until purification.

With the exception of ∆M, the proteins were purified under denaturing conditions. The cell

pellet was resuspended in Buffer A (6m GuaHCl, 20 mm imidazole, 20 mm Tris-HCl, pH 8.0) using

10 mL per gram of cell paste. The cells were disrupted by four passes through a French Press high-

pressure homogenizer. The insoluble fraction was immediately pelleted by ultracentrifugation at

100 kg. The supernatant was loaded onto a 5ml His-Trap FF column (GE Healthcare), connected to

an AKTA Explorer 10 FPLC (GE Healthcare), and eluted over 10 column volumes using a gradient

of Buffer B (6m GuaHCl, 300 mm imidazole, 20 mm Tris-HCl, pH 8.0). Dithiothreatol was added

to a final concentration of 5 mm.

The proteins were refolded by overnight dialysis against Buffer C (10 mm Tris-HCl, pH 8.0)

at room temperature, changing the buffer once. The precipitate was removed by ultracentrifu-

gation, and the soluble fraction was incubated at 37 ◦C for 24–48 h to increase interconversion of

domain-swapped dimer to monomeric protein. The proteins were concentrated by centrifugation,

and loaded onto a Superdex 75 26/60 gel filtration column (GE Healthcare) pre-equilibrated with

Buffer D (20 mm sodium phosphate, pH 6.0). The monomeric proteins were stored at 4 ◦C until

characterization.

The identity and purity of the recombinant proteins was confirmed by matrix-assisted laser des-

orption/ionization time-of-flight (maldi-tof) mass spectrometry; all of the overexpressed proteins

were found to have an N-terminal methionine residue. Protein concentrations were determined by

measuring A280 in 6m GuaHCl using a calculated extinction coefficient of 10 220m−1 cm−1.
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Oligomerization State Determination. Analytical gel filtration was performed on a Superdex

75 (10/300 GL) column (GE Healthcare). 100 µL samples were injected onto the column pre-

equilibrated in 20 mm sodium phosphate, 200 mm sodium chloride (pH 7.5) and were eluted in the

same buffer at 0.5 mL min−1.

Equilibrium Denaturation Studies. Samples for equilibrium denaturation studies were pre-

pared as follows. Typically, thirty-two 2 mL samples containing 10 µm protein in buffer D with the

appropriate concentration of GuaHCl were incubated at room temperature for 72 h. The concen-

tration of GuaHCl in each sample was determined by refractometry. Samples were analyzed by

fluorescence and circular dichroism spectroscopies, described below.

Spectroscopic Analysis. Intrinsic tryptophan fluorescence spectra were collected at 25 ◦C on a

PTI spectrofluorometer (Birmingham, NJ) equipped with a Peltier temperature controller. Protein

concentrations were 10 µm in Buffer D. The excitation wavelength was set at 290 nm and fluorescence

emission was collected from 300–400 nm. To facilitate comparison with earlier work, the intrinsic

tryptophan fluorescence ratio I330/I360 was also recorded for each sample for 60 s, and averaged to

yield the final value.

Circular dichroism measurements were carried out on a Chiroscan spectrometer (Applied Pho-

tophysics) equipped with a Peltier temperature controller. Far-UV spectra were recorded from

190 nm–260 nm in 0.5 nm steps using a path length of 1 mm. Spectral measurements were per-

formed with a bandwidth of 2 nm, with a data acquisition length of 1 s. For thermal denaturation

studies, protein concentrations were 15 µm in Buffer D. The sample was heated at 2 ◦C min−1 in

steps of 1 ◦C from 5 ◦C to 90 ◦C. Thermal unfolding was measured by following the transition at

200 nm, with a data acquisition time of 5 s at each temperature. θ200 was chosen for consistency

with previous work and because it shows near-maximal signal difference upon heat denaturation.

Thermal denaturation curves were fit to a two-state model [68, 69] using a custom nonlinear

least-squares regression routine, implemented in the statistical environment R [146]. Both the pre-

and post-transition regions were allowed a linear baseline. Equilibrium denaturation far-UV spectra

in the presence of GuaHCl were collected from 215–245 nm in 0.5 nm increments using 10 µm protein

and a path length of 5 mm. The data analysis is discussed below.

NMR spectra were collected at 293 K on a Varian Inova 600 MHz spectrometer. All samples

contained 150 µm protein in 20 mm sodium phosphate pH 6.0, 10% D2O. DSS (4,4-dimethyl-4-

silapentane-1-sulfonic acid) was included as an internal reference. Spectra were processed with

NMRPipe [39], and analyzed with sparky (T.D. Goddard and D.G. Kneller, sparky , University

of California, San Francisco)

Glycan Array Screening. Fluorescein-labeled samples of CVN variants were prepared by in-

cubating 0.5 mg purified protein in 50 mm borate, pH 8.5 with a 15-fold molar excess of NHS-

Fluorescein (0.3 mg) at room temperature for 1 h. Unreacted dye was removed by desalting on a

HiTrap 5 mL column (GE Healthcare), and samples were further dialyzed against PBS overnight in
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the dark at 4 ◦C. Protein concentrations were determined by measuring A280 and A494, correcting

for fluorophore absorbance. Samples were submitted to the Consortium for Functional Glycomics,

where 70 µL of 200 µg mL−1 solution were spotted onto Mammalian Printed Array Version 4.1

containing 465 carbohydrates.

Data Analysis. GuaHCl-induced denaturation data were fit as follows. The decomposition of

spectroscopic data into basis states and their fractional populations can be represented as a matrix

multiplication. CD spectroscopy obeys Beer’s law (i.e. the observed data is a linear combination

of the basis spectra weighted by their fractional populations). Spectra of m wavelengths recorded

over n experimental conditions (denaturant concentrations) populate an m × n matrix A [78].

Decomposition of these data into k thermodynamic states (in our case, k = 3) is equivalent to the

following matrix product:

Am×n = Sm×kF
T
n×k

The columns of matrix S contain the spectra of the thermodynamic states, while the columns of F T

are the fractional populations of the thermodynamic states at each experimental condition. The

data are obscured by an En×m matrix of experimental noise. Assuming the linear extrapolation

(LEM) model, in which the free energy of denaturation is linear with denaturant concentration [131],

the relative free energies of the thermodynamic states at any denaturant concentration are given by

four thermodynamic parameters (∆G◦N→I, mN→I, ∆G◦N→D, mN→D), which are defined in Table 2.4.

If the relative free energies of the three states at a particular denaturant concentration are known,

their fractional populations are given by the partition function, and the matrix F is fully specified.

The matrix S is then obtained by taking the pseudoinverse:

S = A(F T )+

The goal is to minimize the error between the experimental data A and the model SF T . The

objective function in our model is as follows:

∣∣∣∣A− SF T ∣∣∣∣
2

+ α||S||2

The operation || · ||2 is the matrix 2-norm. Our objective function is a combination of an error term

and a weighted (α = 0.01) regularization term. The inclusion of a regularization term was neces-

sary in order to obtain physically meaningful solutions. Without regularization the optimization

returns spectra which can be nearly infinite in magnitude, while low in fractional population. The

regularization weight was set at 0.01, as this value allowed the accurate recovery of thermodynamic

parameters in a synthetic data set. The objective function was minimized using the Nelder–Mead

simplex algorithm, as implemented in the optim() function of the statistical environment R [146].

14



2.3 Results

Cyanovirin-N is composed of two tandem repeats of 50 and 51 amino acids which share 32%

sequence identity (Figure 2-1A) [15]. These repeats give rise to two pseudo-symmetric domains,

termed Domain A (residues 1–39 and 90–101) and Domain B (residues 40–89). Each domain

contains a carbohydrate-binding site [19] and is stabilized by an internal disulfide bond. The two

domains make extensive contacts and share a hydrophobic core. Despite the structural pseudo-

symmetry of the two domains, Domain A is not contiguous in sequence, and contains both amino-

and carboxy-termini, while the structurally-equivalent residues within Domain B are connected by

a short linker (Lys48–Trp49–Gln50–Pro51–Ser52–Asn53).

We designed mutants using the Pro51Gly (P51G) mutation as background. This mutation, lo-

cated in the linker region of Domain B, has previously been shown both to stabilize monomeric CVN

and to increase the yield of monomeric protein relative to the domain-swapped dimer, a metastable

state which is formed when the protein is refolded at high concentrations [10]. Wildtype CVN

lacking this mutation forms a domain-swapped dimer under crystallographic conditions. The crys-

tal structure of domain-swapped CVN shows significant rearrangement in the linker region, and

exhibits changes in the φ and ψ torsion angles, which are most profound for Ser52 and Asn53 [197].

The P51G substitution is thought to stabilize CVN by alleviating backbone strain induced by

Pro51, which imparts a positive φ angle on Ser52 and places it into a disfavored portion of the

Ramachandran plot. In molecular dynamics simulations of wild-type CVN, Fujimoto et al. ob-

served significant rearrangements in this linker region, including formation of a cis-peptide bond

between Pro51 and Ser52 [57].

2.3.1 Ser11, Ser20, and Thr61: Buried Polar Targets for Rational Design

Initial insight into stabilizing CVN came from the observation that Domain A side chains of Ser11

and Ser20 are buried within the hydrophobic core of the protein, with solvent accessibility of 3.3%

and 12.2%, respectively, relative to the Ser side chain in an Ala–Ser–Ala tripeptide (Figure 2-1B).

While the average NMR structure (PDB ID 1IIY) does not show a hydrogen bond between these

groups, the interaction is nearly always formed in molecular dynamics simulations of CVN.

In proteins, polar groups are more frequently found on the surface than in the core and often

pay significant desolvation penalties upon burial [25]. Thr61 and Ala71, which are the Domain B

symmetric counterparts of Ser11 and Ser20, pack against one another, are within van der Waals

contact of Phe54, and contribute to the hydrophobic core of the protein. These packing interactions

are absent in Domain A, despite the proximity of Phe4 (the symmetric equivalent of Phe54) to Ser11

and Ser20 [17].

Ser11 and Ser20 are among the least solvent-exposed side chains in the protein. The side chains

of these two residues appear to make a direct hydrogen bond in the solution structure of CVN, and

this favorable interaction may compensate for the desolvation penalty they pay for burial within

a hydrophobic environment [75, 76]. Thr61, like Ser11, is also excluded from solvent, and only
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exposes 2.5% of the side-chain surface area, when compared to a reference tripeptide. Unlike its

symmetry-related counterpart, Thr61 does not form a buried hydrogen bond. We hypothesized that

replacement of Ser11, Ser20 or Thr61 with an appropriate hydrophobic isostere would stabilize the

protein, as replacement of Ser with Ala, and of Thr with Val, was previously shown to be favorable

in buried positions within T4 lysozyme [20].

2.3.2 Poisson–Boltzmann Calculations Reveal a Destabilizing Polar Bridge

We performed Poisson–Boltzmann (PB) continuum electrostatic calculations in order to estimate

the contribution of these groups to protein stability. The calculations afford the desolvation penalty

and the strength of the pairwise electrostatic interactions between the side chains of our target

positions (Ser11, Ser20, and Thr61) and other groups in the protein. Ala71, the symmetry-related

partner of Ser20, was also included as a control. The calculations evaluate the effect of substituting a

side chain with a hydrophobic isostere having the same size and shape, but devoid of charge [75,76].

Domain A side chains of Ser11 and Ser20 pay a +2.92 and +2.96 kcal mol−1 desolvation penalty

(∆∆G◦solv), respectively, upon burial within the core of CVN (Table 2.1). For each side chain, the

desolvation penalty is opposed by the favorable electrostatic interactions with the other groups

in the protein. These interaction free energies (∆∆G◦inter) sum to −4.25 and −3.39 kcal mol−1

for Ser11 and Ser20, respectively. The major portion of these interactions comes from the direct

interaction between the two groups of −3.08 kcal mol−1.

Molecular group ∆∆G◦solv ∆∆G◦inter ∆∆G◦mut ∆∆G◦inter.partner

Ser11 +2.92± 0.02 −4.25± 0.09 −1.33± 0.08 −3.08± 0.06
Ser20 +2.96± 0.02 −3.39± 0.08 −0.43± 0.08 −3.08± 0.06

Ser11.Ser20 +5.88± 0.03 −4.56± 0.09 +1.32± 0.09

Thr61 +2.30± 0.02 −2.51± 0.08 −0.21± 0.08 +0.03± 0.01
Ala71 +0.03± 0.01 +0.20± 0.01 +0.23± 0.01 +0.03± 0.01

Thr61.Ala71 +2.33± 0.02 −2.34± 0.08 −0.01± 0.08

Table 2.1: Calculated electrostatic contribution of CVN amino-acid side chains to pro-
tein stability. Values were calculated for 201 molecular dynamics snapshots and averaged. The
standard errors of the mean are provided as a measure of uncertainty. All free energy values are
in kcal mol−1.

In order to evaluate whether a polar group or its hydrophobic isostere is more favorable to the

stability of a protein fold, we calculate the mutation free energy ∆∆G◦mut, which is tabulated as the

sum of ∆∆G◦solv and ∆∆G◦inter. In our model, ∆∆G◦mut corresponds to “turning on” the partial

charges on the molecular group of interest. A negative value of ∆∆G◦mut thus indicates that a group

contributes more favorably in the charged state than in the hydrophobic state. For Ser11 and Ser20,

an isosteric substitution is unfavorable by +1.33 and +0.43 kcal mol−1, respectively (Table 2.1).

A single isosteric substitution is unfavorable at either position because the remaining charged
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Figure 2-2: A. Calculated effect of replacing the side chains of Ser11 and Ser20 with hydropho-
bic isosteres. All values shown are ∆∆G◦mut, in kcal mol−1, with details provided in Table 2.1.
B. Heatmap summary of protein design calculations on Domain A of CVN. Amino acid substitu-
tions as positions 11 and 20, as well as ∆∆G◦ values for each sequence are shown. The ∆∆G◦

values are referenced to wild type (Ser11.Ser20). Sequences corresponding to the entries colored in
white were determined as “dead ends” in the design procedure.

group has lost a significant electrostatic interaction partner, yet still pays a desolvation penalty

for burial. However, the simultaneous replacement of Ser11 and Ser20 with hydrophobic isosteres

is predicted as favorable with an estimated effect of −1.32 kcal mol−1. Figure 2-2A shows the

complete in silico thermodynamic cycle which follows the replacement of either or both serine

side chains with hydrophobic isosteres (denoted S0).

We compared the magnitude of the electrostatic interactions to that of van der Waals inter-

actions experienced by Ser11 and Ser20 using the coordinates taken from a molecular dynamics

simulation of CVN. While the electrostatic interactions of the two side chains with the rest of

the protein are favorable, the hydrogen bond between these two groups results in overlap of their

van der Waals radii, and an unfavorable direct interaction of +0.85 kcal mol−1. These results sug-

gest that the direct interaction between the side chains of Ser11 and Ser20 is mainly electrostatic

in nature.

In Domain B, we found that Thr61 pays a desolvation penalty of +2.30 kcal mol−1. This penalty

is computed to be nearly perfectly offset by favorable electrostatic interactions with the rest of the

protein of −2.51 kcal mol−1, and the overall effect of replacing Thr61 with a hydrophobic isostere

is only slightly unfavorable by +0.21 kcal mol−1 (Table 2.1). As expected, the nonpolar Ala71 does

not participate in significant electrostatic interactions with Thr61.

The incorporation of an exact hydrophobic isostere for Ser into CVN is not possible. Among

naturally-occurring amino acids, Ala is the most conservative nonpolar substitution for Ser and is

the closest to an isostere. We thus designed a mutant termed AATA. In our nomenclature, a pro-

tein variant is identified by a four-letter name which designates its amino-acid identity at positions

11, 20, 61, and 71. For example, P51G variant with no other changes would be denoted SSTA,
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Variant 51 11 20 61 71

wild-type Pro Ser Ser Thr Ala
P51G (SSTA) Gly Ser Ser Thr Ala

AATA Gly Ala Ala Thr Ala
VATA Gly Val Ala Thr Ala
IATA Gly Ile Ala Thr Ala

VAVA Gly Val Ala Val Ala
IAIA Gly Ile Ala Ile Ala

Table 2.2: CVN variants discussed in this work. Numbered columns show the amino acid
identity at that position. All CVN variants characterized in this work are made in the background
of the P51G stabilizing mutation [10].

and AATA is P51G with Ser11Ala and Ser20Ala mutations (Table 2.2). We next employed pro-

tein design calculations to determine if other combinations of naturally-occurring amino acids could

lead to increased stabilization of CVN.

2.3.3 Design of a Stabilizing Network of Mutations

The PB analysis provides information about isosteric substitutions, but does not consider changes

in packing which may result from non-isosteric mutations. Thus we went on to examine potential

effects of varying the size and shape of the side chain at positions 11 and 20. In order to determine if

the structure of CVN can accommodate other amino-acid side chains at positions 11 and 20, we used

a computational protein design algorithm where the design positions were allowed to simultaneously

vary in sequence to {Ala, Ser, Thr, Val, Phe, Leu, Ile}. These substitutions were selected due their

nonpolar nature or their occurrence within wild-type CVN at the chosen positions. Neighboring

residues Phe4, Leu18, Ile34, Leu36, Leu87, Ile91, and Leu98 were allowed to, if necessary, adopt a

different rotamer in order to accommodate larger side chains at the design positions. The protein

backbone, as well as the remaining side chains, was kept fixed. The design algorithm computed the

stability of a conformational arrangement of amino-acid side chains relative to an unfolded state

approximation in which the free energy of the unfolded polypeptide is taken as a sum of energies

of the individual amino-acid residues in its primary structure [66,109].

The computational design calculations suggested that a number of mutants would be more sta-

ble than the wild-type protein (Figure 2-2B). In particular, S11V.S20A, S11I.S20A, and S11A.S20A

were calculated to be more stable than wildtype by −12.5, −9.0, and −8.6 kcal mol−1, respectively.

The results suggest a clear preference of alanine to serine at position 20, with X11.S20 always worse

energetically than X11.A20 for every substitution X considered. The insights from the protein de-

sign calculations led to mutants VATA and IATA (Table 2.2). It is worth noting that in interpreting

these results the energetic trends are more meaningful than magnitudes. The computational pro-

cedure uses a discrete representation of configurational space and employs an approximate energy

function which ignores important contributions to protein stability (such as side chain configura-
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tional entropy). Thus, we do not expect the magnitudes of stabilization from computational design

to be quantitatively predictive, but the calculations do reveal potentially stabilizing replacements

and complement the PB analysis.

2.3.4 Lessons from CVN Homologues

When CVN was originally discovered, it showed no sequence similarity to any other protein. The

structure of CVN revealed a novel fold, which possessed only distant (domain-level) topological

similarity to known protein folds. More recently, CVN homologues have been discovered in other

prokaryotes [91] and in eukaryotes [142]. The Pfam database (release 24.0) lists 116 putative CVN

domain sequences across 22 species [54]. These genomic data suggest that the CVN domain is a

module which often exists within larger multidomain proteins, the function of which is presently

unknown [142]. There is evidence, however, that these domains adopt structures similar to wild-

type CVN and are functional lectins. The solution structures of CVN homologues from Tuber

borchii, Ceratopteris richardii, Neurospora crassa, Microcystis aeruginosa PCC7806, and Magna-

porthe oryzae have recently been characterized; all adopt the same fold [94,95,161].

A SeqLogo [155] representation of a multiple sequence alignment of a subset of CVN homo-

logues is shown in Figure 2-1B. This sequence alignment revealed that across the CVN family,

the position corresponding to Ser11 is frequently Val or Ile, while the equivalent of Ser20 is most

commonly Ala. Thr61, the Domain B symmetric equivalent of Ser11, is often substituted with Val

or Ile. Unfortunately, the size of the CVN family is not yet large enough to determine whether

substitutions at these or other positions within the CVN domain are independent or correlated in

their conservation [112,133].

The sequence conservation data are consistent with both computational and intuition-based in-

sights, and reveal a strong preference for nonpolar side chains at the core positions 11, 20, 61, and 71.

We thus designed additional symmetrizing mutants, VAVA and IAIA, in order to incorporate the

hydrophobic side chains of Val and Ile at position 61 (Table 2.2) in the background of putative

stabilizing mutations in Domain A. The distance between the design positions in the two domains

of CVN led us to hypothesize that the effect of substitutions at position 61 in Domain B would be

additive with the effect of substituting positions 11 and 20 in Domain A.

2.3.5 Expression Construct: Consistency with Previous Work

The biophysical, structural, and inhibitory properties of CVN have been characterized by a number

of different laboratories, with some variation in the exact amino-acid sequence of the protein being

studied, in particular at the N- and C-terminal regions. The first source of variation is the identity of

the N-terminal amino acid. When the protein is expressed cytoplasmically in the BL21 E.coli strain

it accumulates in inclusion bodies. Consequently, the N-terminal Met residue cannot be processed

by the E. coli methionine aminopeptidase (confirmed by mass spectrometry) and is retained on

the polypeptide chain. In order to facilitate disulfide bond formation, CVN has also been success-

fully expressed as a folded protein in the periplasmic space, and the removal of the localization
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tag leaves Leu as the N-terminal residue [127, 128]. In addition, other biophysical studies used

CVN variants with an additional N-terminal Gly–Ser–His–Met–Gly sequence which remained after

thrombin cleavage. CVN containing these additional five animo acids at the N-terminus exhib-

ited anti-HIV activity which is indistinguishable from wild-type protein [10,11,163], yet may have

thermodynamic properties different from wild type.

Due to the proximity of the Glu101 side chain to the N-terminus in the solution NMR structure of

CVN, it is likely that a salt bridge is formed between these two groups at the experimental pH of 6.0.

We hypothesized that the addition of a methionine or a longer linker at the N-terminus could thus

have an effect on protein stability by altering the salt bridge geometry, or by interfering with its

formation. To evaluate this, we expressed the P51G variant in the E. coli periplasm using the

PelB localization tag. This variant (termed ∆M) is identical in sequence to P51G, except it is one

residue shorter due to the removal of the leader tag.

A second source of variation in the sequence of CVN is the presence of a C-terminal His-

tag (complete sequence Leu–Glu–His6). The thermodynamic parameters of non-His-tagged and

His-tagged wild-type CVN are identical [126], and a number of additional studies have used this

construct [71]. For ease of purification, our variants contain this C-terminal His-tag.

Variant Tm (◦C) CFl
m (m) mFl CCD

m (m) mCD

P51G 64.3± 0.1 2.3± 0.02 2.6± 0.05 2.2± 0.02 2.5± 0.09
AATA 69.6± 0.3 2.6± 0.01 2.5± 0.05 2.5± 0.02 2.4± 0.14
VATA 69.8± 0.2 2.8± 0.01 2.6± 0.06 2.8± 0.02 2.6± 0.21
IATA 71.1± 0.1 3.1± 0.01 2.3± 0.05 3.1± 0.02 2.0± 0.11

VAVA 74.5± 0.2 3.0± 0.01 2.1± 0.06 2.9± 0.03 1.7± 0.12
IAIA 75.8± 0.3 3.5± 0.01 2.1± 0.06 3.3± 0.02 1.7± 0.09
∆M 66.6± 0.2 2.6± 0.02 1.9± 0.11 2.5± 0.02 2.0± 0.10

Table 2.3: Apparent equilibrium denaturation parameters. The parameters are derived
from direct fitting of circular dichroism and fluorescence data. The data were fit to a simple two-
state model, as discussed in the text. The standard errors of the fit are provided as measures of
uncertainty.

2.3.6 Designed Variants Adopt the Wild-type Fold and are More Stable

Designed CVN homologues were expressed recombinantly in E. coli and (with the exception of

∆M) purified from inclusion bodies under denaturing conditions. The proteins possess identical

secondary and tertiary structure, as judged by far- and near-ultraviolet CD spectroscopy (Figure 2-

3). The far-UV CD spectra of the variants were similar to previously-published spectra for wild-

type CVN [11]. In addition, the intrinsic tryptophan fluorescence emission for each variant was

blue-shifted 20 nm compared to the fluorescence of GuaHCl-denatured protein, indicating the burial

of the unique Trp in CVN (Trp49). All variants were judged to be monomeric by analytical gel

filtration chromatography at a range of concentrations up to 141 µm. In order to further confirm
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conservation of the CVN fold upon mutation, we collected HSQC spectra of P51G and of IAIA.

The spectra (Figure 2-4) show comparable resonance dispersion in 1H and 15N dimensions for both

proteins, and are consistent with a well-folded structure.
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Figure 2-3: Far-(A) and near-UV (B) circular dichroism spectra of CVN mutants confirm mutants
possess identical secondary and tertiary structure. Far-UV spectra were recorded at 10 µm protein
concentration using a 1 mm path length cuvette. Near-UV spectra were recorded at 100 µm in
a 10 mm path length cuvette. Slight discrepancies of signal intensity are attributed to errors in
determining protein concentration.

Figure 2-5 shows the thermal denaturation of CVN homologues monitored by CD spectroscopy,

and the extracted thermodynamic parameters are given in Table 2.3. The parameters determined

from thermal denaturation represent apparent values, since thermal denaturation of CVN is not

fully reversible, as judged by recovery of CD signal upon heating and re-cooling. For some vari-

ants, such as P51G, the signal recovery was close to 90%. However, the denaturation of the more

hydrophobic variants was less reversible, and visible aggregation within the cuvette was observed.

For P51G, the midpoint of thermal denaturation was 64.3 ◦C, consistent with previous studies

of His-tagged CVN variants [126]. Each of the designed variants were more thermostable than

P51G, with thermal stabilization ranging from 5.2 ◦C for AATA to 11.5 ◦C for IAIA. In general,

greater stabilization was achieved by larger amino-acid substitutions at the design positions. In

particular, AATA was less thermostable than VATA, which in turn was less thermostable than IATA.

The ∆M variant was more thermostable than P51G by 2.3 ◦C.

In order to further characterize the stability of the designed variants, we undertook unfolding

studies using the chaotrope guanidine hydrochloride (GuaHCl). To facilitate comparison with

earlier work, we followed denaturation using the ratio of the intensity of fluorescence emission

at 330 nm and at 360 nm, I330/I360. We observed that P51G and other CVN variants look longer

than 48 h to fully unfold when exposed to moderate concentrations of GuaHCl at room temperature.

For example, incubation of P51G overnight with increasing concentrations of GuaHCl yielded a

biphasic denaturation profile. In contrast, complete equilibration could be achieved over the course

of 72 h, and at equilibrium, a single sigmoidal transition was observed (Figure 2-6A). This is an
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ants. The assignments for wildtype CVN are shown for P51G where they could be unambiguously
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well-resolved. Certain spectral regions show similar resonance patterns for both proteins (i.e.
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large number of resonances shifting. While the two proteins differ at only three positions, the
designed substitutions are in the core of the protein, and their effects (as evidenced by chemical
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important observation, since it directly demonstrates that a lengthy equilibration time is required to

obtain accurate unfolding profiles. The data collected with the shorter overnight equilibration could

be forcibly fit to a single unfolding transition, but would yield an apparent stability significantly

higher than the actual value. We believe that these effects may have complicated prior analyses of

CVN thermodynamics.
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Figure 2-5: Thermal denaturation of CVN mutants followed by CD spectroscopy at 200 nm. The
raw data were converted to fraction unfolded; for clarity, only the transition region between 50 ◦C
and 90 ◦C is shown. The solid lines are nonlinear least-squares fits to the data.

In order to determine the incubation time needed for complete equilibration, we investigated

the denaturation kinetics of P51G by following intrinsic tryptophan fluorescence after addition

of 3m GuaHCl (Figure 2-6B). At this denaturant concentration, the protein appears less than

10% folded at equilibrium, but is 60–70% folded after an overnight incubation at 25 ◦C, as judged

by the fluorescence emission intensity. The recorded denaturation kinetics were complex and could

not be modeled by a single exponential decay, or by a sum of two decays, as judged by the non-

randomness of the residuals. This implies that P51G denaturation proceeds through at least one

kinetic intermediate state, the decay of which is slow. These experiments allowed us to determine

the apparent half-life of denaturation (13 h) at 3m GuaHCl and the time for complete equilibration

of CVN variants; 72 h was adequate to completely equilibrate all proteins discussed in this work.

To investigate the equilibrium stability of CVN variants to chemical denaturation, we monitored

their intrinsic protein fluorescence and circular dichroism signal. The two techniques allowed us

to monitor two probes, with fluorescence monitoring the burial of the unique Trp fluorophore

of CVN and CD monitoring the state of the polypeptide backbone. Figure 2-7 shows far-UV

circular dichroism spectra of P51G taken at equilibrium as a function of increasing concentrations

of GuaHCl. These spectra lack an isodichroic (isosbestic) point, indicating that the equilibrium

folding is also not two-state [42], but rather that the equilibrium unfolding of CVN by GuaHCl is
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Figure 2-6: A. The denaturation profile of P51G monitored by Trp fluorescence emission, after
16- and 72-hour incubations at room temperature in the presence of GuaHCl. The 16-hour profile
is biphasic, with dashed grey lines showing the apparent denaturation midpoints of the two phases
when they are fitted separately. The numerical derivative of the 16-hour denaturation profile showed
two inflection points, at the apparent midpoints of the two phases (not shown). In contrast, 72-
hour denaturation profile shows a single transition. These data suggests the presence of a kinetic
intermediate in CVN denaturation by GuaHCl. B. Fluorescence-monitored denaturation kinetics
of P51G after addition of 3m GuaHCl. A solid line is the fit of the data to a biexponential decay.
The apparent half-life of unfolding is 14 h. Note that the data could not be adequately fit by a
single or double exponential, as judged by the randomness of the residuals.

complicated, and populates intermediate states. While both kinetic and equilibrium experiments

revealed the presence of multiple states, it is unknown whether intermediate states present in the

kinetic and equilibrium denaturation of CVN are structurally related.

In order to extract the thermodynamic parameters from the far-UV CD spectra of CVN vari-

ants we employed a thermodynamic model which decomposes spectroscopic data into the spectra

of three thermodynamic states and their fractional populations, as given by their free energy dif-

ferences [78, 100, 158]. The data were fit globally at all wavelengths in order to obtain the most

reliable parameters. We note that no single far-UV wavelength showed a clear biphasic transition.

When the data were fit to a simple two-state model, the derived thermodynamic parameters were

dependent on choice of wavelength — for instance, a plot of apparent fraction unfolded at θ220 was

non-coincident with fraction unfolded at θ235 (data not shown). Fluorescence spectroscopy was

not sensitive to the presence of an equilibrium intermediate, and thus tryptophan emission spectra

were not used in the thermodynamic model.

The parameters derived from the spectral decomposition are summarized in Table 2.4. We found

that substitutions at positions 11, 20, and 61 stabilized both the native and intermediate states.

Substitutions of Ser11 and Ser20 with Ala stabilized the native state by 0.94 kcal mol−1 relative

to P51G, in agreement with the computational prediction. Further substitutions at position 11 to

Val and Ile stabilized the native state by 1.03 and 2.56 kcal mol−1, respectively, relative to P51G.
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Figure 2-7: Far-UV CD wavelength scans of P51G taken at increasing concentrations of GuaHCl
after 72 h equilibration at 25 ◦C, pH 6.0. The spectra are from 0m (blue) to 6m (red) of denaturant.
The absence of an isodichroic point at equilibrium demonstrates that the denaturation of CVN by
GuaHCl is not strictly two-state.

●

●

●

●

●

● ● ● ●
● ● ● ●

● ● ● ● ● ● ● ● ● ● ● ● ● ●
● ●

●

0 5 10 15 20 25 30

0.2

0.5

1.0

2.0

5.0

10.0

20.0

50.0

100.0

200.0

500.0

Index

Si
ng

ul
ar

 V
al

ue

● ● ● ● ● ● ● ● ● ● ●
● ● ●

● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●

0 1 2 3 4 5 6

−0.3

−0.2

−0.1

0.0

0.1

0.2

0.3

0.4

[GuaHCl]

R
SV

 C
on

tri
bu

tio
n

A B

Figure 2-8: A. Singular values of GuaHCl-dependent CD spectra shown in Figure 2-7. The al-
gorithm reveals a lower bound on the number of linearly-independent components needed to re-
construct the experimental data. In the case of P51G, three components are present above the
noise. The corresponding singular values are σ1 = 378.93, σ2 = 90.07, and σ3 = 11.28. The
three-component reconstruction is able to explain 99.98% of the variance in the original data; the
variance is partitioned as 94.56%, 5.34%, and 0.08% for the first, second, and third component,
respectively. The remaining 27 singular values account for 0.02% of the experimental variance.
B. GuaHCl-dependent contributions of the right singular vectors. The left singular vectors (not
shown) for the three components are strongly autocorrelated: ACF(~u) = {0.95, 0.98, 0.94}. The
right singular vectors are similarly autocorrelated: ACF(~v) = {0.92, 0.94, 0.90}. All remaining left
and right singular vectors are not strongly autocorrelated, and are deemed random.
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Variant ∆G◦N→I mN→I ∆G◦N→D mN→D ∆∆G◦N→I(P51G) ∆∆G◦I→D(P51G)

P51G 5.55 2.32 6.45 2.70
AATA 5.56 2.10 7.39 2.64 0.01 0.94
VATA 6.34 2.12 7.48 2.57 0.79 1.03
IATA 7.28 2.27 9.01 2.71 1.73 2.56

VAVA 5.44 1.65 6.75 2.13 −0.11 0.30
IAIA 6.83 1.91 8.49 2.41 1.28 2.04
∆M 5.80 2.10 6.78 2.41 0.25 0.33

Table 2.4: Equilibrium denaturation parameters for CVN variants. The parameters de-
rived from global decomposition of circular dichroism spectra taken as a function of denaturant
concentration. The data were fit to a three-state model, as discussed in the text. All free energy
values are in kcal mol−1.

Substitutions at position 61 (VAVA and IAIA) were accompanied by significant m-value changes.

The m-value for the native to intermediate transition for VAVA is 1.65 while it is 2.32 for the

P51G background and 2.1 for ∆M. For VAVA, the free energy difference between the native and

denatured states (∆G◦N→D) is 6.75 kcal mol−1, which is comparable to the stability of the ∆M

variant (6.78 kcal mol−1). However, the denaturant concentration at which the VAVA unfolding

transition is 50% complete is 0.4m GuaHCl higher than that of ∆M. This is illustrated in Figure 2-

9, which shows the equilibrium denaturation profiles for the designed CVN homologues. The

profiles are generated from the equilibrium thermodynamic parameters, and give the fractional

populations of the native and intermediate states for all CVN variants as a function of GuaHCl.

We found that the equilibrium intermediate state remains significantly populated for all variants at

the highest denaturant concentrations tested (up to 6m GuaHCl), and that all variants populate

the intermediate state up to 25% under some experimental conditions.

2.3.7 Carbohydrate Microarray Binding Analysis Demonstrates that Variants

Retain Native Binding Specificity

In order to assess the function of our designed variants we carried out fluorescence-detected glycan

microarray binding experiments [22] with P51G included as a control. The variants (∆M not

included) were heterogeneously labeled with NHS-Fluorescein at a surface lysine side chain, with

the amount of labeling estimated to be approximately 0.5 dye molecules per protein molecule.

Microarray binding experiments confirmed that the designed variants retain the exquisite car-

bohydrate binding specificity of wild type CVN. The Consortium for Functional Glycomics (CFG)

mammalian printed array (version 4.1) contains 465 diverse carbohydrates, featuring both linear

and branched molecules. Consistent with previous microarray studies, we observed that the de-

signed mutants bound exclusively to carbohydrates containing the Manα(1→2)Man disaccharide,

which has been previously demonstrated to be the minimal carbohydrate recognized by the two

independent binding sites of CVN [22,94]. Figure 2-10A shows the raw fluorescence signal for our
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Figure 2-9: Fractional populations of CVN variants derived from decomposition of circular dichro-
ism spectra acquired at increasing concentrations of GuaHCl. Solid lines show the fractional popu-
lations of the native state; matching dashed lines show the fractional populations of the equilibrium
intermediate state for each variant. The dotted grey line indicates 50% population, and is provided
for visual reference. The details of the thermodynamic models used to generate these populations
are described in the text.

CVN variants. For all variants, the fluorescence emission followed a decaying profile when ranked

by the average intensity across all variants, and we observed binding to 10 distinct carbohydrates,

shown in Figure 2-10B. Each of the bound carbohydrates, with the exception of 212, corresponds to

a substructure of Man9GlcNAc2, the largest (tri-antennary) N -linked high-mannose oligosaccharide

present on the viral surface. Compound 212 is equivalent to the D3 arm of Man9GlcNAc2 extended

by an additional Manα(1→2)Man at the non-reducing end.

As expected, the designed homologues bound to oligosaccharides corresponding to the D1, D2,

and D3 arms of Man9GlcNAc2; the highest fluorescence was observed for glycan 314, which con-

tains all three arms. The second-highest fluorescence was for glycan 212 and the five largest signals

were seen for carbohydrates containing the Manα(1→2)Manα(1→2)Man trisaccharide. This is con-

sistent with the oligosaccharide specificity previously observed in a computational study of CVN–

carbohydrate binding [58]. We must note that the fluorescence intensity cannot be interpreted as

affinity for a particular carbohydrate, due to possibilities of a nonuniform degree of labeling and

potential differences in density and presentation of various carbohydrates on the microarray slides.

Our stabilized CVN variants showed carbohydrate recognition specificity identical to that

of P51G. The proteins did not bind to the large majority of the carbohydrates present on the

microarray. Two such compounds (49 and 214) represent the core of Man9GlcNAc2 and are shown

in Figure 2-10. Consistent with previous studies [22, 94], our mutants specifically bound to the

terminal arms of Man9, and not the glycan core.
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Figure 2-10: A. Glycans bound by CVN mutants, ranked by decreasing average fluorescence
amongst designed variants. The raw fluorescence intensity of binding to microarray is shown in
points. Average fluorescence of all mutants is shown as a thick grey line. Glycan ID corresponds
to glycans found on Version 4.1 Glycan Microarray at the Consortium for Functional Glycomics.
The dashed vertical line indicates the cutoff for the 10 carbohydrates determined to bind CVN
variants. No additional carbohydrates gave rise to signal distinguishable from the experimental
noise. B. Glycans bound by CVN variants on carbohydrate microarray (shaded in black). For each
glycan, the ID is given, as well as the substructure of Man9 that the glycan corresponds to; Man9

is shown as background in light gray. Mannose residues are represented by  and GlcNAc residues
by �. The dashed box contains two examples of Man9 core carbohydrates which were not bound
by any of the CVN variants discussed here; these are included to illustrate the specificity of binding
to Manα(1→2)Man disaccharides.
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2.4 Discussion & Conclusions

CVN contains a number of polar side chains which are sequestered from solvent. Of the 27

side chains which have a calculated average solvent accessibility below 15%, 10 have polar character.

These include the disulfide-bonded Cys8/Cys22 and Cys58/Cys73, Trp49, and Asn42 and Asn93.

The latter two residues expose 6% of the Asn surface area, but are highly conserved (Figure 2-

1B), and their side chains make key hydrogen bonding interactions which stabilize the two do-

mains of CVN [17]. Poisson–Boltzmann calculations suggest that both of these residues are able

to overcome their desolvation penalties of +4.30 kcal mol−1 through favorable electrostatic in-

teractions, and that replacing either Asn42 or Asn93 with a hydrophobic isostere is disfavored

by +3.30 and +3.01 kcal mol−1, respectively. The remaining three buried polar groups are Ser11,

Ser20, and Thr61. Using continuum electrostatic calculations we quantified the desolvation penalty

paid by Ser11, Ser20, and Thr61 upon burial within the core of CVN. The single replacement of

any of the three groups with a hydrophobic isostere was predicted to be electrostatically unfavor-

able. However, the Ser11.Ser20 pair was found to contribute unfavorably to CVN stability, and

the calculations suggested that the simultaneous replacement of the two serine side chains with

hydrophobic isosteres could lead to increased protein stabilization. This analysis highlights the

importance of considering multiple mutations during protein design and is similar to observations

made with buried salt bridges. The replacement of a single residue in a salt bridge or a polar unit

is often highly destabilizing. For instance, the substitution of any charged residue with Ala in a

complex “Arg–Glu-Arg” salt bridge triad within Arc repressor has been demonstrated to have a

detrimental effect on protein stability and function. However, the simultaneous replacement of the

triad with “Met–Tyr–Leu” yielded a variant significantly more stable that wild type [181]. Pairs of

buried interacting polar residues can be thought of as analogous to buried salt bridges, albeit with

less overall charge density.

In contrast to Ser11 and Ser20, Poisson–Boltzmann calculations suggest that the electrostatic

contribution of Thr61 to the stability of CVN is neutral (Table 2.1). However, we found that

the protein could be stabilized by substitutions at position 61. For example, VAVA was 4.7 ◦C

more thermostable than VATA, and IAIA was more thermostable than IATA by the same amount.

The observed stabilization may arise due to enhanced van der Waals packing interactions, or may

indicate an overestimation of intermolecular interactions with respect to the desolvation penalty in

the calculations.

In agreement with the sequence analysis of the CVN family, the computational redesign of Do-

main A successfully predicted that the protein is able to accommodate Ile, Val, or Ala at posi-

tion 11. The computational redesign of Domain B, where Thr61 and Ala71 were allowed to vary

in sequence, predicted that only a single sequence (T61A.A71) to be more favorable than wild-

type (by −2.4 kcal mol−1). A number of additional sequences, such as T61V.A71 were predicted

to be significantly worse (+10.7 kcal mol−1). This could indicate that Domain B is less tolerant

of repacking or could highlight limitations of the fixed-backbone model. In this case, since ex-

perimental characterization demonstrated stabilization with substitutions at Thr61, the result is
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most likely an artifact of the fixed-backbone approximation, an effect which has been observed

previously [73,120].

The thermostabilization of our designed CVN variants relative to P51G most likely includes

contributions from several factors. The initial 5.3 ◦C stabilization of AATA relative to P51G likely

arises primarily from the removal of the unsatisfied polar groups at positions 11 and 20. Alanine

is smaller than serine in volume, so the substitutions are unlikely to add van der Waals packing

interactions. Intriguingly, VATA does not have significantly improved thermostability relative to

AATA, despite the increased hydrophobicity and size of the Val residue compared to Ala. The

IATA mutant has the largest side chain that we expected could be successfully incorporated at

position 11, and it showed improved thermostability relative to AATA by 1.5 ◦C.

We found that the stabilization of the designed variants can be qualitatively explained by

considering the additional nonpolar surface area introduced by the mutations [46]. Table 2.5 lists

nonpolar surface areas calculated for all the mutants at positions 11, 20, 61, and 71, as well as the

free energy difference (∆∆G◦φ) expected from the surface area change; the ∆∆G◦φ is estimated

using an “atomic solvation parameter” of 16 cal Å−2 mol−1 [46].

Variant SASAnp (Å2) ∆SASA (Å2) ∆∆G◦φ (kcal mol−1)

P51G 238 — 0.00
AATA 283 45 0.72
VATA 328 90 1.44
IATA 351 113 1.82

VAVA 367 129 2.07
IAIA 415 177 2.83

Table 2.5: Predicted thermodynamic stabilization based on buried nonpolar surface
area. Nonpolar surface area was calculated for the side chains at positions 11, 20, 61, and 71 using
standard parameters provided with Naccess. ∆SASA is the estimated change in nonpolar surface
area upon mutation, relative to P51G. The expected change in the transfer free energy (∆∆G◦)
was calculated according to Eisenberg [46].

Our kinetic denaturation studies of P51G reveal that at room temperature the protein requires

nearly three days to fully reach equilibrium at intermediate GuaHCl concentrations and suggest

that at least one kinetic unfolding intermediate is populated. Equilibrium circular dichroism spectra

taken at increasing concentrations of GuaHCl showed an absence of an isodichroic point, and are

also incompatible with a two-state model of folding. Singular value decomposition [78] of GuaHCl-

dependent CD spectra revealed the presence of three significant spectral components above the

experimental noise (Figure 2-8), consistent with multistate equilibrium denaturation.

A number of previous studies [9,10,126] have examined the equilibrium chemical denaturation

of wild-type CVN, P51G, and several functional homologues using intrinsic protein fluorescence.

Those studies reached a different conclusion about the stability of CVN, and in particular, the

denaturation of CVN was deemed two-state. We believe that the present work provides more precise
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thermodynamic parameters and apparent stabilities than were previously obtained, since earlier

studies measured protein stability after overnight incubation with GuaHCl. Overnight incubation

is insufficient to allow the system to equilibrate, and this leads to estimated stabilities which are

larger than the actual thermodynamic stability [10,126].

The structural reason for the slow denaturation of the P51G variant of CVN is unknown. While

this variant does not contain any proline residues, its disulfide bonds may contribute to the slow

denaturation kinetics, as cystine residues have strong preferences for specific C–S–S–C dihedral

angles and high energetic penalties for deviation from them [74]. For example, both CHARMM [115]

and AMBER [36] molecular mechanics force fields implement this dihedral angle as two isoenergetic

minima (χSS = ±84◦) separated by a barrier height of 6.4 kcal mol−1, comparable to that of the

rotation about the peptide bond. Similarly slow unfolding kinetics have been observed for disulfide-

containing hen egg white lysozyme [101]. However, the slow unfolding kinetics may also be due to

other structural factors, having also been observed for the cystine-less four-helix bundle Rop [130].

We found that the presence of an N-terminal methionine residue has a measurable effect on

CVN stability. The ∆M variant possessed increased stability when compared to P51G (Table 2.3).

Biophysical studies of the B1 domain of staphylococcal protein G (β1) reported a similar effect;

the methionine-containing and methionine-lacking forms of the protein differ by 1.7 kcal mol−1 in

stability [167]. Similar effects have been observed for α-lactalbumin [32, 33]. For CVN, the effect

is not as drastic, yet is significant; we hypothesize that the difference between the stability of

P51G and ∆M stems from the fact that the native N-terminus, which has the methionine removed,

participates in favorable electrostatic interactions in the folded state.
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Chapter 3

Characterization of the Individual

Domains of the Lectin MVL and

Design of Stabilizing and

Monomerizing Mutations∗

Abstract

Numerous carbohydrate-binding proteins inhibit infection by HIV by binding to the glycoprotein
gp120 on the surface of the virus. This glycoprotein contains approximately two-dozen putative
glycan targets, not all equally accessible to inhibitors. While carbohydrate-binding proteins are
commonly multivalent, they are unispecific, and recognize only several of the many putative gly-
can targets. Simultaneously targeting several distinct glycan epitopes may yield inhibitors beyond
the potency of natural compounds. Furthermore, the need for multivalency for potent HIV neu-
tralization is debated. In this work, we present efforts to engineer a combinatorial carbohydrate
recognition scaffold against the diverse glycan targets on gp120, based on the HIV-inhibitory lectin
MVL. We characterized the isolated domains of MVL, and discovered that while the N-terminal
domain is unfolded under all conditions, the C-terminal domain was folded and dimeric. By testing
the inhibitory potency of the C-terminal domain of MVL side-by-side with the tetravalent pro-
tein, we revealed that the two possess near-identical IC50 values, arguing that multivalency is not
necessary for MVL action against HIV.

3.1 Introduction

In this work, we biophysically characterized individual domains of the lectin MVL [16,160,188,196].

MVL (Microcystis viridis lectin, UniProt ID: Q9RHG4) was originally isolated due to its abil-

ity to agglutinate rabbit erythrocytes. While the function of the protein within its native or-

ganism is presently not known, MVL inhibits infection by the Human Immunodeficiency Virus

∗The in vitro HIV neutralization experiments presented in this chapter were done in collaboration with the
laboratory of Dr. Carole Bewley, and are included here with permission.
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                    . ***:*.  ..    *  .        : *:* *   .  *.

Figure 3-1: The algal lectin MVL. A. The MVL homodimer: one chain is shown in surface
representation, the second as a ribbon. Each monomer contains two homologous carbohydrate-
binding domains, shown in complex with Man1GlcNAc2. B. Each domain of MVL is composed
of an antiparallel three-stranded β-sheet and a single α-helix. Residues which adopt a positive
backbone φ angle are indicated by a grey sphere. C. A curated alignment of MVL domains derived
from Pfam family PF12151 [54]. MVL homologs are composed of two or three tandemly-repeated
domains. Each domain sequence is identified by its UniProt accession code, and whether it is an
N-, middle, or C-terminal domain of the full polypeptide (/N, /M, or /C, respectively). Domain
sequences of MVL (Q9RHG4), along with sequence indices, are shown at the top. Regions of high
conservation are shaded grey. The presence of a localization/export tag at the N-terminus of the
hypothetical polypeptides is indicated by “!”. This tag correlates with the cysteine residues at
alignment positions 22, 28, 48, and 50 (highlighted in blue); structural modeling suggests that
these form disulfide bonds.
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(HIV) by binding gp120 oligosaccharides on its surface, and has been shown to recognize the

Manα(1→ 6)Manβ(1→ 4)GlcNAcβ(1→ 4)GlcNAc tetrasaccharide core common to both high-

mannose and complex N -linked glycans. MVL is a 12 kDa, 113-residue protein, containing two

54-residue domains separated by a short linker. Biophysical studies, leading ultimately to the de-

termination of the X-ray structure of MVL, revealed that the protein is an obligate homodimer

with C2-like pseudosymmetry (Figure 3-1A). MVL has four carbohydrate binding sites, one in each

domain, which are of identical affinity and specificity for their cognate ligands. Furthermore, the

sequence identity of the binding sites in the two domains is almost perfectly conserved. Structural

details of carbohydrate recognition by MVL are discussed in the subsequent Chapter 4. First, we

aim to determine whether MVL is a good starting point to engineer novel carbohydrate specificity,

in order to screen various carbohydrate specificity combinations against a diverse target. Second,

we aim to determine whether multivalency is required for potent neutralization of HIV by MVL.

Lectins are typically uni-specific. Lectins often contain modular carbohydrate-recognition

domains, and can be composed of single polypeptide chains with tandemly-repeated domains

(e.g. actinohivin or Cyanovirin, discussed in Chapter 2), as a noncovalent complex of identical

domains (e.g. ConA or pentameric ring domain of cholera toxin), or as a complex of multi-domain

polypeptide chains (e.g. MVL) [110]. Despite their multivalency, most lectins recognize a single

carbohydrate or a family of closely-related carbohydrates, with few exceptions. The carbohydrate

targets on HIV are diverse in their composition and structure. While some lectins inhibit viral

infection by binding to the terminal arms of high-mannose oligosaccharides containing α(1→2)-

linked mannose residues, others recognize the GlcNAc core, or the α(1→6) mannose-containing

“intermediate” region of Man9GlcNAc2. Gp120 surface glycans are unequal in number, and likely

in their accessibility and dynamical content.

The role of multivalency in the context of HIV inhibition by lectins is debated. A

number of questions remain about the mechanism by which MVL inhibits HIV, one of the most

pressing of which is whether protein multivalency is necessary for potent viral neutralization. Unlike

CVN, which binds carbohydrates with µm affinity yet is a single-digit nm inhibitor, MVL binds its

cognate sugars and has a concentration of 50% inhibition (IC50) in the low nm range [16]. This

suggests that the tetravalency of MVL does not lead to significant cooperative affinity enhancement

toward gp120. Mannose-recognizing lectins bind high-mannose sugars at their termini (D1, D2, and

D3 arms, Figure 4-1B), which are furthest from the glycoprotein and are the most solvent-exposed.

MVL, on the other hand, recognizes the portion of Man9 closest to the glycoprotein, which is likely

the most rigid. Carbohydrate recognition by MVL requires geometric/orientational specificity

beyond that of mannose-recognizing lectins (discussed in Chapter 4). Consequently, it may be

more difficult for multiple MVL binding sites to simultaneously engage the sugars on a single gp120

trimer, or to bridge across trimers.

The vast majority of proteins which inhibit viral infection at nanomolar affinity or below are

multivalent. Mutations which abolish either of the two binding sites of the bivalent CVN severely
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abrogate its inhibition, and variants featuring more binding sites by virtue of dimerization or tandem

duplication have enhanced potency [56,90,92]. A recent effort to create a monomeric variant of the

lectin Griffithsin also revealed the need for multivalent interactions in order for this lectin to inhibit

infection at sub-µm concentrations [129]. Microvirin, a close homologue of cyanorivin-N, represents

an intriguing counter-example: the protein contains a single carbohydrate binding site, but is a

potent HIV inhibitor. Since CVN and microvirin recognize the same Manα(1→ 2)Man target

present at the terminal arms of the high-mannose saccharide Man9 with similar affinities, at the

present time it is unclear how this monovalent lectin functions [18,161]. In general, the mechanism

of HIV inhibition by lectins is poorly understood. In the case of CVN, where the presence of both

binding sites is essential for potent inhibition, it has been hypothesized the protein may function by

agglutinating viral particles or by cross-linking gp120 glycans [48]. HIV neutralization by lectins

or antibodies has a time-dependence, further complicating mechanistic investigations [161].

3.2 Design of a Multivalent Lectin Scaffold for Combinatorial Scree-

ning against Polyvalent Glyco-ligands

Tools are needed in order to explore the role of multivalency in the context of HIV inhibition. Mono-

valent lectins (microvirin or engineered CVN mutants) have begun to address these questions in the

context of binding to α(1→2)-linked mannose epitopes [9,31,161,163]. In addition, designed lectins

with different specificity for HIV carbohydrate epitopes in their binding sites can, in principle, be as

potent as unispecific lectins studied presently. A scaffold which facilitates combinatorial screening

of carbohydrate binding specificities against a diverse target such as gp120 may answer questions

about distance and geometry of the various carbohydrate epitopes on the glycoprotein (Figure 3-2).

We set out to determine whether the tetravalent lectin MVL can be used as a starting point for

scaffold design.

α α
α α

α β
δ γ

A. B.

Figure 3-2: Design of a “mix-and-match” carbohydrate-binding scaffold. A. Starting from
a tetravalent protein composed of identical subunits α specific for the same carbohydrate ligand
(circle), we aim to design a hetero-tetrameric scaffold composed of distinct subunits (α, β, γ, δ) with
orthogonal binding specificities (or null affinity for “knockout” studies.) Such a molecule would
facilitate the exploration of multivalency in carbohydrate binding, aid in profiling local glycosurface
geometry, and allow combinatorial screening against different carbohydrate epitopes. The schematic
is based on MVL. B. The combinatorial complexity of the scaffold shown in Panel A is the same
as that of functional derivatization of a tetrafunctional alkene.
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Combinatorial Complexity of Tetramer Assembly. The assembly of multimers out of ho-

mologous building blocks faces the problem of specificity. In particular, multimeric assembly pro-

ceeds through a large number of intermediate states, many of which lead to non-productive (“off-

pathway”) complexes. In the case of a tetrameric scaffold based on the individual domains of MVL,

we enumerated the putative assembly intermediates and tetrameric products using two building

blocks (Figure 3-3A). The combinatorial complexity of multimeric assembly increases exponentially

with the number of building blocks. For instance, four monomers can produce 76 distinct tetrameric

states with MVL-like pseudosymmetry, six of which are non-identical αβγδ heterotetramers (Fig-

ure 3-3B).

native

reversed

swapped

A. B.

Figure 3-3: Combinatorial complexity of tetramer assembly. A. Assembly of tetramers start-
ing from monomeric building blocks. The N- and C-terminal domains of MVL can be schematically
represented as a scalene right triangle (grey and white, respectively.) Each domain contains two
non-overlapping association interfaces (colored red, yellow, green, and blue) and a carbohydrate-
binding interface (hypotenuse, black). Assembly of the seven possible tetramers proceeding through
all possible intermediates is shown. Three of the fully-assembled tetramers contain two N- and C-
terminal domains each, and are labeled. The “native” α2β2 complex employs the interfaces used
in wildtype full-length MVL. The “reversed” complex corresponds to full-length MVL in which
the orientation between the two chains is flipped. The “swapped” complex corresponds to a het-
erodimer of full-length MVL, with one chain composed of two MVLN domains and the other of two
MVLC domains. Figure inspired by Williamson [189]. B. Possible heterotetramer assemblies using
four distinct building blocks. The complexity of tetramer assembly based on MVL as the scaffold
is equivalent to counting the number of ways of coloring the sides of a rhombus (symmetric about
both axes) using n colors, allowing turning over (also see Figure 3-2B). For two building blocks,
A(2) = 7 (Panel A); in the case of four building blocks, A(4) = 76 possibilities arise, six of which are
non-identical αβγδ heterotetramers (indicated with arrows). The seventy nonproductive tetramers
which contain multiple copies of any particular building block are shown with reduced opacity. The
high number of nonproductive states underscores the complexity of the design problem.
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3.3 Materials & Methods

Cloning, Protein Expression & Purification. The plasmid encoding wildtype MVL was

generously provided by Dr. Carole Bewley (National Institutes of Health). The full-length gene, or

portions corresponding to residues 1–54 or 60–113 were PCR-amplified with appropriate primers,

and subcloned into the pE-SUMO vector (LifeSensors) using BsaI and XbaI restriction sites; this

plasmid encodes the gene for yeast Smt3 SUMO1 homologue with an N-terminal polyhistidine tag.

To produce recombinant MVL variants, appropriate plasmids were transformed into BL21(DE3)

strain of E.coli ; cells were grown in LB medium supplemented with kanamycin sulfate (30 µg mL−1)

at 37 ◦C with shaking until the optical density reached 0.8. Protein expression was induced with

1 mm IPTG and was continued overnight at 20 ◦C. Cells were collected by centrifugation and

stored at −80 ◦C until purification. 15N-labelled proteins were produced according to standard

protocols [79] with 15N-enriched ammonium chloride (Cambridge Isotopes) as the only source of

nitrogen.

Cells were lysed by sonication, and recombinant proteins were purified under native conditions

using a 5 mL HisTrap affinity column (GE Healthcare) with an imidazole gradient (up to 0.3m).

Fractions containing SUMO fusion proteins were treated with 200 µg of Ulp1 SUMO protease, and

dialyzed overnight against protease cleavage buffer (20 mm Na-phosphate, 150 mm NaCl, 0.5 mm

dithiothreatol, pH 7.5) at 4 ◦C. After cleavage the reaction was passed through the HisTrap column

equilibrated with cleavage buffer to capture the uncleaved proteins, and His-tagged Smt3 and Ulp1

proteins; finally, the proteins were purified using size exclusion chromatography (Superdex 75 26/60)

in buffer A (20 mm Na-phosphate, pH 7.5) or in PBS.

Hydrodynamic Characterization. Analytical gel filtration was performed on a Superdex 75

(10/300 GL) column (GE Healthcare). Samples were injected onto the column pre-equilibrated

in 20 mm sodium phosphate, 200 mm sodium chloride (pH 7.5) and were isocratically eluted at

0.5 mL min−1. Sedimentation equilibrium analytical ultracentrifugation experiments were typically

conducted at 25 ◦C on a Beckman Optima XL-A analytical ultracentrifuge at three rotor speeds.

The solute partial specific volumes were calculated based on protein amino acid composition, and

the solvent density was estimated from standard tables. Data were fit globally using HeteroAnalysis

(University of Connecticut Analytical Ultracentrifugation Facility).

Protein Stability Determination. Samples for equilibrium denaturation studies were prepared

as follows. Typically, thirty-two 2 mL samples containing 10 µm protein in buffer A with an appro-

priate concentration of GuaHCl were incubated at room temperature for 24 h. The concentration

of GuaHCl in each sample was determined by refractometry. Samples were analyzed by circular

dichroism spectroscopy by following ellipticity at 226 nm.

Molecular Dynamics Simulations. All system setup and post-processing steps were performed

with charmm [27]. Individual MVL domains were solvated in an orthorhombic box contain-
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Plasmid Gene Mutation(s) Result

pESM01 MVL Folded protein
pESM02 MVL A16D 5-fold reduced expression
pESM03 MVL S43G Unknown
pESM04 MVL E42P,S43G Unknown
pESM05 MVL N6C Unknown
pESM06 MVL TEV No expression
pESMN01 MVLN Unfolded protein
pESMN02 MVLN S43G Unfolded protein
pESMN03 MVLN Q30G,G31A Unfolded protein
pESMN04 MVLN Q30G,G31A,S43G Unfolded protein
pESMN05 MVLN E42P,S43G Unfolded protein
pESMN06 MVLN Q30G,G31A,E42P,S43G Unfolded protein
pESMN07 MVLN Y3F,V5T,P8A Unfolded protein
pESMN08 MVLN Y3F,V5T,P8A,Q30G,G31A,E42P,S43G Unfolded protein
pESMC01 MVLC Folded protein
pESMC02 MVLC L80K Poor expression
pESMC03 MVLC T64D Poor expression
pESMC04 MVLC T64D,L67D Poor expression

Table 3.1: List of MVL plasmid constructs made during the course of this study. All
plasmids were constructed starting with pE-SUMO(Kan) (Lifesensors, Inc.)

ing approximately 3300 tipp water molecules (4900 for MVLC dimer simulations), and charge-

neutralized by adding K+ and Cl− ions to a final concentration of 150 mm. To avoid self-interactions

in the periodic cell, water box dimensions were set such that the solute was 10 Å away from the cell

side. Solvation and neutralization steps used a locally-modified input script originally retrieved from

www.charmmtutorial.org. In rare cases when visual inspection identified water molecules inside the

protein, the offending molecules were translated into the bulk solvent. The charmm-cmap [115]

molecular mechanics force fields was used.

Isothermal–isobaric (NPT) ensemble molecular dynamic simulations were carried out at 300 K

with the namd 2.6 engine compiled for the IBM Blue Gene/L architecture [143]. Constant pressure

of 1 atm was maintained with the Nosé–Hoover Langevin piston pressure control. All bonds involv-

ing hydrogen atoms were constrained to their equilibrium lengths using the shake algorithm. The

simulation time step was set to 2 fs and non-bonded interactions were evaluated every step. We

used a cutoff of 12 Å for all Lennard–Jones and short-range electrostatic interactions. Long-range

electrostatics were treated using a Particle Mesh Ewald method with a fourth-order interpolation

scheme. The solvated and neutralized system was minimized for 5000 steps and heated to the pro-

duction temperature over the course of 200 ps. No restraints were employed during the equilibration

or production steps.
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Binding Free Energy Calculation. Binding free energies were computed with the MM/PBSA

model [96,172]. The total binding energy for each snapshot was computed as the sum of a Poisson–

Boltzmann-based electrostatic contribution (∆G◦elec), the intermolecular van der Waals energy

(∆G◦vdW), and a term proportional to the solvent accessible surface area buried on binding. In

the latter case, the area was computed with charmm using a 1.4 Å radius probe and the energetic

contribution was given by ∆G◦hφ = 0.005 · ∆SASA+ 0.86 kcal mol−1 for each snapshot. Binding

energies were calculated using snapshots extracted from the solvent-stripped MD trajectories at an

interval of 1 ns, as described previously [57].

Spectroscopic Characterization. NMR spectra were recorded at 293 K on a Varian Inova

600 MHz spectrometer using a WaterGate-HSQC pulse sequence. Samples of 15N-labeled MVL or

MVLC protein was concentrated to 200 µm by ultrafiltration and D2O was added to 10%. The

spectra were visualized using sparky (T.D. Goddard and D.G. Kneller, sparky , University of

California, San Francisco).

Circular dichroism spectra were collected using a Chiroscan spectrometer (Applied Photo-

physics). Far-ultraviolet spectra were collected from 190 nm–260 nm using a 1 mm path-length

cuvette. Typically, three spectra were collected at 1 nm increments at a rate of 2 s nm−1, averaged

and smoothed using a Savitzky–Golay filter to yield the final result.

HIV Neutralization Assays. Env-pseudotyped HIV neutralization assays were performed as

described previously [161] using viral particles pseudotyped with HIV-1 envelope proteins from four

different strains. Five-fold serial dilutions of inhibitor were added to the pseudovirus, followed by

TZM-bl (CXCR4- and CCR5-expressing cells) target cells at 37 ◦C. 48 h post-infection, cells were

lysed, and luciferase activity was measured. Positive and negative controls were used to normalize

the data, and the resulting isotherms were fit to obtain the IC50.

3.4 Results

We aim to determine whether MVL is a good starting point for lectin scaffold engineering. As a

first step, we implemented a protein expression system to produce wildtype MVL and its individual

domains. We next used this system to express recombinant proteins, and characterized the resulting

proteins using spectroscopic techniques.

3.4.1 MVL is Correctly Folded When Expressed as a SUMO Fusion

The SUMO expression system is typically used to prepare proteins which are unstable, or which

may be insoluble. In addition to the solubility-enhancing effects of SUMO, one of the great advan-

tages of this system is its ability to produce proteins without cloning artifacts. Previous studies

expressed MVL without a purification tag, and purified the protein by fractional ammonium sulfate

precipitation and several additional chromatographic steps [16]. Expression of SUMO-MVL fusion
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protein, followed by Ulp1 protease cleavage, produced correctly-folded MVL. The heteronuclear

single quantum coherence (HSQC) NMR spectrum was well-resolved in both the proton and ni-

trogen dimensions (Figure 3-4A), and showed near-perfect overlap with the previously-determined

resonance assignments (provided by C. Bewley) [16,160]. Analytical ultracentrifugation equilibrium

experiments revealed that the protein behaves as an ideal solute at all speeds and concentrations.

Global analysis of the AUC data sets yielded an average MW of 28.3 kDa, 16% larger than is

expected for a homodimer of 12.2 kDa subunits. The discrepancy between the calculated and ex-

pected MW for MVL in solution is attributed to instrument mis-calibration; analytical gel filtration

experiments demonstrated that the protein elutes as a single symmetric peak at all concentrations.

We confirmed the dimeric quaternary structure of MVL by performing concentration-dependent

chemical denaturation studies measurements at three protein concentrations (2, 5, and 20 µm).

The results, shown in Figure 3-4B, demonstrate that protein stability is concentration dependent.
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Figure 3-4: A. MVL is folded correctly when produced with the SUMO expression system, as judged
by the agreement with previously-determined HSQC resonance assignments. B. The stability of
MVL to chemical denaturation by the chaotrope GuaHCl is concentration-dependent, with higher
concentrations requiring greater amounts of denaturant to unfold. These results demonstrate that
the protein is a homodimer in solution.

3.4.2 The N- and C-terminal Domains of MVL Differ in Stability

We next expressed SUMO-MVLN and SUMO-MVLC independently. At the end of the chromato-

graphic purification sequence, under both native and denaturing purification conditions, we ob-

served that MVLN was unfolded at 4 ◦C. In contrast, the MVLC was folded, and produced a CD

spectrum super-imposable over that of wildtype MVL (Figure 3-5A).
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Why is MVLN unfolded? The sequences of MVLN and MVLC differ in several key aspects.

First, the MVL domain contains four positions with a positive backbone φ angle: G10/G69,

Q30/G89, G45/G94, and S43/G102 (sequence indices correspond to the N- and C-terminal do-

mains, respectively). Glycine is the only naturally-occurring amino acid which can adopt a positive

backbone φ angle without any strain or significant clash of the sidechain [3]. However, two of the

four positive-φ angle positions in MVLN are not glycine. Of these, Q30/G89 is a helix-capping

position, and S43/G102 is in a type II β-turn. MVLN also contains a proline residue (P8) in the

first β-strand (MVLC has L67); proline is a known secondary structure breaker. We set out to

stabilize MVLN using the principles of rational design, and created symmetry-restoring variants

S43G, Q30G G31A, and Q30G G31A S43G. However, none of these mutants were folded. Type II

β turns have strong sequence preference at the i+ 1 (E42/E101) and i+ 2 (S43/G102) turn posi-

tions, of proline and glycine, respectively [86]. Based on the observed β-turn sequence preference

we created variants E42P S43G and Q30G G31A E42P S43G. However, these variants were also

unstructured.

Computational insights into the stability differences between the two domains of MVL.

We turned to a computational approach in order to further understand the differences between

MVLN and MVLC. For each domain, we generated molecular dynamics trajectories of 400 ns in

length. These MD trajectories are of modest length, and no unfolding was expected or observed on

these timescales. The backbone fluctuations of the two domains in simulation were very similar,

with both experiencing fraying of their termini. To understand the differences in the folded-state

interactions made in the two domains, we energetically decomposed the resulting snapshots into

per-residue van der Waals and electrostatic contributions to protein stability. After calculating the

pairwise van der Waals interactions between all protein groups (backbone, amino, and side chain)

of the individual domains we found that the sum total of the vdW contributions to MVLC stability

was 16.8 kcal mol−1 more favorable than that of MVLN, indicating more favorable packing of the

C-terminal domain. The majority of this difference is a consequence of more favorable side-chain

packing interactions of MVLC.

We calculated the electrostatic contribution of protein sidechains to domain stability using a

linearized Poisson–Boltzmann approach. Both domains feature stabilizing salt bridge interactions,

most favorable of which are K4/E49 (−10.3 kcal mol−1) and D65/R97 (−14.4 kcal mol−1). MVLC,

however, contains more groups which make more significant contributions (R97, K110, D61, and

D65 have ∆G◦mut values of −9.7,−6.8,−5.9, and −4.8 kcal mol−1, respectively); MVLN most signif-

icant contributors are E49 and K4, which contribute −7.9 and −7.5 kcal mol−1 to domain stability.

Within the linearized PB formalism, both domains appear equally optimized: the mutation free

energy (∆G◦mut) of simultaneously replacing all protein sidechains with hydrophobic isosteres is

−1.4± 4.6kcal mol−1 and +0.5± 5.9 for MVLN and MVLC.

Insights into the oligomeric nature of MVLC Analytical ultracentrifugation experiments

revealed that MVLC dimerizes at µm concentrations (Figure 3-5C). Based on the structure of
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Figure 3-5: A. Far-ultraviolet CD spectra of MVLC and MVLN (black and grey lines) reveal that
while the former possesses helical structure, the latter is unfolded. We tested whether hetero-
association induces the folding of unstructured MVLN; however, the spectrum of the mixture of
the two variants (red) is identical to that of the weighted sum of their respective spectra (blue).
B. The HSQC spectrum of MVLC is well dispersed in both 1H and 15N dimensions, confirming
that the protein is adopts a compact structure. The spectrum shown here was collected at 0.2 mm
protein concentration; spectra collected upon two- and four-fold dilution are identical to the one
shown. C. AUC sedimentation equilibrium experiments revealed that MVLC behaves as an ideal
dimer at 36 µm, with an apparent buoyant MW of 11 992 Da (expected MW of 12 059 Da). D. An-
alytical gel filtration chromatography shows that MVLC elutes as a single monodisperse peak at
all concentrations.
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Figure 3-6: A. In wildtype MVL, the two C-terminal domains interact through a hydrophobic
“native” interface involving the edges of two β-sheets. B. In wildtype MVL, the N- and C-terminal
domains interact through a smaller interface, which involves electrostatic interactions between two
α helices. Shown are two MVLC domains, oriented to interact through the “reversed” interface.
These two modes of binding correspond to schematic illustrations in Figure 3-3A.

wildtype MVL, there two possible dimerization modes of MVLC (Figure 3-6). The first mode, which

we refer to as “native” relies on a hydrophobic interface between the two molecules; this interface is

used between the two C-terminal domains of full-length MVL. The second mode of binding, which

we refer to as “reversed”, buries a smaller amount of surface area, but is stabilized by salt bridge

interactions (Figure 3-6 and Table 3.2). We constructed computational models of the two MVLC

dimers, and subjected them to MD simulation. Both complexes remained associated throughout the

course of the simulation; MM/PBSA binding energy calculations revealed that the “native” interface

is preferred energetically (Table 3.2). This mode of binding buries 360 Å2 of additional surface

area, compared to the “reversed” mode, and as a result makes more favorable vdW interactions.

Surprisingly, the reversed binding mode features more favorable electrostatic interactions between

the two polypeptide chains (−2 kcal mol−1 vs. 10 kcal mol−1 for MVLN and MVLC, respectively).

We decomposed the electrostatic binding free energy ∆G◦elec into the desolvation penalty paid by

the two chains and the direct (intermolecular) and indirect (intramolecular) electrostatic interaction

free energies. The bottom of Table 3.2 shows the results: the reversed binding mode enables direct

electrostatic interactions of −39.4 kcal mol−1 between the two chains; however, each chain pays a

desolvation penalty of approximately 20 kcal mol−1.

In order to experimentally determine which binding mode is engaged in solution, we tested
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mutants of MVLC. The variant T64D was designed to disrupt the native interface, and the variant

L80K was designed to disrupt the reversed interface. However, the yield of both proteins was

drastically reduced upon mutation, and neither could be purified to levels required for biophysical

characterization.

Binding Mode ∆SASA ∆G◦vdW ∆G◦hφ ∆G◦elec ∆G◦bind

Native −1536.4 −59.2± 6.7 −6.8± 0.5 +9.9± 2.5 −56.1± 8.4
Reversed −1206.5 −38.9± 4.3 −5.2± 0.2 −2.0± 4.4 −46.0± 6.2

Binding Mode Desolvation Indirect Direct ∆G◦elec

Native +11.1± 1.7 −1.4± 0.8 −9.4± 3.0 +9.9± 2.5
+11.3± 1.5 −1.8± 0.9 −9.4± 3.0 +9.9± 2.5

Reversed +20.5± 3.7 −1.2± 0.8 −39.4± 7.0 −2.0± 4.4
+19.6± 2.6 −1.5± 0.8 −39.4± 7.0 −2.0± 4.4

Table 3.2: MVLC dimerization binding free energies calculated with the MM/PBSA
approach. The Native and Reversed binding modes correspond to MVLC dimers using one of the
two available binding interfaces; in wildtype MVL, MVLC:MVLC interactions are made through
the mostly-nonpolar beta-strand interface, and interactions between MVLC and MVLN are made
through a helix–helix interface (Figure 3-6). Top. The MM/PBSA-derived binding energetics of
MVLC dimers in two binding modes. All energy values are given in kcal mol−1. The Native binding
mode is nonpolar in nature, buries 330 Å2 of additional solvent-accessible surface area, and makes
more favorable van der Waals interactions. The Reversed binding mode makes more favorable
electrostatic interactions by virtue of intermolecular salt bridge interactions. Bottom. Decomposi-
tion of Poisson–Boltzmann (∆G◦elec) energetic contribution to binding into the desolvation penalty
paid by, and the intra- (Indirect) and inter-molecular (Direct) interactions made by each chain.
The Reversed binding mode results in more favorable direct interactions, and higher desolvation
penalties, compared to the Native binding mode; values are given for both chains as a measure of
precision of our approach.

3.4.3 MVLC Neutralizes HIV with Potency Equal to the Wildtype Protein

Having confirmed that the C-terminal domain adopts a compact fold similar to the wildtype pro-

tein, we investigated whether the isolated domain is able to inhibit infection by HIV. Four Env-

pseudotyped viruses from laboratory-adapted subtype B HIV strains were treated using wildtype

MVL and MVLC as potential inhibitors (Figure 3-7). MVLC neutralized HIV with potency equal

to that of the wildtype protein for all four viral strains. In order to compare the tetra- and mono-

valent inhibitors directly, we present the concentration of each inhibitor as the number of binding

sites (equivalent to normalizing by MW). While in some of the assays (JRCSF, HxB2, 89.6, shown

in Figure 3-7) it may appear that MVLC is a more potent inhibitor, at the present time we cannot

conclude this with absolute certainty. The inherent noise of the cell-based inhibition assays, in

addition to the fact that 100% infectivity in not reached in three out of the four assay with low
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(pm) inhibitor concentrations, lead us to conclude that the two inhibitors are indistinguishable in

their potency.
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Figure 3-7: Antiviral activity of MVL and MVLC in an Env-pseudotyped HIV neu-
tralization assay. Dose-response curves for antiviral activity of MVLC and full-length wildtype
MVL. Both proteins were tested as inhibitors of infection by HIV pseudotyped with Env glycopro-
tein from four laboratory-adapted subtype B HIV strains (A: JRCSF, B: YU2, C: HxB2, D: 89.6).
Inhibition of MVL is shown in black circles, and of MVLC in grey triangles. Vertical lines represent
standard deviation error bars calculated from three experiments. The IC50 values of each inhibitor
against a particular HIV strain are provided in each panel. Protein concentrations were normalized
to the concentration of binding sites (i.e. MVL dimer concentrations were divided by four).

3.5 Discussion & Conclusions

In this work, we established that MVL is not an ideal starting point for engineering a combinatorial

scaffold for screening carbohydrate-binding specificity. The N-terminal domain of MVL was un-

folded under all experimental conditions, and all efforts to stabilize the domain failed. We believe

that a number of factors determine the stability difference between the two domains: first, two

of the four positive-φ angle positions of MVLN are not glycine; second, the N-terminal domain is
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more loosely packed than MVLC; third, the dimerization interactions of MVLN may be of lower

affinity than those of MVLC, and as a result shift the equilibrium. While we attempted a number

of approaches to induce folding of MVLN, we were not successful. Several additional strategies were

not attempted: these include introducing mutations to facilitate disulfide-bond formation between

positions 22/48 or between 26/50 (Figure 3-1C), or improving the packing of MVLN using rational

or computational approaches. For example, position 48 (valine) appears able to accommodate an

additional methyl group; many domains of the MVL family feature an isoleucine at this position.

The asymmetry between the stabilities of the two domains of MVL is surprising. Since both

domains are folded when part of the wildtype protein, we anticipate that the observed in vitro

instability of MVLN is overcome through enhanced local concentration of the two domains after the

wildtype protein is synthesized. For instance, if the C-terminal domains fold spontaneously when

part of wild-type MVL, while the N-terminal domains do not, the association of the C-terminal

domains may bring the unstructured N-terminal domains together and induce their association

and folding. Attempts to do this by mixing individual domains failed, likely because the domains

were not tethered by the five-residue linked which joins them in the wildtype molecule. Kinetic

stopped-flow folding experiments may reveal whether this type of configurational cooperativity is

responsible for inducing the folding of the amino-terminal domain.

To our knowledge, our study presents the first example of reducing the valency of a multivalent

HIV inhibitor which leads to no loss of neutralization potency. It has been previously shown that

well-characterized HIV-inhibiting lectins CVN or griffithsin lose antiviral potency upon monomer-

ization [122,129]. On unresolved question regarding the mechanism of MVL function is the identity

of the N -linked carbohydrates targeted by the lectin. MVL recognizes the GlcNAc-rich core com-

mon to both high-mannose and complex oligosaccharides. Thus, the lectin may bind to multiple

types of gp120 glycans. An intriguing extension of this work is the design of mutants which would

shift the MVLC dimer equilibrium by destabilizing the dimerization interface. We evaluated several

mutants with this goal in mind; however, all were were unstable, possibly because of the drastically

different sidechain properties upon mutation. Another possible approach which would further ad-

dress issues of MVL multivalency is mutagenesis of the wild type protein to knock out carbohydrate

binding in the amino- or carboxy-terminal domains. During the course of computational studies

of carbohydrate recognition by MVL (Chapter 4) we uncovered an unprecedented geometric asym-

metry between carbohydrate recognition by the two domains. We may thus expect that the two

knockouts (simultaneously abolishing binding by the amino- or carboxy-terminal domains) may

differ in their potency because of differences in their carbohydrate binding geometries.
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Chapter 4

Structural Modeling & Molecular

Dynamics Studies Provide Insight into

Carbohydrate Recognition by MVL∗

Abstract

Microcystis viridis Lectin (MVL, UniProt ID: Q9RHG4) is a 24-kDa homodimeric protein which
inhibits infection by the human immunodeficiency virus (HIV) by binding to the viral glycoprotein
gp120. Unlike other well-characterized HIV-inhibiting lectins such as cyanovirin-N or griffithsin,
MVL is specific for the GlcNAc-containing core of N -linked oligosaccharides. Understanding the
energetics of coordinating these groups will provide a more complete understanding of lectin–
carbohydrate interactions in the context of HIV.

In this work, we present detailed analysis of carbohydrate recognition by MVL. Relying on
molecular modeling, extensive molecular dynamics simulations, binding free energy calculations and
energetic decomposition we elucidate the source of high-affinity binding by MVL to a diverse sugar
panel featuring high-mannose and chitin-derived oligosaccharides. We uncover several novel features
of MVL carbohydrate recognition, including an asymmetry in the interactions made by the amino-
and carboxy-terminal domains of MVL. We also describe a dual binding mode of the tetrasaccharide
GlcNAc4 to MVL, and re-analyze experimental data collected for this ligand. By providing an atom-
level description of the binding event, our results complement previous experimental investigations
of MVL, and underscore the need to consider the dynamics in protein–carbohydrate investigations.

4.1 Introduction

Structural studies of protein–carbohydrate complexes elucidate the bound state at atomic resolu-

tion. However, the two most common techniques used in structural elucidation, X-ray crystallog-

raphy and NMR restraint-based docking, suffer from limitations. Crystallography provides a static

snapshot of the average conformation, and is often performed at low temperature, thereby dampen-

ing molecular fluctuations. NMR, being a solution technique, can be applied under physiologically-

∗The continuum van der Waals calculations presented in this chapter were performed by Dr. Yukiji K. Fujimoto.
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relevant conditions and yields information about the bound-state ensemble. Sometimes, however,

the restraints generated through the use of Nuclear Overhauser Effect (NOE) information are inad-

equate to unambiguously position a ligand in the ideal geometry [58] (and work described herein).

Intermolecular restraints used to orient the ligand also may lack peripheral interactions with high

signal-to-noise ratio or high dynamic content. Additionally, NMR-based refinement often makes

use of a crude potential which fails to capture the fine details of the bound-state energetics [156].

The binding affinity of a receptor for its cognate ligand is a property of a dynamic configurational

ensemble, and for most ligand/receptor complexes it is impossible to calculate accurate binding

energies using a single conformation. Neither experimental structural technique discussed above

generates an extensive bound-state ensemble. However, both structural techniques can provide a

starting point for molecular dynamics (MD) simulation, a computational technique complementary

to experiment [44, 57, 58]. Starting from an initial configuration of atoms, MD simulation engines

generate conformational ensembles which are typically more dynamic than seen in crystallographic

studies. These ensembles can be interrogated to yield the free energy of binding [96,172], the per-

residue contributions to binding [57], structural details of the binding event, as well as countless

time-dependent structural properties or correlation functions. First-principles molecular dynamics

approaches can also be used to refine experimental data or low-resolution models [149].

In order to understand lectin function in its native or non-native context, questions related to

specificity, binding affinity, and the role of multivalency need to be addressed; a number of mature

technologies exist to address some of these questions. Glycan microarrays can address lectin binding

specificity by screening hundreds of diverse natural and synthetic carbohydrates [1, 22, 53]. NMR-

monitored titration [166], in addition to other structural techniques, provides insight into which

portion of the receptor is involved in binding a certain polysaccharide fragment. Binding affinity

for carbohydrates can be measured by isothermal titration calorimetry (ITC) or surface plasmon

resonance. Under the right set of experimental conditions, enzyme-linked or fluorescence-based

assays can also be used.

Computational investigations allow an atom-level view of the protein–carbohydrate recognition

event. Upon binding their cognate receptors, carbohydrates typically bury large surface areas, are in

contact with multiple protein residues, and are coordinated by numerous hydrogen bonds within the

binding site. However, the contributions of molecular groups to binding are unequal in magnitude

due to variation of their functional group, distance, or dynamic content within the bound-state

ensemble [57]. Decomposition of binding affinity into per-residue contributions is impossible to

address experimentally, but is trivial within the pairwise-decomposable framework of the molecular

mechanics potential [23, 24] or the linearized Poissson–Boltzmann formalism [76]. Additionally,

MD simulations enable the investigation of ligands which may be challenging or costly to obtain

in quantities required for structural or biophysical characterization, and facilitate the design of

mutations with the goal of improved binding affinity or altered specificity. Ligands of weak affinity,

which are beyond experimental detection, can be routinely studied by MD. This is because the

dissociation kinetics of weak-binding ligands are often slower than the timescales explored during
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the simulation time course.
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Figure 4-1: Carbohydrate recognition by MVL. A. A single MVL domain in complex with
Man3GlcNAc2, the Y-shaped core substructure of high-mannose and complex N -linked oligosaccha-
rides. The two deep cavities on the MVL surface are indicated with white arrows. The pseudo-rings
formed between adjacent β(1→4)-linked sugar residues are indicated with dashed lines. Figure ren-
dered with VMD [84] based on PDB entry 1ZHS [188]. B. Schematic representation of Man9GlcNAc2
undecasaccharide (also known as Man9), linked to a glycoprotein through an Asn sidechain. Man
residues are represented by  , and GlcNAc by �. The Man3 pentasaccharide displayed in A is
shaded blue.

In this work, we investigated carbohydrate binding by the HIV-inhibiting protein MVL, a lectin

which was originally isolated from the freshwater blue-green algæ Microcystis viridis [196]. Previous

structural and biophysical studies revealed that the protein is an obligate homodimer which contains

four carbohydrate binding domains [16, 188]. The exact mechanism of viral inhibition by MVL is

unknown, but it is thought to involve interactions with the core substructure of oligosaccharides

which decorate the surface of the viral glycoprotein gp120 [16]. These carbohydrates, termed

the “glycan shield”, obscure the underlying viral protein epitopes from detection by the humoral

immune system. Antiviral strategies which target the glycan shield interfere with adhesion, the

initial step of the viral life cycle [151].

The use of glycosylation by HIV is atypical when compared to the effect this post-

translational modification has on human proteins. One distinguishing feature of viral gly-

coproteins from those of human origin is the abundance of Man9GlcNAc2 and other high-mannose

glycan moieties on the viral surface; this glycan is rare on human glycoproteins, since it is normally

heavily remodeled in the Golgi apparatus to yield shorter substructures, some of which are extended

to complex glycans. It is not clear why the HIV-1 glycans are not processed. One hypothesis is that

the rate of viral glycoprotein synthesis, in addition to the high number of N–X–S/T glycosylation

motifs may be responsible. However, it remains possible that the virus has either evolved a way to

accelerate the export of its proteins before processing can happen, or a way to inhibit processing

enzymes such as α(1→2)-mannosidases found in the endoplasmic reticulum.
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Figure 4-2: Carbohydrate ligands discussed in the present work. Mannose ( ) and N -
acetyl-glucosamine by (�) residues are identified with capital letters for each carbohydrate model.
The reducing-end residue (ring A, unless Z is present) is oriented to the right. The GlcNAc2 motif
(rings A and B) common to all ligands and necessary for binding MVL is underlined. A. The
branched high-mannose undecasaccharide Man9 is shown; all high-mannose ligands investigated in
this study are substructures of Man9. B. A series of linear chitin-derived oligosaccharides, extended
from the core GlcNAc2 motif.

A number of plant or algal lectins inhibit viral infection, typically by binding to mannose-rich

portions of Man9. The well-characterized antiviral lectins cyanovirin-N [15] and griffithsin [2,200],

as well as the neutralizing antibody 2G12 [182], recognize the terminal arms of Man9GlcNAc2.

MVL, on the other hand, recognizes the core of N -linked carbohydrates, and its X-ray structure

was determined in complex with Man3GlcNAc2 (Figure 4-1) [16]. While the binding of lectins to

mannose residues in the context of HIV is fairly well understood, recognition of their GlcNAc core

involves a distinct set of interactions and molecular geometries, and understanding the energetics,

and well as the geometries of these interactions may aid in understanding the mechanism by which

lectins inhibit viral infection, or in design of improved inhibitors.

4.2 Materials & Methods

Construction of Starting Protein:Carbohydrate Models. The coordinates of full-length

MVL were taken from PDB entry 1ZHS. The crystal asymmetric unit contains four MVL ho-

modimers in complex with sixteen molecules of Man3GlcNAc2. Coordinates for protein chains A

and B, as well as the bound carbohydrate ligands, were retained. Protonation states of histidine

residues, as well as the flip states of asparagine or glutamine, were determined with reduce [194].

Truncated carbohydrate models were constructed by deleting the appropriate sugar residues; ad-

ditional residues in models extended from Man3 were constructed from internal coordinates using

charmm [27]. In the cases where a clash was observed, the clashing groups were energy minimized

while the remaining groups were fixed in their original orientation. For all carbohydrate models,

the hydroxyl group of the reducing-end anomeric carbon was in the β configuration.
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Molecular Dynamics Simulation. All system setup and post-processing steps were performed

with charmm [27]. Individual domains in complex with carbohydrates were solvated in an or-

thorhombic box containing approximately 3300–4300 tipp water molecules (≈9200 for MVL:Man9

simulation), and charge-neutralized by adding K+ and Cl− ions to a final concentration of 150 mm.

To avoid self-interactions in the periodic cell, water box dimensions were set such that the solute

was 10 Å away from the cell side. Solvation and neutralization steps used a locally-modified in-

put script originally retrieved from www.charmmtutorial.org. In rare cases when visual inspection

identified water molecules inside the protein, the offending molecules were translated into the bulk

solvent. The charmm-cmap [115] and csff [97] molecular mechanics force fields were used for

the protein and carbohydrate components, respectively.

Isothermal–isobaric (NPT) ensemble molecular dynamic simulations were carried out at 300 K

with the namd 2.6 engine compiled for the IBM Blue Gene/L architecture [143]. Constant pressure

of 1 atm was maintained with the Nosé–Hoover Langevin piston pressure control. All bonds involv-

ing hydrogen atoms were constrained to their equilibrium lengths using the shake algorithm. The

simulation time step was set to 2 fs and non-bonded interactions were evaluated every step. We

used a cutoff of 12 Å for all Lennard–Jones and short-range electrostatic interactions. Long-range

electrostatics were treated using a Particle Mesh Ewald method with a fourth-order interpolation

scheme. The solvated and neutralized system was minimized for 5000 steps and heated to the pro-

duction temperature over the course of 200 ps. No restraints were employed during the equilibration

or production steps.

Binding Free Energy Calculation. Binding free energies were computed with the MM/PBSA

model [96,172]. The total binding energy for each snapshot was computed as the sum of a Poisson–

Boltzmann-based electrostatic contribution (∆G◦elec), the intermolecular van der Waals energy

(∆G◦vdW), and a term proportional to the solvent accessible surface area buried on binding. In

the latter case, the area was computed with charmm using a 1.4 Å radius probe and the energetic

contribution was given by ∆G◦hφ = 0.005 ·∆A+ 0.86 kcal mol−1 for each snapshot. Binding energies

were calculated using snapshots extracted from the solvent-stripped MD trajectories at an interval

of 1 ns.

PB Calculations. The linearized Poisson–Boltzmann equation was solved using a multi-grid

finite-difference solver distributed with the Integrated Continuum Electrostatics (ICE) software

suite (courtesy of Prof. B. Tidor), using standard protocols [28, 67, 77]. Atomic partial charges

were from the charmm-cmap [115] and csff [97] parameter sets. The dielectric boundary was

defined by the molecular surface generated with a 1.4 Å radius probe, and a 2.0 Å ion exclusion

layer was used; the surfaces were generated using radii optimized for use in continuum electrostatic

calculations [65,135]. The solute and solvent dielectric constants were set to 2 and 80, respectively,

at an ionic strength of 145 mm. Boundary conditions were computed using a three-step focusing

procedure on a 1293-unit cubic grid, with the molecule first occupying 23%, then 92%, and finally

184% of the grid. Boundary conditions at each focusing level were taken from the previous cal-
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culation, with Debye–Hückel potentials used at the boundary of the lowest focusing level. The

highest-resolution grid was centered on the oligosaccharide, and potentials at atoms falling off this

grid were taken from the middle-resolution calculation. Electrostatic contributions to the binding

free energies were computed as the sum of a desolvation penalty for both the protein and the sugar

and a bound-state, solvent-screened interaction.

Component Analysis. Electrostatic component analysis was performed with the ICE software

package using standard protocols [28, 67]. Each protein residue was partitioned into three groups:

carbonyl, amino, and side chain. Sugars were partitioned into one group per hydroxyl; in the case of

GlcNAc, group definitions included the N -acetyl moiety. For each group, the desolvation penalty,

inter- and intramolecular interactions were computed. We define the sum of these as the mutation

free energy ∆∆G◦mut, equivalent to the difference in free energy between the natural system and a

hypothetical mutant with that group replaced by a hydrophobic isostere (in the context of all other

groups in their natural state) [77]. Equivalent group definitions were also used to calculate the

van der Waals interactions between carbohydrate and protein groups, and the contribution of each

group to binding. The charmm potential was employed for van der Waals energy evaluation [116].

4.3 Results

Using explicit-solvent molecular dynamics simulations, we investigated the binding of a broad

panel of carbohydrate ligands to MVL. The complete list of ligands in this study, the nomenclature

employed herein, as well as the simulation length for each protein–carbohydrate system investigated

herein are given in Table 4.1.

Abbreviation Composition Receptor(s) MD Run Length (ns)

Man1 Man1GlcNAc2 MVL 400
Man2-A Man2GlcNAc2 MVL domains 2× 500
Man3 Man3GlcNAc2 MVL domains, MVLC-E101R 2× 400, 200
Man3-Asn Man3GlcNAc2Asn MVLC 300
Man6 Man6GlcNAc2 MVL domains 2× 500
Man9 Man9GlcNAc2 MVL domains, MVL 2× 700, 200

GlcNAc2 GlcNAc2 MVLC 400
GlcNAc3

∗ GlcNAc3 MVLC 2× 400
GlcNAc4

∗ GlcNAc4 MVLC 2× 500
GlcNAc5 GlcNAc5 MVLC 650

Table 4.1: Summary of molecular dynamics simulations performed as part of this study.
Seventeen independent trajectories were generated, with cumulative simulation time of 8.15 µs.
Structures of all the carbohydrate ligands are given in Figure 4-2.
∗GlcNAc3 and GlcNAc4 were simulated in two alternative binding modes. The details of this are
discussed in the text.
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4.3.1 High-mannose Saccharide Binding

Initial MD studies of the tetravalent MVL:Man3 complex proved unstable, as one of the four ligands

dissociated after only 50 ns of simulation; this simulation was terminated. The failure of this initial

approach is likely due to artifactual or non-ideal system setup, since Man3 is a known experimental

binder of MVL, and remained bound in subsequent simulations (vide infra).

Man1. Since initial MD studies with the Man3 ligand ran into difficulties, we truncated the

carbohydrate model, removing the two terminal Man residues to yield the trisaccharide Man1.

While this ligand has not been experimentally determined to bind MVL, in simulation it remained

bound in all four sites, and occupied two closely-related conformations. The reducing-end GlcNAc A

remained anchored in the N -acetyl binding cavity, while GlcNAc B was closely associated with

the protein. Man C populated two alternative conformations. Clustering of the combined B–

C glycosidic linkage data set for the four ligands using the k-means algorithm (k = 2) revealed

clusters of staggered and extended conformations, which contained 87% and 13% of the population,

respectively. In the more abundant staggered conformation, the glycosidic φ (O5–C1–O–C(x)′)

and ψ (C1–O–C(x)′–C(x–1)′) angles between rings B and C are −158.2 ± 11.7◦ and 91.3 ± 6.7◦,

respectively; the smaller cluster adopted extended conformations with φ and ψ of −77.6 ± 11.9◦

and 117.1± 13.5◦. The A–B glycosidic linkage populated an extended conformation similar to that

of the smaller cluster of the B–C linkage (φ and ψ of −75.5± 6.4◦ and 109.7± 6.9◦).

The two bound-state conformations of Man1 are distinguished by the presence of a hydrogen

bond between the Man C2 hydroxyl and the carbonyl of Trp37/Trp96 (residue numbering in the

N- and C-terminal domains, respectively). In mannose residues the C2 hydroxyl is equatorial, and

the sugar residue must adopt a staggered conformation in the binding site of MVL in order to

make this contact. The interaction was engaged in the staggered conformation, and disengaged

in the extended conformation; in the C-terminal domain of MVL, the average distance between

carbonyl oxygen of Trp96 and the C2 hydroxyl of Man was 1.9± 0.3Å and 5.6± 1.1Å for the two

conformations, respectively.

We calculated the binding free energy for Man1 interacting with each binding site of MVL.

In all domains, the ligands bury a comparable amount of surface area, and make comparable

van der Waals interactions (Table 4.2). The majority of the binding energy (−33 kcal mol−1) was

derived from the molecular mechanics portion (∆G◦vdW + ∆G◦hφ) of the MM/PBSA equation,

with electrostatics contributing weakly. PB electrostatic calculations suggested a small difference

between the two domains of about 1 kcal mol−1, with the MVLC domains interacting more favorably

with the ligand.

Role of intra-ligand interactions in β(1→4)-linked polysaccharides. The extended con-

formation is frequently encountered in β(1→4)-linked polysaccharides, and was commonly seen

in our simulations. In this conformation, glycosidic φ/ψ torsional angles of −80◦/110◦ orient the

polysaccharide in a pleated-like sheet. The distinguishing feature of this conformation is that the
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C3 hydroxyl of one residue donates a hydrogen bond to the ring O5 atom of the preceding residue,

creating a hydrogen-bond-mediated pseudo-ring between the two (Figure 4-1A). The extended con-

formation is common for β(1→ 4)-linked polysaccharide polymers, such as chitin and cellulose.

In chitin-derived GlcNAc polysaccharides, the extended conformation orients N -acetyl groups of

adjacent residues in diametrically opposite directions [195].
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Figure 4-3: Importance of dynamics in protein–carbohydrate binding. A. Experiment-
ally measured free energies, enthalpies and entropies of carbohydrate binding to MVL [16]
(∆G = ∆H − T∆S); the affinities of MVL for Man2-A and for Man3 are equal. The binding
of larger saccharides is increasingly favorable enthalpically, but is opposed by increasing entropic
penalties. Notably, compared to Man2-A, the binding of the larger Man3 involves enthalpic con-
tributions of greater magnitude, but is opposed by a larger entropic component; these trends are
further increased with Man6. B. The bound-state structural ensemble of Man2-A explores two
main conformations (extended and staggered) which interconvert through a B–C glycosidic linkage
flip. C. The structural ensemble of Man3 is less diverse than that of Man2-A, as ring D prevents
the ligand from rotating about the B–C linkage while bound to the protein.

Man2-A. For computational efficiency, we simulated all subsequent glycan models with the in-

dividual domains of MVL (exceptions noded). Binding of the tetrasaccharide Man2-A to MVL has

been previously characterized by ITC, and its affinity is equal to that of the larger Man3 (Fig-

ure 4-3A) [16]. Simulations of Man2-A revealed that the ligand is flexible about the B–C glycosidic

linkage, adopting two conformations, similar to what was observed for Man1 (Figure 4-3B). The

populations of the staggered and extended conformations were unequal when comparing the two

domains of MVL. In complex with MVLN the ligand adopted the staggered and extended con-

formations 54 and 46% of the time, respectively. In complex with MVLC, the populations of the

staggered and extended conformations were 29 and 71%.

The calculated binding energy for Man2-A was −36.4±3.5 kcal mol−1 and −35.9±3.7 for MVLN

and MVLC, respectively (Table 4.2). The majority of the binding free energy (−35.5 kcal mol−1)

was derived from the nonpolar portion of the equation, with electrostatics contributing weakly.

Compared to MVLN, MVLC interacted more favorably electrostatically with the ligand, as was

the case with Man1. Man2-A is the only ligand in this study which we observed to interact

more favorably with MVLN than with MVLC. In the case of binding Man2-A, the difference in
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van der Waals interactions between the two domains is the consequence of the shift in the extended

and staggered populations of the ligand.

Man3. We repeated the simulation of Man3 in complex with individual MVL domains. In both

simulations, the carbohydrate remained bound; its average conformation was similar to that in the

MVL crystallographic ensemble [188]. As expected, the MD-derived ensemble was more diverse

than that of the asymmetric unit (Figure 4-3), and each of the nine glycosidic torsional angles

sampled wider regions of the φ/ψ dihedral space. The average φ/ψ for the A–B linkage were:

−71.6 ± 6.8◦/110.6 ± 6.6◦; for the B–C linkage: −71.5 ± 7.0◦/123.9 ± 8.6◦; for the C–D linkage:

67.5± 11.4◦/174.7± 16.9◦; for the C–E linkage: 76.3± 16.7◦/−112.6± 21.7◦. The ω dihedral angle

of the C–E linkage averaged 54.4 ± 8.4◦. Man3 was significantly less dynamic than Man2-A in

simulation (Figure 4-3C), as the presence of Man D prevents the B–C linkage flip observed for

Man1 and Man2-A.

Man3 buries approximately 200 Å2 and 130 Å2 of additional surface area upon binding MVLC,

compared to Man1 and Man2-A, respectively (Table 4.2). The calculated binding energy of Man3

was −40.5 ± 3.3 and −41.6 ± 4.0 kcal mol−1 for MVLN and MVLC. The majority of the binding

free energy was derived from the nonpolar portion of the equation, with electrostatic interactions

opposing binding in both domains.

We additionally investigated interactions of Man3 with Glu101Arg (E101R) mutant of MVLC.

This mutant was designed by Mr. Yiwei Cao using a computational protein design approach with

the goal of optimizing Man3 binding. We observed that the sidechain of Arg101 interacted favor-

ably with Man3, and that the carbohydrate buried 37 Å2 of additional surface area upon binding,

compared to wild type MVLC. As predicted by protein design calculations, Man3 bound E101R

slightly mote favorably than wild type MVLC, at −43.4±5.0 kcal mol−1; the improved binding free

energy primarily arose from enhanced van der Waals interactions (Table 4.2).

Man3-Asn “Glycopeptide”. While biophysical or thermodynamic studies of MVL investigate

binding to isolated saccharides, the protein inhibits HIV by binding the glycoprotein gp120 [16].

Consequently, its interactions with N -linked oligosaccharides may be influenced by the presence of

the Asn residue which links the saccharide to the protein or by the protein itself. We set out to

investigate this, extending Man3 through a β linkage by an asparagine residue; in our model, the N-

and C-termini of the Asn were charged. While the presence of charged termini does not make this

an optimal model of MVL binding to a glycoprotein, as part of our experimental characterization

of MVL (Chapter 3) we aimed to experimentally characterize binding to this ligand, which can be

extracted in milligram quantities from soybean flour [182].

Man3-Asn buries approximately 100 Å2 of additional surface area upon binding MVLC, com-

pared to Man3 (Table 4.2), with calculated binding energy of −44.2±4.0 kcal mol−1. The majority

of the binding free energy (−46.2 kcal mol−1) was derived from the nonpolar portion of the equation,

with unfavorable electrostatic contribution of 1.9 kcal mol−1. The Asn residue of the glycopeptide
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Ligand Receptor ∆SASA ∆G◦vdW ∆G◦hφ ∆G◦elec ∆G◦bind

Man1
∗ MVLN −710.7 −30.4± 3.5 −2.7± 0.2 −1.6± 2.8 −34.7± 3.6

MVLN −714.1 −30.6± 2.8 −2.7± 0.1 −1.5± 2.6 −34.8± 3.0
MVLC −716.1 −30.2± 3.1 −2.7± 0.1 −2.9± 2.7 −35.9± 2.8
MVLC −719.2 −30.7± 3.0 −2.7± 0.1 −2.2± 2.8 −35.6± 3.0

Man2-A MVLN −787.1 −33.4± 4.0 −3.1± 0.3 +0.2± 2.9 −36.4± 3.5
MVLC −767.4 −31.8± 4.0 −3.0± 0.3 −1.2± 3.2 −35.9± 3.7

Man3 MVLN −917.3 −38.6± 2.7 −3.7± 0.2 +1.8± 2.8 −40.5± 3.3
MVLC −925.2 −39.1± 3.4 −3.8± 0.3 +1.2± 2.8 −41.6± 4.0
MVLC-E101R −962.5 −40.3± 4.1 −4.0± 0.3 +0.8± 3.3 −43.4± 5.0

Man3-Asn MVLC −1033.6 −41.9± 3.3 −4.3± 0.2 +1.9± 3.5 −44.2± 4.0
Man6 MVLN −1126.6 −46.2± 4.2 −4.8± 0.3 +3.6± 3.3 −47.4± 4.5

MVLC −1177.6 −49.0± 4.7 −5.0± 0.4 +2.3± 5.3 −51.7± 6.3
Man9 MVLN −1290.7 −50.6± 4.0 −5.6± 0.3 +5.7± 4.2 −50.5± 4.5

MVLC −1401.6 −56.0± 4.9 −6.1± 0.4 +5.3± 6.0 −56.8± 6.8

Man9
∗,† MVLN −1297.2 −50.7± 4.2 −5.6± 0.3 +7.6± 4.5 −48.7± 4.3

MVLN −1294.4 −51.5± 4.2 −5.6± 0.3 +8.0± 4.2 −49.1± 4.0
MVLC −1410.3 −55.2± 4.6 −6.2± 0.3 +3.4± 6.1 −57.9± 5.7
MVLC −1364.6 −55.8± 4.5 −6.0± 0.4 +5.8± 5.1 −55.9± 5.7

GlcNAc2 MVLC −576.4 −24.7± 2.9 −2.0± 0.1 −1.3± 2.4 −28.0± 3.8
GlcNAc3-A MVLC −774.1 −34.9± 3.2 −3.0± 0.2 +0.6± 2.7 −37.3± 3.6
GlcNAc3-B MVLC −692.2 −27.3± 2.6 −2.6± 0.2 +0.5± 2.3 −29.4± 2.9
GlcNAc4-A MVLC −868.6 −38.6± 6.6 −3.5± 0.4 +2.1± 2.5 −40.0± 7.4
GlcNAc4-B MVLC −875.4 −36.8± 3.6 −3.5± 0.2 +1.9± 2.8 −38.4± 4.1
GlcNAc5 MVLC −929.8 −37.2± 7.1 −3.8± 0.5 +3.0± 2.7 −38.0± 8.0

Table 4.2: Carbohydrate binding energetics calculated with the MM/PBSA approach.
Average change in solvent-accessible surface area lost upon binding (∆SASA) is given in Å2; ∆G◦

values are given in kcal mol−1, with standard deviations provided as a measure of variation. Binding
energetics were evaluated at 1 ns intervals. Calculating the binding free energy with increased
frequency (every 0.1 ns) gave identical results.
∗Binding values were extracted from simulations of wildtype MVL in complex with four ligands;
average values are provided for each domain as a measure of precision. All other simulations were
of individual MVL domains.
†For Man9 in complex with tetravalent MVL, we observed carbohydrate–carbohydrate interactions
between the N-terminal domain ligands; for this system MM/PBSA binding energetics were calcu-
lated using the appropriate protein–carbohydrate complex as the receptor.
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interacted favorably with MVL, contributing −4.2 ± 1.9 kcal mol−1 to the van der Waals portion

of the binding free energy.

Man6. Currently, Man6 is the tightest-binding monovalent MVL ligand known (Figure 4-3A);

however, no structural data of how this ligand interacts with MVL is available [16, 188]. We

extended Man3 by three Man residues (rings F, G, H). Interestingly, when the α(1→2)-linked

Man F was appended to Man D, the former was placed within a small pocket on the surface of

MVLN and MVLC. This binding pocket (surrounded by Asp65, Gln95, and Arg97 in MVLC, for

instance) is observed in all carbohydrate complexes investigated in this study; however, Man6 and

Man9 (discussed below) are the only ligands which occupy it.

The pentasaccharide core of Man6 (rings A–E, equivalent to Man3) was rigid during the course

of the simulation, with measured ring heavy-atom RMSD of 0.5 Å; the nine glycosidic torsion angles

common to Man3 and Man6 behaved identically. Man6 buries approximately 250 Å2 of additional

surface area upon binding MVLC, compared to Man3 (Table 4.2). The calculated binding energy

for Man6 was −47.3 ± 4.5 kcal mol−1 and −51.7 ± 6.3 kcal mol−1, for MVLN and MVLC. The

majority of the binding free energy (−51.0 and −54.0 kcal mol−1) was derived from the molecular

mechanics portion of the MM/PBSA equation, with electrostatics contributing unfavorably. We

found that the enhancement of ∆G◦vdW of Man6 compared to Man3 resulted from the interactions

of mannoses F and H. In particular, ring F contributed −7.7 kcal mol−1 to binding (Table 4.3), by

virtue of its tight intermolecular interactions with the Asp65/Arg97 binding pocket.

Man9. Having confirmed that Man6 behaves reasonably in simulation in complex with both MVL

domains, we constructed models of the physiologically-relevant Man9. This modification, along with

its D2-truncated derivative Man8, is abundant on gp120. We performed simulations of Man9 in

complex with individual domains of MVL, and with the tetravalent wildtype protein.

For the simulations of monomeric domains in complex with Man9 we observed that MVLC

interacts more tightly with Man9 than does MVLN, by virtue of more optimal van der Waals in-

teractions and PB electrostatic complementarity (Table 4.2). The calculated binding energy was

−50.5± 4.5 kcal mol−1 and −56.8± 6.8 kcal mol−1, for MVLN and MVLC, respectively. Unexpect-

edly, the model of tetravalent MVL in complex with Man9 revealed carbohydrate–carbohydrate

interactions between the D1 arms of Man9 molecules occupying the N-terminal domains 4-4A).

The magnitude of van der Waals sugar–sugar interactions is small (∆G◦vdw of −0.9 kcal mol−1) in

comparison with the interactions each ligand makes with the protein.

4.3.2 N-acetyl-chitooligosaccharide Binding

In addition to binding the GlcNAc core of branched N -linked glycans, MVL possesses modest

glycosidase activity against linear chitin-derived poly-GlcNAc oligosaccharides [160]. The dual

carbohydrate specificity within the binding site of MVL, coupled to the protein’s enzymatic activity

is highly unusual. However, since nothing is known about the role of MVL within its native
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Figure 4-4: Carbohydrate–carbohydrate interactions in the MVL:Man9 complex. A. The
sugars bound in the two N-terminal domains of MVL come into physical contact during the simula-
tion; the average minimum distance between the two is 3.6 Å. No such interactions are observed for
the C-terminal domain ligands. B. Pairwise interactions between D1-arm Man residues F and I in
the two ligands account for 99% of the intermolecular interaction between the two Man9 molecules
(−0.9 kcal mol−1). C. Per-sugar difference in vdW contributions to binding Man9 between the N-
and C-terminal domains of MVL, taken from simulations of the individual domains on complex
with the ligand. Positive values indicate that the C-terminal domain interacts more favorably. The
data indicate that MVLC makes more favorable interactions with the D1 arm.

organism, its in vitro catalytic activity may not be physiologically-relevant. Based on the lectin

definition discussed above, catalytic activity disqualifies MVL from being a true lectin. It has

been proposed that MVL is an example of an evolutionary intermediate in the process of acquiring

enzymatic activity [160]; however, this claim needs to be further explored, due to the limited

number of known MVL homologues and lack of understanding of M. viridis biology. No ability

to degrade high-mannose oligosaccharides has been detected for MVL. While the mechanism by

which the protein degrades poly-GlcNAc sugars is not understood, mutagenic studies revealed

that C-terminal domain residue Asp75 is crucial for catalysis; the N-terminal domain possesses no

catalytic activity, likely because it has an Ala at the corresponding position 16 [160]. In this study,

we carried out MD simulations of poly-GlcNAc oligosaccharides with MVLC as the receptor.

GlcNAc3. The binding mode of GlcNAc3 (chitotriose) to MVL was determined by Bewley and co-

workers through NMR—intermolecular NOE and saturation transfer difference (STD) experiments

demonstrated that the reducing GlcNAc A interacts tightest with the protein [160]. This binding

mode places the N -acetyl group of the reducing-end sugar into a deep binding cavity on the MVL

surface (as with high-mannose sugars, Figure 4-1A). However, subsequent visual inspection of the

NMR-derived model identified suboptimal contacts between the protein and ligand, in contrast to

both the X-ray structure of MVL, and the MD simulation ensembles. In particular, the reducing-

end N -acetyl group was suboptimally positioned within its binding cavity on the MVL surface.

Thus, instead of starting with the NMR model, we instead performed “mutagenesis” in silico. β-

d-mannopyranose and β-d-glucopyranose are 2-epimers; starting from the trisaccharide Man1, we
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modeled GlcNAc3 by replacing the C2 hydroxyl of the terminal mannose with a hydrogen and the

C2 hydrogen with acetamide. We term this binding mode GlcNAc3-A.

The ligand remained in the extended conformation during the simulation, adopting glycosidic φ/

ψ dihedral angles of −74.1± 6.6◦/110.0± 6.9◦, respectively, for the A–B linkage; and −80.0± 6.6◦/

112.1 ± 8.7◦, respectively, for the B–C linkage. We observed that the N -acetyl group of ring C

donated a hydrogen bond to the carbonyl oxygen of Trp96. The C2 hydroxyl of Man1 also donates

a hydrogen bond to this group, but the mannose needs to adopt a staggered conformation to do

this. The N -acetyl group of GlcNAc is axial and can engage this interaction while remaining in

the extended conformation.

We also constructed a model of GlcNAc3 in complex with MVL, in which the reducing-end

sugar is not coordinated by the protein. We term this binding mode GlcNAc3-B. The binding of

GlcNAc3-A to MVLC buries approximately 60 Å2 of additional surface compared to Man1, totaling

−37.3 ± 3.6 kcal mol−1. The alternative GlcNAc3-B binding mode buries less surface area than

GlcNAc3-A, and makes significantly reduced interactions (−29.4 ± 2.9 kcal mol−1). Both binding

modes of GlcNAc3 are unfavorable electrostatically, and the difference between the two modes

arises from the lost favorable packing interactions when the reducing-end GlcNAc is not tightly

associated with the protein.

Ambiguity of the GlcNAc4 binding mode. STD NMR experiments demonstrated that for

Man2-A, Man3, and GlcNAc3 in complex with MVL, the N -acetyl group of ring A experiences the

highest STD resonance enhancement compared to other carbohydrate groups [160] (Figure 4-5).

This suggests that for all three ligands GlcNAc A interacts most closely with MVL, in agreement

with the binding mode of high-mannose sugars. Crucially, for GlcNAc4, significantly more combined

resonance enhancement was seen for rings B and C than for ring A (Figure 4-5A). In addition,

titration calorimetry binding experiments of GlcNAc4 to MVL could not be analyzed using a single-

site model (C. Bewley, personal communication).

Mechanistic studies following the degradation of GlcNAc3 by wildtype MVL revealed that the

protein cleaves the carbohydrate between rings B and C (Figure 4-5A). Similar experiments which

monitored the degradation of GlcNAc4 revealed the presence of the expected GlcNAc2 cleavage

product, as well as a small abundance of GlcNAc3. We believe that the presence of GlcNAc3 as

a cleavage product of GlcNAc4 is indicative of the heterogeneous binding mode of the substrate.

In particular, since GlcNAc4 is stable in solution indefinitely, possible binding modes of GlcNAc4

to MVL may differ in their register (Figure 4-5B-C). We believe that these data argue in favor of

altered or multiple GlcNAc4 binding modes to MVL.

GlcNAc4. We hypothesized that the two conformations of GlcNAc4 binding to MVL differ in

their register, and constructed two models of this complex (Figure 4-6). GlcNAc4-A and GlcNAc4-

B extend GlcNAc3 at the non-reducing and reducing ends, respectively. The GlcNAc4-A model was

rigid in simulation, with ring heavy-atom RMSD of 1.5 Å, and adopted the extended conformation

exclusively. We observed more fluctuation at the non-reducing end of the ligand. A number of
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Figure 4-5: Experimental evidence suggests heterogeneous binding by GlcNAc4. A. STD
NMR spectrum of GlcNAc3 in complex with MVL reveals that ring A experiences the most reso-
nance enhancement. For clarity, only the N -acetyl portion of the spectrum is shown. B. STD NMR
spectrum of GlcNAc4 in complex with MVL reveals that GlcNAc residues B and C experience more
combined resonance enhancement than GlcNAc A, suggesting that the binding mode of GlcNAc4
is different than that of GlcNAc3. Spectra and panels A and B were adapted from reference [160].
C. Schematic representation of N -acetyl-chitooligosaccharide cleavage by MVL. GlcNAc residues
are represented by �; the reducing-end residue is oriented to the right (ring A, unless Z is present).
MVL cleaves chitotriose between rings B and C (dashed red line), producing GlcNAc2 and GlcNAc.
D. If GlcNAc4 binds MVL in the same mode as GlcNAc3, cleavage between rings B and C yields
two GlcNAc2 molecules, which do not bind MVL and cannot be processed further. This mode of
binding is referred to as GlcNAc4-A in the text. E. The presence of GlcNAc3 as a cleavage product
of GlcNAc4 can be explained by an altered binding mode (referred to as GlcNAc4-B in the text). In
the register-shifted mode, cleavage between rings B and C yields GlcNAc3 and GlcNAc; GlcNAc3
is then processed as in C. F–G. An altered catalytic mechanism can also be invoked to explain
the presence of GlcNAc3. If GlcNAc4 binds MVL in the same mode as shown in D and catalytic
activity is directed toward a different glycosidic linkage (A–B or C–D), then GlcNAc3 is produced
in the reaction.
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times during the simulation the ligand rotated out of the binding site as a rigid unit, anchored by

the N -acetyl group of ring A. During the simulation of GlcNAc4-B, the reducing-end GlcNAc Z

adopted two alternate conformations; k-means clustering of the Z–A torsional angles revealed two

clusters containing 22% and 78% of the population. The lower and higher populated clusters has φ/

ψ values of −54.1±9.4◦/−34.2±11.0◦ and −80.3±11.2◦/102.7±17.8◦, respectively. The glycosidic

linkages A–B and B–C explored the extended conformation exclusively.

A

B
C Z

Trp72

GlcNAc4-B

A. B.

A

B

D

C

Trp72

GlcNAc4-A

Figure 4-6: Two models of GlcNAc4 recognition by MVL. The protein is shown in surface
representation in both panels, and the sugar in licorice. The deep N -acetyl binding cavity is
indicated with an arrow. The residue naming scheme in the two models consistently identifies the
core GlcNAc2 portion as A and B; the two ligand binding modes differ in their register. A. Model
pose of GlcNAc4 in which the reducing-end GlcNAc A is coordinated by the N -acetyl binding
cavity. This model (GlcNAc4-A) corresponds to extending GlcNAc3 at the non-reducing end. B.
Model pose of GlcNAc4 in which the reducing-end GlcNAc Z is not coordinated by the N -acetyl
binding cavity. This model (GlcNAc4-B) corresponds to extending GlcNAc3 at the reducing end.
Note the altered conformation of Trp72 in the two binding modes.

The binding of GlcNAc4 to MVLC buries approximately 870 Å2 of SASA (Table 4.2) in both

binding modes. We computed binding energies of −40.0 ± 7.4 and −38.4 ± 4.1 kcal mol−1, for

GlcNAc4-A and GlcNAc4-B, respectively. As with other ligands, the majority of the binding free

energy (−38.6 and −36.8 kcal mol−1, respectively) was derived from the nonpolar portion of the

equation, with minor electrostatic contributions. The per-sugar breakdown of the van der Waals

contributions are listed in Table 4.3.

GlcNAc5. The insoluble polysaccharide chitin is composed of extended linear chains of GlcNAc

residues. We constructed a model of GlcNAc5 by simultaneously extending GlcNAc3 at the reducing

and non-reducing ends. The ligand remained bound during the course of the simulation, and

was dynamic at both polymer ends. We calculated the binding free energy of −38.0 ± 8.0, with

−41.0 kcal mol−1 derived from the nonpolar terms. As was observed for GlcNAc4-B, the ligand was

not perfectly complementary to the binding site of MVL. Despite burying more surface area than

GlcNAc4 in both binding modes, the predicted binding energy of GlcNAc5 is equal to or marginally
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worse than that of GlcNAc4.

GlcNAc2. The GlcNAc2 disaccharide core common to all ligands saccharides in this study (Fig-

ure 4-2) is likely necessary for binding MVL. However, it alone is not sufficient, since MVL does not

bind GlcNAc2 under typical experimental conditions (HSQC-monitored titration, MVL at ≈100 µm,

up to twenty-fold molar excess of sugar) [16]. Presently, the smallest known carbohydrate ligand of

MVL (in terms of number of monosaccharide units and molar mass) is GlcNAc3. During the course

of the 400 ns simulation, GlcNAc2 remained bound to MVLC, adopting a conformation identical

to when it is part of larger saccharides (−75.8 ± 7.0◦/111.2 ± 7.2◦ φ/ψ angles). The binding of

GlcNAc2 to MVLC buries a total of 576 Å2 of SASA (Table 4.2), the smallest magnitude of any

carbohydrate in this work. The calculated binding energy totaled −28.0± 3.8 kcal mol−1, with the

majority (−26.7 kcal mol−1) derived from the nonpolar portion of the equation, and electrostatics

contributing favorably at −1.3 kcal mol−1.

4.4 Discussion & Conclusions

In this work, we investigated binding of the lectin MVL to a panel of carbohydrate ligands. We

found that the computed binding energy of all ligands in this study is dominated by intermolecular

van der Waals interactions, whose contribution scales linearly with ligand size and solvent-accessible

surface area buried upon binding (Table 4.2). Unlike Cyanovirin-N ( [57,58]), carbohydrate recog-

nition by MVL is unfavorable in the electrostatic sense. Man1, Man2-A, and GlcNAc2 were the

only ligands in which the electrostatic contribution to binding is predicted to be favorable. In

these cases, the receptors and ligands overcome their respective desolvation events upon associa-

tion. Larger ligands (such as Man9) experienced more unfavorable electrostatic interactions; such

ligands bury significant amounts of surface area, but lack the interaction complementarity with

MVL in order to overcome their desolvation penalties. This may be because these ligands are not

the natural ligands for MVL within Microcystis viridis.

The experimentally-determined affinity of MVL for its cognate ligands is in the nanomolar range

(approximately 9.5–12 kcal mol−1). MM/PBSA approaches to calculate interaction free energies

typically yield binding energetics orders of magnitude greater than observed experimentally [57,58].

As a result, these approaches are not intended for calculating absolute binding free energies, but

instead can be applied to predict the relative binding of a series of ligands.

One of the main reasons for disagreement between experimental and computational binding

free energy evaluation is the fact that the MM/PBSA approach not explicitly consider the en-

tropic costs of binding. Macromolecular association is typically entropically opposed, since upon

binding both receptor and ligand lose configurational degrees of freedom. Carbohydrates are flex-

ible in solution, and contain numerous rotatable bonds; for example, the undecasaccharide Man9

contains 22 glycosidic bond degrees of freedom. Interaction energies derived from MM/PBSA ap-

proaches are typically dominated by the magnitude of enthalpic interactions. For example, vdW
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Figure 4-7: Per-sugar decomposition of vdW interactions to binding. Sugar residues are
identified with the same symbols as Figure 4-2, and are color-coded by the magnitude of their vdW
contribution to binding (purple to red, increasingly favorable). The energetic values are provided in
Table 4.3. For all ligands, ring A makes the most significant contribution, and ring B the second-
most significant. Extending the carbohydrate at the reducing end (as was done for Man3-Asn,
GlcNAc5-A, or GlcNAc5 weakens the interactions made by ring A, due to a re-arrangement of
Trp72. In the case of high-mannose Man6 and Man9, the D2 arm comprising rings G and J makes
to contributions to binding, compared to D1 and D3 arms.
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interactions between a ligand a receptor scale proportionally with ligand size; for the series of

high-mannose-derived ligands investigated in this study, we find that larger ligands are calculated

as more favorable binders. To address the size-dependent bias, we need to consider the favorable

dispersion interactions with solvent which both the receptor and ligand lose upon binding. The

continuum van der Waals approach was designed to eliminate the source of size-dependent bias.

Carbohydrate Model

Residue Man1 Man2-A Man3 Man3-Asn Man6 Man9

Asn −4.2± 1.9
A −16.2± 1.8 −15.9± 1.8 −15.8± 1.9 −13.1± 2.6 −15.6± 1.9 −15.7± 1.8
B −9.3± 1.4 −9.1± 1.4 −9.0± 1.3 −9.0± 1.4 −9.0± 1.3 −9.0± 1.3
C −4.9± 1.9 −5.3± 2.3 −7.0± 1.3 −7.1± 1.2 −6.9± 1.5 −6.9± 1.3
D −3.7± 1.2 −3.6± 1.2 −2.9± 1.1 −2.9± 1.1
E −1.9± 1.6 −3.8± 1.2 −3.9± 1.1 −4.4± 1.0 −4.3± 1.0
F −7.7± 2.4 −6.9± 2.6
G −0.2± 0.2 −0.2± 0.2
H −2.5± 0.9 −2.3± 0.8
I −2.8± 1.7
J −0.2± 0.3
K −4.4± 1.5

Residue GlcNAc2 GlcNAc3-A GlcNAc3-B GlcNAc4-A GlcNAc4-B GlcNAc5

Z −5.9± 1.6 −5.0± 1.9 −5.3± 2.0
A −15.8± 1.9 −15.9± 1.8 −12.8± 1.8 −15.7± 1.9 −13.3± 1.9 −13.4± 2.0
B −9.0± 1.8 −9.7± 1.4 −8.5± 1.6 −9.3± 2.0 −9.6± 1.4 −8.9± 1.7
C −9.4± 1.8 −8.3± 2.8 −8.8± 2.4 −5.8± 3.6
D −5.5± 2.1 −3.9± 2.5

Table 4.3: Per-sugar vdW contribution of carbohydrate models binding. Contributions of
high-mannose sugars (top half) and chitin-derived sugars (bottom half) are listed. All values are
extracted from single-domain simulations of MVLC, and are given in kcal mol−1. The cumulative
binding free energy ∆G◦bind, and the ∆G◦vdW portion are given in Table 4.2. For all carbohydrate
models in this study, GlcNAc A makes the strongest interaction with the protein, followed by
GlcNAc-B.
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Ligand Receptor ∆Grec
cvdW ∆Glig

cvdW ∆Gbinding
cvdW ∆GvdW ∆Gsum

vdW ∆Gcorrected
bind

Man1
∗ MVLN +10.9 +15.9 +26.8 −30.4 −3.6 −7.9

MVLN +11.0 +15.8 +26.8 −30.6 −3.8 −8.0
MVLC +11.2 +16.2 +27.4 −30.2 −2.8 −8.4
MVLC +11.3 +16.2 +27.5 −30.7 −3.2 −8.1

Man2-A MVLN +13.2 +17.2 +30.4 −33.4 −3.0 −5.9
MVLC +13.0 +17.2 +30.2 −31.8 −1.6 −5.8

Man3 MVLN +16.3 +19.3 +35.6 −38.6 −3.0 −4.9
MVLC +16.5 +19.7 +36.2 −39.1 −2.9 −5.5
MVLC-E101R +16.7 +20.3 +37.0 −40.3 −3.3 −6.5

Man3-Asn MVLC +18.8 +21.2 +40.0 −41.9 −1.9 −4.3
Man6 MVLN +20.6 +23.9 +44.5 −46.2 −1.7 −2.9

MVLC +21.6 +24.7 +46.3 −49.0 −2.7 −5.4
Man9 MVLN +24.9 +26.8 +51.7 −50.6 +1.1 +1.2

MVLC +26.9 +28.6 +55.5 −56.0 −0.5 −1.3

GlcNAc2 MVLC +8.7 +13.9 +21.7 −24.7 −3.0 −6.3
GlcNAc3-A MVLC +12.7 +17.0 +29.7 −34.9 −5.2 −7.6
GlcNAc4-A MVLC +15.4 +19.3 +34.7 −38.6 −3.9 −5.3
GlcNAc4-B MVLC +15.7 +18.7 +34.4 −36.8 −2.4 −4.0
GlcNAc5 MVLC +17.8 +20.3 +38.1 −37.2 +0.9 +0.1

Table 4.4: Explicit consideration of loss of favorable dispersion interactions upon bind-
ing. The continuum van der Waals approach tabulates the interactions lost by the receptor
(∆Grec

cvdW), ligand (∆Glig
cvdW), and the complex (∆Gbinding

cvdW ) [8, 105]. Since these represent lost
interactions, their sign is always positive; both the ligand and receptor contributions are directly
proportional to solvent-accessible surface area lost upon binding. The magnitude of the solvent–
complex and the molecular-mechanics tabulated intermolecular vdW interactions are similar, but
opposite in sign. Incorporation of the continuum vdW model (∆Gsum

cvdW = ∆Gbinding
cvdW + ∆GvdW)

acts to correct the size-dependent bias in binding energetics.

65



Chapter 5

Biophysical and Functional Analyses

Suggest that Higher-Order

Multimetization is Required for the

Activity of Adenoviral E4–ORF3∗

Abstract

The early region 4 open reading frame 3 protein (E4–ORF3, UniProt ID: P04489) is the most
highly conserved of all adenovirus-encoded gene products at the amino acid level. A key attribute
of the E4–ORF3 proteins of different human adenoviruses is the ability to disrupt PML nuclear
bodies from their normally punctate appearance into heterogeneous filamentous structures. This
E4–ORF3 activity correlates with the inhibition of PML-mediated antiviral activity. The mecha-
nism of E4–ORF3-mediated reorganization of PML nuclear bodies is unknown. Biophysical analysis
of the recombinant WT E4–ORF3 protein revealed an ordered secondary/tertiary structure and
the ability to form heterogeneous higher-order multimers in solution. Importantly, L103A, a non-
functional E4–ORF3 mutant, forms a stable dimer with wild-type secondary structure content.
Since the L103A mutant is incapable of PML reorganization, this result suggests that higher-order
multimerization of E4–ORF3 may be required for the activity of the protein. In support of this
hypothesis, we demonstrate that L103A acts as a dominant-negative effector when coexpressed with
the WT E4–ORF3 in mammalian cells, presumably by binding to the WT protein and inhibiting
the formation of higher-order multimers. In vitro protein binding studies support this conclusion.
These results provide new insight into the properties of the adenovirus E4–ORF3 protein and
suggest that higher-order protein multimerization is essential for E4–ORF3 activity.

∗Portions of this chapter have been previously published as:

Patsalo V†, Yondola MA†, Luan B, Shoshani I, Kisker C, Green DF, Raleigh DP, Hearing P. Biophysical and
Functional Analyses Suggest that Higher-Order Multimerization is Required for the Activity of the Adenovirus E4-
ORF3 Protein. Journal of Biological Chemistry, 287(27):22573-83. (2012)

As part of this investigation, V. Patsalo purified recombinant E4–ORF3, performed CD and fluorescence spectroscopic
experiments, AUC and DLS hydrodynamic characterization, mass spectrometry, and E. coli co-expression studies.

66



5.1 Introduction

PML nuclear bodies (pml-nb) are punctate multi-protein complexes linked to a variety of important

cellular processes including transcriptional regulation, cellular growth control, DNA damage repair,

apoptosis, and response to interferons (IFNs) [60]. A number of DNA and RNA viruses disrupt pml-

nb organization upon virus infection to inhibit the antiviral activities of these structures. The mech-

anisms by which this is accomplished involve different processes, including proteasome-dependent

degradation of PML (herpes simplex virus type 1) or relocalization/reorganization of PML (ade-

novirus (Ad) and human cytomegalovirus) [51]. Following Ad infection, pml-nb are relocalized

within the nucleus by E4–ORF3 into heterogeneous filamentous structures termed “tracks” [43].

The E4–ORF3 protein recruits a number of cellular proteins into nuclear tracks (e.g., PML and

Daxx) to inhibit their antiviral effects [176,177]. E4–ORF3 also relocalizes two pml-nb-associated

cellular transcription factors TIF1α and TIF1γ into tracks, perhaps related to the regulation of

cellular gene expression [55,180,198]. Although E4–ORF3 shares a common localization with PML

in the nuclear matrix fraction isolated from Ad-infected cells [30,103,104], the mechanism underly-

ing pml-nb reorganization by E4–ORF3 is not known, nor is it understood how E4–ORF3 recruits

other cellular proteins into these structures. The size (>1 µm) and appearance of the E4–ORF3-

dependent tracks are consistent with the hypothesis that the E4–ORF3 protein multimerizes into

higher-order structures.
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Figure 5-1: Sequence logo representation of E4–ORF3 family. The sequence logo is rendered
with WebLogo 3.0 [37]; the height of the letter stack at each position is proportional to sequence
conservation, while the height of the letters within a stack is scaled to relative amino-acid frequency.
The numbers below the logo are residue numbers in WT E4–ORF3 sequence. Site of L103A
mutation is indicated with ∗.
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Viruses with linear dsDNA genomes such as Ad encounter a number of host cell responses that

may severely inhibit viral replication [185]. The open ends of the linear viral genome are sensed

by the host cell as broken DNA, triggering a cellular DNA damage response (DDR) [186]. The

DDR severely inhibits Ad DNA replication if unabated [186] since the ends of the viral genome

are ligated via the non-homologous end joining pathway; this results in the loss of DNA sequences

at the multimeric junctions [89, 184] which contain the Ad origins of DNA replication. Additional

sensors recognize dsDNA in the cytoplasm of infected cells early after viral infection and activate

an IFN response [7]; this response can block virus replication by multiple mechanisms, including

the inhibition of viral gene transcription and DNA replication. It is thus crucial for dsDNA viruses

to counteract these antiviral host cell responses early after virus infection in order for a productive

replication cycle to ensue.

Ad has evolved two redundant mechanisms to inhibit a cellular DDR [186]. The Ad5 E4–ORF3

protein relocalizes nuclear proteins involved in DDR, including Mre11, Rad50, and Nbs1 (the MRN

complex) into the track structures [50,173]. Available evidence suggests that E4–ORF3 inhibits the

functions of these DNA repair proteins by a sequestration mechanism to block their access to the

viral genome [50, 98, 123, 124, 173]. The Ad5 E1B-55K/E4-ORF6 complex functions as an adaptor

molecule in an E3 ubiquitin ligase complex [72,145]; E1B-55K/E4-ORF6 target the MRN proteins,

as well as DNA ligase IV and Blm helicase, for inactivation via ubiquitin-mediated, proteasome-

dependent degradation [5, 139, 173]. The E4–ORF3 protein facilitates this process by promoting

the transport of the MRN proteins to cytoplasmic aggresomes [4, 111]. Either mechanism alone is

sufficient to inhibit a DDR and allow efficient Ad DNA replication to occur. Finally, the E4–ORF3

protein inhibits p53-induced gene expression by establishing heterochromatin at p53-responsive

cellular promoter regions [170]. The E4–ORF3 and E1B-55K/E4-ORF6 proteins are multifunctional

and play additional roles in the viral life cycle including the promotion of cell cycle-independent

viral replication, the regulation of viral late mRNA splicing and cytoplasmic mRNA accumulation,

and the regulation of late protein translation [21, 62, 63, 136, 137, 150, 164, 165, 193]. Mechanisms

underlying the roles of these Ad proteins in the aforementioned processes are poorly understood.

To probe the properties of the E4–ORF3 protein, we established a method to express sol-

uble E4–ORF3 in E. coli and purify the protein utilizing, in part, its solubility properties in

buffer containing sodium chloride. CD spectroscopy and coprecipitation experiments were used

to demonstrate that the recombinant protein is both stably and correctly folded. We examined the

in vitro biophysical properties of the WT E4–ORF3 protein and a non-functional mutant protein

L103A [50]. Our results demonstrate that the WT E4–ORF3 protein forms heterogeneous multi-

mers in solution. In contrast, L103A preferentially forms a stable dimer. Both proteins are similarly

folded and possess equivalent secondary and tertiary structural characteristics, as demonstrated by

CD and fluorescence emission spectroscopy. These data demonstrate that the loss of function of

L103A is not due to improper folding and is consistent with the idea that the dimer formed by the

L103A protein represents an intermediate in higher-order protein assembly.

We propose that the L103A mutant is nonfunctional because it is largely trapped in a dimeric
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state and deficient in higher-order multimerization required for track formation. A consequenct

prediction of this mode is that the L103A mutant could dimerize with WT E4–ORF3 and prevent

further multimerization.

In support of this hypothesis, expression of the L103A protein in vivo was found to block nuclear

track formation and pml-nb reorganization by the WT E4–ORF3 protein and the WT and L103A

protein were found to interact in vitro. In addition, the L103A mutant protein interfered with the

interaction of WT E4–ORF3 with the cellular binding partner TIF1γ. These results provide new

insight into the properties of the multifunctional E4–ORF3 protein and suggest that higher-order

multimerization may be essential for E4–ORF3 activity.

5.2 Materials & Methods

Plasmid Constructs and Purification of E4–ORF3. The WT Ad5 E4–ORF3 reading frame

was cloned by PCR into bacterial expression plasmids pET-15b (Novagen), pET-duet (Novagen),

and pProEx-HTb (Invitrogen) while the non-functional E4–ORF3 mutant, L103A, was cloned into

pProEx-HTb for protein expression in E. coli. These constructs expressed E4–ORF3 with a His6-

tag fused to the N-terminus and differed only in the protease cleavage sites used for removal of the

His6-tag. WT E4–ORF3 protein also was expressed using the impact-cn system (New England

Biolabs) where E4–ORF3 was expressed as a bipartite fusion protein containing a self-splicing intein

and a chitin binding domain. Recombinant proteins expressed from each of these vectors behaved

identically. The WT and L103A E4–ORF3 sequences fused to the His6-tag and TEV protease

cleavage site were excised from the pProEx-HTb vectors and inserted into mammalian expression

plasmid pcDNA3 (Invitrogen).

Recombinant E4–ORF3 protein was expressed using the BL21 DE3 strain of E. coli (Novagen).

Cultures were induced with 0.5 mm IPTG at an OD600 = 0.6–0.8 after cooling to room temperature.

Inductions were performed for 20 h at 25 ◦C and cell pellets were frozen prior to protein purification.

In order to generate approximately 5 mg of pure WT E4–ORF3, cell pellets from a 2 L culture were

lysed in 300 mL of lysis buffer (10 mm Tris-HCl, 10 mm βME, pH 7.5). E4–ORF3 contains three

cysteine residues and reducing agent was included, as indicated, to prevent disulfide bond forma-

tion. Cells were lysed by sonication. Lysates were clarified by centrifugation at 20 kg for 30 min.

The soluble fraction was decanted and NaCl was added to a final concentration of 100 mm. The

sample was then agitated at 4 ◦C for 20 min. E4–ORF3 protein was precipitated by centrifugation

at 10 kg for 15 min and the precipitate was resuspended in an equal volume of 10 mm Tris-HCl,

10 mm βME, pH 8.5 by mechanical disruption followed by agitation at 4 ◦C for 20 min. The sample

was centrifuged at 13 kg for 20 min to remove any protein that did not resuspend. The soluble frac-

tion was recirculated over a Ni2+-NTA column overnight, the column was washed with 5 volumes

of 10 mm Tris-HCl, 10 mm βME, 20 mm imidazole, pH 8.5. E4–ORF3 protein was eluted with the

same buffer containing 200 mm imidazole. Individual fractions were assayed for protein by Bradford

assay (Bio-Rad) and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Size
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exclusion chromatography, the ultimate purification step was performed using a Superdex 200 16/60

column (GE Healthcare) in Buffer A (10 mm Tris-HCl, 0.5 mm TCEP, pH 8.5). A separate purifi-

cation of the WT E4–ORF3 protein used a Superdex 75 26/60 column to take advantage of the

increased loading capacity.

For E. coli co-expression studies, the gene for WT E4–ORF3 was cloned into pET-28a, where

the protein product lacked a His6 affinity tag. BL21 (DE3) cells were transformed with pProEx-

L103A plasmid (Amp), and chemically-competent cell stocks were made. These cell stocks were

then transformed with pET-28a-WT (Kan), and plated on LB plates containing both antibiotics.

Protein expression was performed as indicated above, except that both ampicillin and kanamycin

were included in the culture medium. The salting out purification step was skipped to avoid

coprecipitating the two proteins.

In Vitro Binding Analyses. Whole cell extracts of N52.E6 cells (a cell line that expresses

the Ad5 E1A and E1B proteins [154]; and HeLa cells were prepared by cell lysis in F lysis buffer

(10 mm Tris-HCl, 50 mm NaCl, 10% glycerol, 0.5% Triton-X100, 5 µm ZnCl2, pH 7.5) on ice for

20 min followed by clarification for 30 min at 20 kg at 4 ◦C. 2 mg whole cell extract was incubated in

650 µL of F lysis buffer with E4–ORF3 WT or L103A protein at 7.5 µm on ice for 3 h, followed by the

addition of anti-E1B-55K [107]; N52.E6 cell extract) or anti-TIF1γ [180]; HeLa cell extract) rabbit

polyclonal antiserum and protein A-agarose beads. The samples were rotated at 4 ◦C overnight and

then washed 5 times with F lysis buffer at 4 ◦C. The final protein A precipitates were boiled in SDS

sample buffer containing 50 mm dithiothreitol for 10 min. Samples were separated by SDS-PAGE

and analyzed by Western blot using anti-E1B-55K [107], anti-TIF1γ [180], or anti-E4–ORF3 [134]

antibodies. Western blots were analyzed by enhanced chemiluminescence (Amersham Life Sciences)

according to the manufacturers instructions. The same approach was used to characterize the bind-

ing of WT E4–ORF3 and the L103A mutant protein to TIF1γ following adenovirus infection. HeLa

cells were infected with recombinant Ad5 E1-replacement vectors [49] that expressed either FLAG-

tagged WT E4–ORF3 protein, HA-tagged L103A mutant E4–ORF3 protein, or with both viruses

simultaneously, at the multiplicity of infection described in the text. Whole cells extracts were

prepared 24 h after infection using F lysis buffer and sonication. WT E4–ORF3 was immunopre-

cipitated using anti-FLAG monoclonal antibody M2 (Sigma-Aldrich); TIF1γ was immunoprecitated

using anti-TIF1γ antibody [180]. WT E4–ORF3 and L103A coimmunoprecipitation was analyzed

using anti-E4–ORF3 [134] antibody, as described above.

Analytical Ultracentrifugation. Sedimentation equilibrium experiments were conducted at

25 ◦C at three rotor speeds (12000, 18000, 32000 rpm) on a Beckman Optima XL-A analytical

ultracentrifuge. Typically, three samples at concentrations of 40, 20, 10 µm (A280 of 0.6, 0.3, 0.15)

in Buffer A were prepared. The solute partial specific volume of 0.7403 cm3/g was calculated

based on its amino acid composition, and the solvent density of 0.9985 g/cm3 was estimated from

standard tables (10 mm Tris-HCl). Data were analyzed using HeteroAnalysis software (University
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of Connecticut Analytical Ultracentrifugation Facility). The data were fit globally across samples

and speeds to yield the apparent molar mass.

Dynamic Light Scattering. Measurements were carried out using a Brookhaven Instruments

90Plus Particle Size Analyzer at a wavelength of 659 nm. For the L103A mutant protein, a sample

of 400 µm protein concentration was used. For WT E4–ORF3, fractions A, B, and C eluting near

the void volume of the Superdex 75 26/60 column were studied (see Section 5.3); the protein

concentration of these samples was estimated to be 10, 15, and 10 µm, respectively (A280 of 0.142,

0.223, and 0.154). Ten data collection runs of 1 min–2 min each were acquired and combined; data

were analyzed with the method of cumulants to yield a log-normal distribution of particle sizes,

per manufacturer instructions.

Fluorescence Spectroscopy. Intrinsic tryptophan fluorescence spectra were collected at 25 ◦C

on a PTI spectrofluorometer. The protein concentration was 12 µm (A280 of 0.18) in Buffer A.

Fluorescence emission spectra (310 nm–400 nm) were collected upon selective excitation of the Trp

fluorophore at 290 nm. Fluorescence excitation spectra (emission monitored at 350 nm) were col-

lected upon excitation at a range of 250 nm–350 nm. Acrylamide quenching studies were carried out

as a titration of increacing concentration of acrylamide dissolved in Buffer A; the final fluorescence

intensity was corrected for dilution effects. The excitation wavelength was set to 295 nm. Data

were normalized by the fluorescence intensity in the absence of quencher, and analyzed by linear

regression to give the Stern–Volmer constant.

Circular Dichroism Spectroscopy. Measurements were carried out at 25 ◦C using a Chi-

roscan spectrometer (Applied Photophysics) equipped with a Peltier temperature controller. Far-

ultraviolet spectra were collected from 190 nm–260 nm with sample concentrations of 10 µm and

path length of 1 mm. Near-ultraviolet spectra were collected from 260 nm–340 nm on samples at

60 µm–100 µm concentration and path length of 10 mm In both cases, five spectra were collected

(1 nm increments, 2 s nm−1), averaged and smoothed using a Savitzky–Golay filter to yield the final

result.

SAXS Experiments. Scattering experiments were performed at beamline X9 at Brookhaven

National Laboratory, National Synchrotron Light Source I (Upton, New York, USA). Protein sam-

ples were injected to flow through a 1 mm-diameter capillary continuously during the measurement,

at a rate of 0.67 µL s−1 in order to avoid radiation damage. The exposure time for each measurement

was 30 s. Each sample was measured thrice and the results were averaged before data analysis. The

program primus was used for buffer subtraction, and the radius of gyration (Rg) was obtained by

the Guinier approximation: I(q) = I(0) ·exp(R2
gq

2/3), where I is the intensity at scattering angle q.

In Vivo Analyses of E4–ORF3 Localization. A pcDNA3 vector expressing WT E4–ORF3

fused to an N-terminal His6-tag plus TEV protease cleavage site was transfected into HeLa cells
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(atcc) on glass coverslips for immunofluorescence (IF) assays using Nanojuice (Novagen) according

to the manufacturers instructions. Transfected cells were washed with phosphate buffered saline

(PBS) 24 h after transfection, fixed using 100% methanol at −20 ◦C for 5 min, washed with PBS,

and blocked with PBS containing 10% goat serum for 1 h at room temperature. The coverslips were

incubated with anti-E4–ORF3 rat monoclonal primary antibody [134] for 1 h at room temperature.

The coverslips were then washed with PBS, incubated with fitc-conjugated anti-rat secondary

antibody (Molecular Probes) for 45 min, washed with PBS, and the coverslips were mounted on

slides using Immumount (Thermo Shandon). For E4–ORF3 localization analyses following virus

infection, HeLa cells on glass coverslips were infected with recombinant Ad5 E1-replacement vec-

tors [49] that expressed either FLAG epitope-tagged WT E4–ORF3 protein, HA epitope-tagged

L103A mutant, or with both viruses simultaneously, at the multiplicity of infection described in the

text. 24 h after infection, cells were processed for IF as described above using antibodies directed

against the epitope-tags (rabbit anti-HA, Rockland Immunochemicals, and mouse anti-FLAG M2,

Sigma-Aldrich), or anti-PML rabbit antibody (Santa Cruz Biotechnology) and anti-E4–ORF3 mon-

oclonal antibody 6A11 [134], followed by the addition of fitc- and tritc-conjugated secondary

antibodies. Images were captured with a Zeiss digital deconvolution microscope equipped with

Apotome and Axiovision 4.5 software.

5.3 Results

5.3.1 The Solubility of Recombinant E4–ORF3 is Affected by Ionic Strength

and May be Exploited in Purification

Initial E4–ORF3 protein purification approaches utilized the impact-cn system where the WT

E4–ORF3 protein was expressed in E. coli as a bipartite fusion protein containing a self-splicing

intein and a chitin binding domain. E4–ORF3 protein was largely insoluble when extracts were

prepared using buffers that contained 500 mm NaCl. A significant portion of WT E4–ORF3 protein,

however, was soluble in buffer containing only 20 mm Na-phosphate, 10 mm βME, pH 8.5. Inter-

mediate levels of E4–ORF3 protein solubility were observed in buffers containing 50–500 mm NaCl

(Figure 5-2).

Given these results, a novel purification strategy was implemented. WT E4–ORF3 was cloned

into bacterial vectors for the expression of His6-tagged protein. Recombinant E4–ORF3 expression

was induced and E. coli were cultured overnight at 25 ◦C. E. coli extracts were prepared by sonica-

tion in buffer containing 10 mm Tris-HCl, 10 mm βME, pH 8.5. E4–ORF3 protein was salted out by

the addition of NaCl to 100 mm and centrifugation. Upon resuspension in the original lysis buffer,

a significant amount of the E4–ORF3 protein was resolubilized (Figure 5-2). Given the low salt

conditions used for E4–ORF3 precipitation, very few bacterial proteins were precipitated. Once

resuspended, the His6-tagged protein was purified using a Ni2+-NTA column (Figure 5-2) and sub-

sequently by gel filtration. The solubility profile of the purified WT E4–ORF3 protein was similar

to that observed with E4–ORF3 in E. coli cell extracts, although subtle differences were observed
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(Figure 5-2). Addition of NaCl provided a simple and efficient purification step for E4–ORF3 pro-

teins from E. coli cell extracts. However, the solubility profile of recombinant E4–ORF3 differed

from that found when the protein was expressed in mammalian cells; WT E4–ORF3 protein ex-

pressed in HeLa cells was equally soluble in buffer containing 0–150 mm NaCl following sonication

as observed by Western blot analysis. This may be due to lower levels of expression achieved in

mammalian cells.
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Figure 5-2: Recombinant E4–ORF3 protein solubility and purification. A. Cell pellets from
10 mL cultures of E. coli induced for the expression of recombinant WT E4–ORF3 protein were
resuspended in lysis buffer containing 20 mm sodium phosphate, pH 7.5, and different concentrations
of NaCl, as indicated in the figure. Cells were lysed by sonication and clarified by centrifugation
prior to analysis by SDS-PAGE. The soluble fraction (S) was mixed 1:1 with SDS sample buffer
and boiled. The insoluble fraction (I) was resuspended in SDS sample buffer and boiled. Equal
amounts of the S and I fractions were analyzed by SDS-PAGE and coomassie blue staining. The
E4–ORF3 protein is indicated by an arrow. B. Cell pellets from an E. coli culture induced for
the expression of recombinant E4–ORF3 WT protein were extracted. Equal amounts of the whole
cells extract (WCE), soluble fraction (Sol. Fract.), and soluble fraction following a salting out
step (Sol.-Post NaCl) were analyzed by SDS-PAGE and Coomassie blue staining. The E4–ORF3
protein is indicated by an arrow. C. 6.5 µg of E4–ORF3 WT protein purified using a Ni2+-NTA
column (Ni-NTA-purif.) was analyzed by SDS-PAGE and coomassie blue staining. D. Purified WT
E4–ORF3 and the L103A mutant protein were incubated at 20 µm in buffer, pH 7.5, containing
different concentrations of NaCl, as indicated in the figure, on ice for 1 h.

5.3.2 His6-TEV-E4–ORF3 is Functional in Vivo and in Vitro

During Ad infection, the WT E4–ORF3 protein forms filamentous nuclear structures referred to as

tracks; these structures are heterogenous in an infected cell population [43]. To examine if the His6-

TEV tags present at the N-terminus of recombinant protein expressed in E. coli affected E4–ORF3

function in mammalian cells, the localization of untagged E4–ORF3 expressed during Ad5 in-
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fection was compared to that of His6-TEV-tagged E4–ORF3 protein expressed by transfection.

Both proteins displayed comparable nuclear tracks with the characteristic filamentous structures

when examined by IF microscopy (Figure 5-9A–B). We conclude that an N-terminal His6-TEV-

tag on WT E4–ORF3 does not interfere with protein localization in vivo. In order to determine

if recombinant WT E4–ORF3 was properly folded to allow for bona fide protein–protein interac-

tion, coimmunoprecipitation assays were performed. Recombinant WT, and the non-functional

mutant L103A [50] E4–ORF3 proteins were purified and added individually to cellular extracts

prepared from HeLa cells or N52.E6 cells (as sources of the known E4–ORF3 binding partners

TIF1γ [55, 180, 198] and Ad5 E1B-55K [134], respectively). TIF1γ and E1B-55K were immuno-

precipitated using specific antibodies and coprecipitation of recombinant E4–ORF3 proteins was

examined by Western blot (Figure 5-9C, IP). These data demonstrate that WT E4–ORF3 purified

by these methods coprecipitates with its known binding partners TIF1γ and E1B-55K, indicating

that the protein is properly folded. In contrast, the L103A mutant did not interact with TIF1γ

and E1B-55K in vitro.
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Figure 5-3: His6-TEV-tagged E4–ORF3 protein is functional. A. Untagged WT E4–ORF3
was expressed by Ad5 infection of HeLa cells and subcellular localization analyzed by IF microscopy.
The image is of one cell with E4–ORF3 tracks evident within the nucleus as filamentous structures.
B. His6-TEV-tagged E4–ORF3 was expressed by transient transfection of HeLa cells and subcellu-
lar localization analyzed by IF microscopy. C. The binding of E4–ORF3 WT and L103A proteins
to TIF1γ and E1B-55K was analyzed by coimmunoprecipitation. Purified recombinant E4–ORF3
variants were added to cell extracts prepared from HeLa cells (for TIF1γ) or N52.E6 cells (for
E1B-55K) and immunoprecipitations were performed using anti-TIF1γ- or anti-E1B-55K-specific
antibodies. TIF1γ, E1B-55K, and the E4–ORF3 proteins were analyzed by Western blot using
specific antibodies. Input, TIF1γ present in HeLa cell extract and E1B-55K present in N52.E6 cell
extract (upper panels, left), and recombinant, purified E4–ORF3 WT and L103A proteins (lower
panel, left). IP, immunoprecipitated TIF1γ and E1B-55K (upper panels, right) and coimmunopre-
cipitated E4–ORF3 WT and L103A proteins (lower panel, right).
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5.3.3 Hydrodynamic Characterization of the E4–ORF3 protein

We noticed that purified L103A was less resistant to NaCl precipitation than WT E4–ORF3 (Fig-

ure 5-2). This observation, in addition to the inability of L103A to bind to TIF1γ and E1B-55K in

vitro, suggested that the L103A mutation alters the biophysical properties of recombinant E4–ORF3

protein. To investigate this further, we turned to a detailed biophysical investigation of the WT

and L103A E4–ORF3 proteins. Comparison of the recombinantly produced variants revealed that

the altered functional properties of the two proteins in vivo may be attributable to a difference

in their oligomerization state. We observed that the Superdex 200 size exclusion elution profiles

of the two proteins differed significantly (Figure 5-4A). The WT protein elution profile was broad

while L103A eluted as a well-separated and highly-abundant symmetric peak at 75 mL, suggesting

that L103A exists as a monodisperse molecule. When chromatographed on a Superdex 75 col-

umn, the WT E4–ORF3 protein eluted as an asymmetric peak near the column void volume of

110 mL (Figure 5-4A–B). Both proteins eluted earlier than expected for a 16.2 kDa globular protein,

suggesting oligomerization; the earlier elution times of WT E4–ORF3 suggested that it forms larger

oligomerics than L103A. Three fractions from the WT E4–ORF3 near-void peak were chosen for

further characterization (see below; fractions A, 112–116mL; B, 120–124mL; and C, 128–132mL;

Figure 5-4B).
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Figure 5-4: L103A mutation alters E4–ORF3 quaternary structure. A, Size exclusion
chromatography was performed using Superdex 200 and Superdex 75 columns. The WT E4–ORF3
protein (solid black line) eluted as a complex mixture of oligomers. A large fraction of the L103A
protein (gray line) eluted as a monodisperse peak (shaded) at Kav of 0.4 (≈75 mL) on a Su-
perdex 200 16/60 column. This peak was collected and characterized for secondary structure
content and oligomerization state. The elution times are normalized by column bed and void vol-
umes: Kav of 0 corresponds to the column void volume. B, WT E4–ORF3 was fractionated using
a Superdex 75 26/60 column (dotted line in panel A). Fraction numbers (22–41) and designations
(A, B, and C) are indicated. The protein eluted as an asymmetric peak near the column void
volume.
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In order to test the hypothesis that recombinant WT and L103A E4–ORF3 proteins form

oligomers, we set out to quantitatively evaluate their association state. Sedimentation equilibrium

analytical ultracentrifugation (seAUC) experiments showed that the WT E4–ORF3 protein is

heterogeneous in solution (Figure 5-5). The equilibrium heterogeneity is consistent with the size

exclusion profiles of the protein eluting from both Superdex 200 and Superdex 75 columns (Figure 5-

4A). Attempts to deconvolve the sedimentation profiles using an equilibrium model of discrete

oligomeric assembly (monomer/N-mer or monomer/M-mer/N-mer) were not successful.

In contrast to WT E4–ORF3, the equilibrium sedimentation of L103A was well described as

an ideal solute with apparent molecular weight of 30.3 kDa, as judged by the randomness of the

residuals and the linearity of the transformed data (Figure 5-5A). The theoretical mass of the

protein calculated from its sequence is 16.2 kDa; the AUC-estimated molecular weight is within 7%

of a homodimer (32.4 kDa), within the experimental error of our instrument. This indicated that

L103A exists as a dimer at µm concentrations. In addition, when L103A was chromatographed at

high concentrations, we noticed an appearance of a left shoulder to the dimeric peak. Using seAUC,

we found that fractions in this shoulder were well-fit to an ideal solute model with molecular weights

corresponding to dimer-of-dimers, and trimer-of-dimers species.

While size exclusion chromatography can be used to estimate the size of proteins, ionic interac-

tions with the column affect solute progress unless a significantly high salt concentration is included

to screen them. The salt sensitivity of E4–ORF3 prevents this. As an alternative, light scattering

techniques provide a way to estimate the size of particles in solution, and are less sensitive to ionic

strength effects. In order to test the hypothesis that WT E4–ORF3 forms larger oligomers than

L103A, we analyzed three fractions of WT E4–ORF3 (fractions A, B, and C; Figure 5-4B) and

the dimeric L103A sample (Figure 5-4A) by dynamic light scattering (DLS). In this technique, the

quasielastic light scattering intensity has a direct dependence on particle size. As a consequence,

larger particles can be studied at significantly lower concentrations than smaller particles.

We found that it was necessary to concentrate dimeric L103A samples in order to achieve

adequate light scattering intensity. The polydispersity increased slightly when the L103A mutant

was concentrated, but remained a small percentage of the total signal (confirmed by sedimentation

equilibrium AUC, data not shown). The effective hydrodynamic diameter of L103A was found

to be 4.4 nm. In contrast to L103A, fractions of WT E4–ORF3 could be characterized at low

µm concentrations. DLS revealed that the WT E4–ORF3 protein formed particles significantly

larger than those present in the L103A sample (Figure 5-5B). Effective hydrodynamic diameters of

62.6, 18.2, and 5.9 nm were estimated for the the three WT E4–ORF3 fractions. It is important

to note that smaller hydrodynamic diameter was observed for the L103A protein even at a 40-fold

molar excess over the WT protein. These data demonstrate that the L103A dimeric state can not

simply be overcome by concentration effects.

In addition, we used small angle X-ray scattering (SAXS) to examine the solution conformation

of WT and L103A proteins. SAXS is sensitive to the overall shape and size of a molecule. The

scattering profiles collected for the two proteins differed significantly (Figure 5-5). Inspection of the
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Figure 5-5: Hydrodynamic characterization of WT and L103A E4–ORF3. A. Sedimen-
tation equilibrium data for the two variants. Molecular heterogeneity is evidenced by curvature
of the sedimentation profile when log(A280) is plotted versus squared radius. A least-squares re-
gression line (gray) is displayed for each dataset; the residuals for the L103A protein are plotted
in gray near y = 0. B. Dynamic light scattering properties of the E4–ORF3 WT (fractions A, B,
and C; Figure 5-4B) and L103A proteins. Distribution function intensities versus effective particle
diameter, derived from dynamic light scattering, indicate that WT E4–ORF3 assembles into larger
oligomers than L103A. Note the logarithmic spacing of the x-axis. C. Guinier analysis of SAXS of
WT and L103A. Least-squares linear regression fits of the linear portions of the two data sets are
shown as solid grey lines. D. Kratky plots of the data in panel C show a peak in their profiles,
indicating globular structures for both WT and L103A E4–ORF3.
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small-angle region using the Guinier representation indicated molecular heterogeneity for the WT

protein, as evidenced by data curvature. L103A protein produced a linear profile in the small-angle

region, from which we extracted the radius of gyration (Rg) of 22.8 Å (2.2 nm) using the Guinier

approximation.

The determined Rg is within the range observed for other proteins of similar length. For

example, α-subunit tryptophan synthase is 268 residues long and has an Rg of 19.1 Å, while ospA

has an Rg of 25.0 Å and is 257 residues long. A homodimer of E4–ORF3 contains 272 amino-acid

residues, including the unstructured residues in the His6-tag. The predicted Rg for a 136-residue

folded monomer is 14.2 Å, while the value predicted for a fully unfolded 136-residue monomer is

36.4 Å. The predicted values are based on correlations between the length of a protein chain in

residues and the observed Rg. The empirical relationship predicts an Rg of 18.5 Å for a dimer of

272 residues. The somewhat larger value observed for the L103A dimer likely reflects shape effects.

The key point is that the experimental Rg is significantly larger than expected for a folded monomer

and less than predicted for a fully unfolded monomer. The Kratky representation of the scattering

data revealed the presence of a peak for both WT and L103A proteins, as is expected for a folded

globular protein (Figure 5-5D). Thus, the SAXS studies are fully consistent with the AUC data

and the gel filtration experiments.

5.3.4 WT E4–ORF3 is Well-Folded and L103A Adopts the Same Structure

In order to confirm that the protein fold is not perturbed by the L103A substitution, we used

CD spectroscopy to probe protein secondary structure. Far-UV spectra of the E4–ORF3 WT

and L103A proteins revealed that the two have identical secondary structure, with pronounced

spectral minima at 208 and 222 nm and a maximum at 195 nm (Figure 5-6A); the spectra indicate

significant helical content. These data demonstrate that the secondary structure is not perturbed

by the L103A mutation. In addition, different gel filtration fractions of WT E4–ORF3 possessed

identical secondary structure (Figure 5-7), suggesting that multimerization of E4–ORF3 is not

accompanied by significant gain or loss of helical content.

E4–ORF3 contains a single Trp residue (Trp35), which we hypothesized may serve as a probe

of tertiary structure in the protein. Near-UV CD spectra of WT and L103A variants (Figure 5-

6B) revealed a number of narrow concordant bands arising from residues which absorb in this

region (Trp, Tyr, Phe). A structured non-zero near-UV CD spectrum is a hallmark of a compact

cooperatively-folded protein, and many partially-folded proteins give no near-UV CD signal even

when the far-UV CD shows significant secondary structure. The spectral bands seen for WT and

L103A were not identical in intensity, but displayed remarkable agreement in their position and

line width. We further probed the environment of Trp35 using fluorescence spectroscopy. The

fluorescence emission and excitation properties of Trp residues are sensitive to solvent accessibility

and proximity to quenching groups. Figure 5-8 displays the fluorescence emission and excitation

spectra of the E4–ORF3 WT and L103A proteins. The excitation spectra are superimposeable,

indicating that the fluorophore is present at the same concentration in both samples, and that the
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Figure 5-6: CD characterization of E4–ORF3 variants. A. Far-ultraviolet CD spectra of
the E4–ORF3 WT and L103A denonstrate that the proteins contain nearly-identical secondary
structure. Spectral minima at 208 and 222 nm, as well as the maximum at 195 nm suggest significant
helical content of the proteins. B. Near-UV CD spectra collected for WT and L103A of E4–ORF3
revealed the presence of narrow bands for both variants, indicating a similar environment for the
protein aromatic sidechains. The two variants contained concordant bands arising from dipole
orientation and electronic structure of residues which absorb in this region (Trp, Tyr, Phe).

local fluorophore environments are similar.

When Trp35 was selectively excited, the emission spectra of the two variants indicate that the

molecular environment is similar in both proteins. The emission maxima of the E4–ORF3 WT and

L103A proteins were 326 and 323 nm, respectively; both were blue-shifted from a solvent-exposed

maximum of approximately 350 nm. The quantum yield of L103A was approximately 10% greater

than that of WT E4–ORF3. We used acrylamide quenching as an independent confirmation of

solvent accessibility of Trp35. Fluorescence quenching of Trp by acrylamide requires the two to

come into physical contact—the ease of quenching thus reports on the solvent accessibility of the

indole side chain of Trp. We found that the ease of quenching the fluorescence of Trp35 in WT and

L103A proteins was comparable, with a Stern–Volmer constant of approximately 1m−1 (Figure 5-

8B). The aforementioned results of three independent techniques agree, indicating that Trp35 is

sequestered from solvent in both the WT and L103A E4–ORF3 proteins; the small change in the

quantum yield could arise from subtle changes in the environment, but the overall environments

are similar.

5.3.5 The L103A Mutant Inhibits the WT E4–ORF3 in Vivo

If the dimer formed by the E4–ORF3 L103A mutant protein represents an intermediate normally

involved in higher order E4–ORF3 protein assembly, but is trapped by the mutation, then one

would anticipate that L103A could interfere with higher assembly of the WT E4–ORF3 protein
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Figure 5-7: CD demonstrates that secondary structure content of WT E4–ORF3 is
multimerization-independent. A. Far-UV CD spectra of size exclusion fractions of WT
E4–ORF3 chromatographed on a Superdex 75 26/20 column. The spectra are given as raw mea-
sured ellipticity (are not concentration-normalized). B. Helical content (ellipticity at 222 nm) is
presented as a function of protein concentration, given by A230; each point represents a distinct
sample for which we measured A230 and collected a CD spectrum. The colors used correspond to
those in panel A. Helical content is directly proportional to protein concentration, indicating that
all fractions possess similar secondary structure, and that the secondary structure of recombinant
E4–ORF3 is not significantly altered by oligomeric state. A linear least-squares fit is shown as a
gray line.
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Figure 5-8: Fluorescence characterization of E4–ORF3 variants. A. Fluorescence excitation
and emission spectra of WT and L103A suggest that Trp35, the unique Trp in the E4–ORF3
sequence, is partially sequestered from solvent and is in a similar environment in both proteins.
Wavelength of maximal emission intensity of both samples is indicated wth a dashed vertical line.
B. Collisional quenching of Trp fluorescence (F0/F ) by acrylamide is consistent with steady-state
emission data. Stern–Volmer constants of approximately 1m−1 were derived both several samples
of WT E4–ORF3 and for L103A. The dashed line indicates quenching of an indole, representing
maximal solvent accessibility; the Stern–Volmer constant of quenching the indole is 14m−1.

by sequestering WT E4–ORF3 into nonproductive dimers. To test this hypothesis, recombinant

Ad5 vectors were used that express WT and L103A proteins with separate epitope tags. The

WT E4–ORF3 protein was tagged with the FLAG epitope and the L103A mutant protein was

tagged with the HA epitope to allow the visualization of each protein within the same infected cell.

HeLa cells were infected individually with Ad5 vectors that express each E4–ORF3 protein at low

multiplicities of infection (MOI; 200 physical virus particles per cell corresponding to ≈10 infectious

viruses per cell). Typical nuclear tracks were found in cells that express WT E4–ORF3 (Figure 5-

9A), whereas diffuse nuclear localization of the L103A mutant protein was observed (Figure 5-9B),

as previously reported [50]. Coinfections were performed with a low MOI (200 virus particles per

cell) of the FLAG-tagged WT E4–ORF3 expression vector and a high MOI (1250 virus particles

per cell) of the HA-tagged L103A expression vector. Our rationale was that over-expression of

L103A relative to WT E4–ORF3 may drive the WT to preferentially form dimers with the L103A

mutant. A significant reduction in the ability of the WT E4–ORF3 protein to form nuclear tracks

was observed in coinfected cells. Representative examples are shown in Figure 5-9 (panels C–H)

where two patterns of WT E4–ORF3 expression were detected. In some cells, small nuclear punctæ

of WT E4–ORF3 that colocalized with the L103A mutant were evident (panels F–H). Of note, such

punctæ were never observed with the L103A mutant protein alone at any MOI; therefore, the WT

protein contributes to this process. In other cells, few nuclear punctæ of WT E4–ORF3 were
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observed; instead, a diffuse nuclear staining pattern of both WT and the L103A mutant protein

was detected (panels C–E). These results were specific to the coexpression of the E4–ORF3 WT

and L103A proteins since an augmentation of nuclear track formation was observed when cells were

coinfected with a low MOI of FLAG-tagged WT E4–ORF3 vector and a high MOI of HA-tagged

WT E4–ORF3 vector (panels I–K).
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Figure 5-9: L103A inhibits WT E4–ORF3 protein activity in vivo. A. FLAG-tagged WT
E4–ORF3 localization following infection of HeLa cells at a low MOI was analyzed by IF microscopy
using tritc-labeled secondary antibody. The image is of one cell with E4–ORF3 tracks evident
within the nucleus as filamentous structures. B. HA-tagged L103A localization following infection
of HeLa cells at high MOI was analyzed using a fitc-labeled secondary antibody. C–H. Coinfection
at a low MOI of FLAG-E4–ORF3-WT plus a high MOI of HA-L103A. E4–ORF3 localization was
analyzed by IF microscopy using fitc-labeled (anti-HA, panels C and F) and tritc-labeled (anti-
FLAG, panels D and G) secondary antibodies. Merged images are shown in panels E and H.
I–K. Coinfection at a low MOI of FLAG-E4–ORF3 WT plus a high MOI of HA-E4–ORF3-WT.
A merged image is shown in panel K. L, pml-nb evident in uninfected HeLa cells represented as
discrete punctæ. M–O. pml-nb reorganization following infection of HeLa cells at low MOI with
Ad-CMV-FLAG-WT E4–ORF3. P-R. pml-nb formation following infection of HeLa cells at high
MOI with Ad-CMV-HA-L103A. S–U. pml-nb formation following coinfection of HeLa cells at
low MOI with Ad-CMV-FLAG WT E4–ORF3 and high MOI Ad-CMV-HA-L103A. PML detected
in panels M, P, and S using rabbit anti-PML antibody and fitc-conjugated secondary antibody.
E4–ORF3 proteins were detected in panels N, Q, and T using anti-E4–ORF3 monoclonal antibody
and tritc- conjugated secondary antibody. Merged images are shown in panels O, R, and U.

The aforementioned results suggest that L103A may act as a dominant-negative effector to

antagonize the activity of WT E4–ORF3. To analyze this possibility, we examined if L103A inter-

feres with the ability of WT E4–ORF3 to reorganize pml-nb. HeLa cells were infected individually

with Ad vectors that express FLAG-tagged WT E4–ORF3, HA-tagged L103A, or coinfected with

both viruses. Subsequently, pml-nb relocalization was analyzed by IF microscopy (Figure 5-9). In
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uninfected cells, typical pml-nb were evident (panel L); PML was relocalized into nuclear tracks

following expression of WT E4–ORF3 (panels M–O) but not L103A (panels P–R). Interestingly,

L103A interfered with the ability of WT E4–ORF3 to relocalize PML (panels S–U). In coinfected

cells, colocalization with pml-nb was observed with some, but not all, of the E4–ORF3 punctæ.

To further probe the interactions between WT and L103A E4–ORF3, in vitro binding stud-

ies were performed. We analyzed if the WT E4–ORF3 and L103A proteins directly interact by

coexpressing the two in E. coli and in mammalian cells. In E. coli, untagged WT E4–ORF3 and

His6-tagged L103A were purified on a Ni2+-NTA affinity column, followed by gel filtration. The

salting out step was omitted to avoid coprecipitating the two proteins; we wanted to visualize pro-

tein complexes formed between the two during protein expression, rather than those that might

arise as a consequence of salt precipitation. The gel filtration profile of the Ni-NTA purified proteins

differed significantly from those of WT E4–ORF3 or L103A alone (Figure 5-10A), and contained a

broad distribution of E4–ORF3 oligomers. Remarkably, we found that both proteins were present

in each gel filtration fraction. SDS-PAGE revealed that WT E4–ORF3 preferentially populated

larger oligomers than L103A and that fractions containing the highest abundance of L103A eluted

at the same time as dimeric L103A characterized above. The identity of the two proteins was con-

firmed using maldi-tof mass spectrometry, and their abundance was estimated using SDS-PAGE

and analytical HPLC (Figure 5-10B–C).
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Figure 5-10: Recombinant co-expression of WT and L103A variants of E4–ORF3. A. Su-
perdex 200 gel filtration profile of the Ni-affinity purified co-expression is shown. Individual fractions
were probed for protein content by SDS-PAGE (overlaid.) Material eluting near the void volume of
45 mL was determined to be contaminating nucleic acids using SDS-PAGE and ethidium bromine
fluorescence. Note the presence of both proteins in all examined gel filtration fractions. B. Gel
filtration fractions from panel A were pooled and loaded onto an analytical C4 HPLC column. The
proteins were eluted with a linear gradient of 0–90% isopropanol, 0.1% trifluoroacetic acid. While
the peaks were not resolved enough for accurate quantification, we approximate (using HPLC and
SDS-PAGE from panel A) that a nearly-equal amount of both proteins was present. C, maldi-tof
mass spectrometry was used to confirm the presence and identity of both proteins. For His6-tagged
L103A, the calculated MW is 16 221.5 Da (m/z of 16217.7 observed), after removal of N-terminal
leading methionine. For untagged WT E4–ORF3, the calculated MW is 13 298.4 Da (m/z of 13296.7
observed); for this protein product, the N-terminal methionine was retained.
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To investigate interactions between the two E4–ORF3 proteins in mammalian cells, HeLa cells

were infected individually with Ad vectors that express FLAG-tagged WT E4–ORF3, HA-tagged

L103A, or coinfected with both viruses. Subsequently, whole cell extracts were prepared and anti-

FLAG antibody was used to immunoprecipitate WT E4–ORF3. Coprecipitation of the L103A

mutant with WT E4–ORF3 was confirmed by Western blot (Figure 5-11 IP: FLAG).
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Figure 5-11: WT E4–ORF3 and L103A coimmunoprecipitate and L103A inhibits bind-
ing of WT-ORF3 to TIF1γ. HeLa cells were mock-infected (mock), individually infected with
low MOI and high MOI of Ad-CMV vectors that express WT E4–ORF3 and HA-L103A, or coin-
fected with low MOI FLAG-WT-ORF3 and high MOI HA-L103A. E4–ORF3 (A) and TIF1γ (B)
in cells extracts (input) were detected by Western blot. FLAG-WT-ORF3 migrated faster than
L103A in the gel due to the presence of a smaller epitope tag; both proteins were detected using
an anti-E4–ORF3 monoclonal antibody. The major L103A species corresponds to the epitope-
tagged protein recognized using an anti-HA antibody; the weaker, faster migrating L103A was not
recognized by an anti-HA antibody an may reflect translation initiation at an internal methionine
residue or proteolytic cleavage of the epitope tag. E4–ORF3 (C, E, and F) and TIF1γ (D) proteins
present in anti-FLAG (C) and anti-TIF1γ (D, E, and F) immunoprecipitates (IP) were detected
by Western blot. Panel F is a longer exposure of the same gel shown in E.

Finally, we examined if the L103A mutant interferes with the ability of WT E4–ORF3 to bind to

the known cellular binding partner TIF1γ. Single virus infections and coinfections were performed

as described above, TIF1γ was immunoprecipitated from whole cell extracts, and E4–ORF3 binding

analyzed by Western blot (Figure 5-11). These results demonstrated that the L103A mutant protein

interfered with the binding of WT E4–ORF3 to TIF1γ (IP: TIF1γ). Collectively, these results are

consistent with the hypothesis that the L103A mutant protein is able to sequester the WT E4–ORF3
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protein within the nucleus and inhibit higher-order protein assembly. These results also support

the conclusion that the stable dimer observed with the L103A mutant protein represents a bona

fide intermediate in E4–ORF3 nuclear track formation.

5.4 Discussion & Conclusions

Our biophysical analysis shows that WT E4–ORF3 and the L103A mutant have identical secondary

structure content and that both form compact globular structures with spectroscopic properties

expected for native proteins. The major difference between the two proteins is their ability to

oligomerize. DLS, seAUC, gel filtration, and SAXS all reveal the wildtype forms heterogeneous

mixtures of high-order oligomers while self-assembly of the mutant is largely stopped at the dimer

stage. Spectroscopic studies show that the wildtype oligomers contain native-like secondary struc-

ture and are folded. Thus, WT E4–ORF3 oligomerization fundamentally differs from non-specific

aggregation of unfolded proteins.

Given the small size of the E4–ORF3 protein (116 amino acids) and large number of known

cellular and viral interaction partners, we believe that higher-order multimerization is necessary

for E4–ORF3-mediated pml-nb disruption. Higher order assembly will lead to the presentation of

multiple binding sites. Our results are consistent with the hypothesis that multimeric WT E4–ORF3

has a higher affinity than L103A for cellular binding partners such as TIF1γ due to the presence of

multiple binding interfaces on the WT protein. We propose that higher-order multimerization of the

WT E4–ORF3 protein forms a polyvalent scaffold which is required for the activity of E4–ORF3.

Each individual scaffold building block (a dimer) has low affinity for E4–ORF3 binding partners.

However, this low affinity can be overcome through avidity effects; higher-order multimerization of

E4–ORF3 in the nucleus presents a polyvalent surface which greatly reduces the entropic costs of

binding. The fact that the dimeric L103A mutant protein is incapable of binding both the E1B-55K

and TIF1γ proteins supports this hypothesis; L103A may contain the binding regions for E1B-55K

and TIF1γ, but its inability to multimerize prevents it from raising this binding affinity to levels

sufficient for efficient binding partner interactions.

This model is also supported by the results of IF experiments which demonstrated that coex-

pression of L103A with WT E4–ORF3 interfered with the ability of the WT protein to form nuclear

tracks. L103A also interfered with the binding of WT E4–ORF3 to TIF1γ in coimmunoprecipitation

experiments.

We hypothesize that upon coexpression, L103A functions as a dominant-negative effector by

forming trapped heterodimers, or short multimers, with WT E4–ORF3. This hypothesis is sup-

ported by IF analyses which demonstrated the recruitment of L103A into small punctæ only upon

coexpression with the WT protein. Also supporting this hypothesis are the observations that

WT E4–ORF3 and L103A coimmunoprecipitate from cellular extracts when expressed in vivo and

cofractionate from cellular extracts when coexpressed in E. coli. While we favor the possibility

that WT E4–ORF3 and the L103A mutant heterodimerize resulting in interference of WT activity
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by L103A, it is also possible that the region near L103 may identify a critical binding surface for

cellular binding partners which is perturbed upon mutation and that such interactions are required

for higher order E4–ORF3 oligomerization.

The results from coexpression of WT E4–ORF3 and the L103A mutant in E. coli indicate

that L103A is able to limit the ability of the WT E4–ORF3 to multimerize. When the His6-tagged

L103A and untagged WT proteins were coexpressed in E.coli, the L103A protein clearly reduced the

multimeric state of the WT protein. When expressed individually, the WT and L103A proteins had

distinct gel filtration profiles that did not overlap to any significant extent. L103A also interfered

with the ability of WT E4–ORF3 to reorganize pml-nb in vivo. Some of the nuclear punctæ

that form when WT E4–ORF3 and the L103A mutant were coexpressed in vivo colocalized with

pml-nb, but notably, pml-nb integrity was not disrupted. This result suggests that the ability

of E4–ORF3 to interact with one or more components of pml-nb may be uncoupled from the

activity of E4–ORF3 to relocalize pml-nb proteins into nuclear tracks. Since L103A is not able to

colocalize with pml-nb, we infer that WT E4–ORF3 in nuclear punctæ with L103A directs pml-

nb colocalization and that higher-order E4–ORF3 multimerization may be required for pml-nb

disruption.

While the isoelectric point of E4–ORF3 at pH 5.5 would suggest a highly charged, hydrophilic

protein at physiological pH, the protein possesses a large amount of hydrophobic character. The

presence of a run of five leucine residues that are spaced between 2 and 4 residues apart near the

C-terminus of E4–ORF3 may contribute to its poor solubility. Mutation of these residues to alanine

has severe phenotypic consequences on viral growth (reference [50] and unpublished results). The

roughly even spacing of these residues suggests that they may play a role in generating a short am-

phipathic alpha helix. This could mediate the self-associative properties of E4–ORF3, as suggested

by the analytical ultracentrifugation data for L103A whose mutation maps to this region. Based on

spectroscopic evidence, we demonstrated that L103A contains essentially identical secondary and

tertiary structure compared to WT E4–ORF3; L103A protein largely forms dimers in solution and

is deficient in the self-associative properties of WT E4–ORF3. Furthermore, the secondary struc-

ture of WT E4–ORF3 is invariant to multimerization, suggesting that the mechanism of E4–ORF3

polymerization involves the association of well-folded proteins. These results provide a basis for

understanding the self-associative properties of E4–ORF3 as they pertain to the activity of the

protein.
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Chapter 6

General Conclusions

As part of this thesis, we presented investigations of three multivalent proteins. First, we studied

two multivalent lectins with the aim of designing a lectin-based “mix-and-match” combinatorial

scaffold. Such a scaffold would enable us to profile the glycan geometry of the glycoproteins on

the surface of the pathogen HIV, and to explore novel carbohydrate specificity to inhibit viral

infection. Finally, we conducted a biophysical investigation of the adenoviral protein E4–ORF3,

which assembles a multivalent web in the host cell to capture antiviral proteins or to target them

for degradation.

In the case of the HIV-inhibiting lectin Cyanovirin-N (CVN), we demonstrated that the stability

of the wildtype molecule is not optimal, and that rational approaches can both detect destabilizing

interactions, and design variants with improved stability. We were not, however, successful in

producing correctly folded individual domains of CVN. Instead, we focused on the wildtype protein

in order the understand the energetics of the fold, and to engineer variants which are more resistant

to denaturation. One significant finding of our work is the uncharacteristically slow unfolding of

CVN when exposed to intermediate concentrations of chemical denaturants. We observed that CVN

populates both kinetic and equilibrium unfolding intermediates. While the structural nature of the

intermediates is at the present time unknown, we can imagine that they correspond to partially-

folded molecular ensembles, which contains some native-like features. Since CVN contains no

proline residues, we hypothesize that disulfide bond isomerization may be responsible for its slow

unfolding. As an intriguing extension of our work one can compare the thermodynamic stability

and unfolding kinetics of CVN and variants (either natural or designed) which lack disulfide bonds.

The second revelatory consequence of our work is the description of non-two-state equilibrium

folding of CVN, despite the fact that steady-state tryptophan fluorescence and individual circular

dichroism wavelengths gave no indication of this phenomenon. Only through collecting spectral

data as a function of denaturant were we able to reveal this behavior. Future studies of CVN folding,

potentially including real-time NMR, may shed further light onto the denaturation pathway of this

protein.

In theory, the tetravalency of the antiviral lectin MVL provides more opportunities for combinatorial
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screening, when compared to the divalent CVN. Individual domains of MVL have no disulfide bonds

and are assembled in a commonly-occurring α/β topology, and are thus expected more likely to

fold correctly. We demonstrated that despite their homology, the individual domains of MVL differ

in their stability. While the carboxy-terminal domain adopts a compact globular structure with a

CD spectrum identical to the wildtype protein, the amino-terminal domain is unfolded. Efforts to

induce or stabilize folding of the amino-terminal domain were not productive. Using biophysical

techniques we determined that the C-terminal domain assembles into a dimer at µm concentrations.

Based on the symmetry of MVL, we identified two possible dimeric configurations for MVLC. In

order to predict which of the two configurations is more energetically favorable, we carried out a

computational investigation which suggested that the domain dimerizes through a mainly-nonpolar

interface present in the wildtype molecule. Based on the known energetics of carbohydrate binding

by MVL, we hypothesized that the C-terminal domain alone may possess anti-HIV activity. This

was confirmed by exposing four laboratory-adapted HIV strains to the excised domain and the

wildtype protein in a neutralization assay. We found that the antiviral potency of the two inhibitors

was indistinguishable, suggesting that that multivalency is not strictly necessary for potent HIV

inhibition by MVL. This is in contrast to other well-characterized multivalent lectins such as CVN

and griffithsin, which lose a significant fraction of their potency after monomerization.

In the context of carbohydrate recognition by MVL, we used molecular dynamics simulations and

energy decomposition approaches to provide a structural and energetic basis for high-mannose and

chitin-derived oligosaccharides by MVL. Our investigation uncovered a mixed mode of GlcNAc4

binding to MVL, which provided a way to interpret conflicting experimental data. Our studies

highlighted the importance of considering dynamic ensembles when calculating the energetics of

protein–carbohydrate interactions. Future computational investigations of carbohydrate recogni-

tion by MVL may focus on complex carbohydrates, since those are plentiful in the surface of HIV

and are potential targets of MVL.

Finally, in consideration of the adenoviral protein E4–ORF3, we applied spectroscopic and bio-

physical techniques to characterize the structure and oligomerization state of this unusual viral

protein. In cells, E4–ORF3 assembles into heterogeneous aggregates which capture host proteins,

and prior to our investigation it was not known whether the aggregates are composed of well-folded,

amorphous, or amyloid-like material. We demonstrated that the nuclear “tracks” produced as a con-

sequence of viral infection are composed of well-folded dimeric building blocks. Using spectroscopic

techniques, we determined that the secondary and tertiary structure of the recombinantly-produced

wildtype E4–ORF3 and the non-functional L103A mutant were identical, and contained significant

α-helical structure. Our study was the first biophysical investigation of this unique viral pro-

tein. Our work, in concert with the subsequently-solved X-ray structure of a related nonfunctional

E4–ORF3 variant, provides a structural interpretation of the macromolecular assembly formed by

E4–ORF3. Despite this, many questions about this protein remain unanswered. The most pressing

question deals with the mechanism by which E4–ORF3 captures unrelated cellular substrates. One

88



possibility, which we briefly explore, is that E4–ORF3 recognizes the SUMO post-translational

modification common to a number of its substrates. Future work will likely address the structural

details of this mechanism.
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Appendix A

Biophysical Studies Reveal Weak

Interaction Between L103A Mutant of

E4–ORF3 and human SUMO1

Abstract

E4–ORF3, the gene product of the adenoviral early region 4 open reading frame 3 is, at 116 amino
acids, modest in size. Upon viral infection, however, this protein forms heterogeneous supramolec-
ular filaments within the host nucleus. These filaments are thought to capture cellular response
proteins to viral infection, effectively disabling their function. The mechanism by which E4–ORF3
recognizes its various binding partners is presently not know. Herein, we propose a mechanism
of E4–ORF3 function which involves specific recognition of the small ubiquitin-like modifier post-
translational modification by E4–ORF3.

A.1 Introduction

The adenoviral protein E4–ORF3 (UniProt ID: P04489) is multifunctional and is able to affect a

number of cellular processes by binding numerous host protein complexes. A prominent attribute of

E4–ORF3 is its ability to form heterogeneous nuclear filaments (also known as “tracks”). Filament

formation occurs even in the absence of all other Ad viral proteins; thus, self-interaction between

E4–ORF3 building blocks, in addition to its association with host proteins are sufficient for filament

assembly. It is thought that E4–ORF3 track formation creates a polyvalent nuclear scaffold which

is responsible for re-localizing nuclear multiprotein complexes such as PML and MRN, as well as

cytoplasmic proteins. E4–ORF3 has been determined to re-localize nearly a dozen host proteins;

the mechanism of how this happens is presently unknown.

We previously characterized recombinant E4–ORF3 and its nonfunctional variant Leu103Ala

(L103A, see Chapter 5). The L103A mutation imparts two significant phenotypes: first, the mutant

is unable to form the hallmark tracks in vivo; second, the mutant loses the ability to interact with

its binding partners in vitro. The known cellular targets of E4–ORF3 (PML and Daxx, E1B-

90



55K, the transcription factors TIF1γ and TIF1α, and components of the MRN complex (Mre11,

Rad50 and Nbs1)) are unrelated in their sequences and structure. Some of these proteins are

known to be SUMOylated; this large post-translational modification may provide a handle by

which E4–ORF3 is able to capture proteins of dissimilar structure. In support of this hypothesis,

recombinantly-prepared E4–ORF3 binds human SUMO1 in a pull-down assay, while the L103A

mutant does not (P. Hearing, personal communication). We previously hypothesized that E4–ORF3

functions as a multivalent scaffold, by presenting a number of binding interfaces in the nucleus. It

is also possible that a novel emergent interface is formed as a consequence of E4–ORF3 filament

formation. How E4–ORF3 recognizes SUMO1, and how the L103A mutation interferes with this

recognition is presently not known.

In this work, building upon our initial biophysical characterization of E4–ORF3, we present

improved E4–ORF3 expression constructs and results of new biophysical experiments which aim to

elucidate the mechanism by which E4–ORF3 recognizes its binding partners, focusing on its putative

interaction with human SUMO1. Finally, building upon the recently-solved crystal structure of an

E4–ORF3 variant [140], we propose a mechanism by which the L103A mutation weakens E4–ORF3

oligomerization and abrogates SUMO1 binding, and suggest experimental to validate the proposed

mechanism.

A.2 Materials & Methods

Plasmid Constructs and Purification of E4–ORF3. The pProEx-HTb plasmid (ampicillin

resistance) containing the genetic sequence of the L103A mutant of Ad5 E4–ORF3 was used to

produce the protein in E. coli. This construct expressed L103A as a C-terminal fusion to a poly-

histidine affinity tag, separated by a TEV protease cleavage site. Constructs containing two and

four additional glycine residues at the TEV protease recognition sequence were constructed by site-

directed mutagenesis. Recombinant L103A variants were expressed using the BL21(DE3) E. coli

strain. Cultures were induced with 0.75 mm IPTG at an OD600 = 0.6–0.8 after cooling to room

temperature. Inductions were performed for 20 h at 25 ◦C and cell pellets were frozen prior to

protein purification.

E4–ORF3 variants were purified using a low-salt chromatographic sequence to avoid precipitat-

ing the recombinant protein. Cells were disrupted by sonication (ten 50% duty cycles) in lysis buffer

(10 mm Tris-HCl, 10 mm βME, 10 mm imidazole, pH 7.5). Lysates were clarified by centrifugation

at 40 kg for 30 min. The soluble fraction was passed through a 0.22 µm syringe filter and applied

onto a 5 mL HisTrap affinity column (GE Healthcare). Following a wash of 10 column volumes of

lysis buffer, and protein was eluted with the same buffer supplemented with 250 mm imidazole.

Fractions containing recombinant protein were combined and dialyzed against TEV protease

cleavage buffer (20 mm Tris-HCl, 1 mm βME, pH 7.5) overnight at 4 ◦C. TEV protease cleavage

was initiated by adding 250 µg of recombinant TEV protease, and the reaction progress was mon-

itored by maldi-tof. Following cleavage, the reaction was passed through a HisTrap column
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pre-equilibrated with cleavage buffer, and the flow-through was collected. Undigested protein, the

N-terminal E4–ORF3 peptide, as well as the TEV protease contain a poly-histidine tag; thus,

they associate with the column, while untagged E4–ORF3 protein passes through. Size exclusion

chromatography was carried out on a Superdex 200 16/60 column (GE Healthcare) in Buffer A

(20 mm Tris-HCl, 0.5 mm TCEP, pH 7.5). Final protein yield was approximately 5.6 mg L−1 of

expression culture.

Uniformly 15N-labelled L103A was produced in M9 minimal medium supplemented with 15N-

labelled ammonium chloride as the only source of nitrogen, using standard protocols [79]. The

protein was purified as above.

Purification of human SUMO1. The pET28a plasmid (kanamycin resistance) containing a

gene encoding human SUMO1 fused to a C-terminal His6-tag was obtained from Dr. Patrick Hear-

ing. Recombinant protein was expressed using BL21(DE3): cultures were induced with 1 mm IPTG

at an OD600 = 0.6–0.8 after cooling to room temperature. Inductions were performed for 20 h at

25 ◦C and cell pellets were frozen prior to protein purification. Cells were resuspended in lysis buffer

(20 mm Tris-HCl, 1 mm βME, 20 mm imidazole, 350 mm NaCl, pH 8.0) and lysed by sonication. The

lysate was centrifuged, and the soluble fraction was applied onto a 5 mL HisTrap affinity column.

The column was washed with lysis buffer, and eluted with buffer containing 400 mm imidazole.

Fractions containing protein were pooled and dialyzed overnight at 4 ◦C against SUMO protease

cleavage buffer (20 mm Tris-HCl, 1 mm βME, pH 7.5) in the presence of 250 µg Ulp1 protease. The

digest was re-applied onto 5 mL HisTrap column and the flow-through was collected. Size exclusion

chromatography was carried out using a Superdex 200 16/60 column (GE Healthcare) in Buffer A

(20 mm Tris-HCl, 0.5 mm TCEP, pH 7.5). The protein eluted as a monodisperse symmetric peak

at 88 mL and its identity was confirmed using maldi-tof.

Gel Filtration Binding Assay. We employed a Superdex 75 (10/300) analytical gel filtration

column, pre-equilibrated in gel filtration buffer (20 mm Tris-HCl, 0.5 mm TCEP, 100 mm NaCl,

pH 7.5). Sodium chloride was included at 100 mm to screen potential interactions of the solute

with the column resin; this salt concentration has been previously determined to have a minimal

effect on precipitation of E4–ORF3. Proteins were chromatographed at a flow rate of 0.5 mL min−1

and their absorbance was detected at 280 nm.

NMR Spectroscopy. HSQC spectra of L103A+4G were collected using a Bruker 700 MHz

conventional-probe spectrometer using 300 µm protein concentration at 300 K. Samples contain-

ing both L103A+4G and human SUMO1 were collected at two-fold SUMO1 excess (550 µm); all

concentrations are provided in monomer units.
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A.3 Results & Discussion

The L103A mutation in Ad5 E4–ORF3 is completely deleterious to protein function, and abol-

ishes track formation in vivo (Chapter 5). We have previously determined that this mutation does

not alter the overall secondary structure of E4–ORF3, but affects the protein quaternary struc-

ture/self-association. While L103A behaves as an ideal dimer in vitro at low µm concentra-

tions, recombinantly-prepared wildtype protein is heterogeneous in solution and populates larger

oligomers. We hypothesize that the dimer is the building block of larger E4–ORF3 oligomers.

The pProEx-HTb construct used to express L103A E4–ORF3 in our previous study may be

sub-optimal for biophysical studies, as it installs a 24-residue N-terminal purification tag. This tag

contains a TEV cleavage site, but cannot not be processed by the TEV protease, most likely due to

poor accessibility of the recognition sequence; the tag contributes almost 2.9 kDa, corresponding to

18% of the protein MW. While the affinity tag was definitively demonstrated to not affect protein

function in vivo at the resolution available to immunofluorescence (Chapter 5), it contains numer-

ous charged residues and may influence the energetics of intermolecular association in biophysical

experiments or contribute unfavorably to success of crystallization trials.

Optimization of L103A E4–ORF3 construct for in vitro biophysical studies. We set out

to optimize the sequence of the TEV protease cleavage site with the goal of increasing proteolytic

efficiency. We designed constructs containing two and four additional glycine residues after the P1′

position of the protease recognition sequence ENLYFQG [88]. While addition of two glycine residues

had no observable effect on proteolytic efficiency, adding four glycine residues yielded protein which

was readily processed by the protease (Figure A-1). The tagless L103A+4G protein was verified to

contain identical secondary structure to previously-characterized E4–ORF3 variants using circular

dichroism spectroscopy and this construct was used for all subsequent biophysical assays.

L103A does not bind SUMO1. The affinity of in vitro intermolecular association is often in the

µm range or tighter. For such complexes, the upper bound of the equilibrium dissociation constant

can be estimated through a non-equilibrium gel filtration assay. By measuring the retention time

and peak volume of each molecular component and those of the mixture, one can estimate the

population change due to intermolecular association. In general, the technique underestimates

association due to sample dilution in the column or due to fast dissociation kinetics. We observed no

binding between recombinantly-prepared dimeric L103A+4G (20 µm) and human SUMO1 (40 µm)

in an analytical gel filtration assay (Figure A-2A); monomer concentrations are given for both

components.

As the result of the limitations of gel filtration chromatography, the aforementioned result does

not definitely rule out binding of SUMO1 by L103A. The binding event may be weak, or may

have fast dissociation kinetics. NMR spectroscopy, on the other hand, under favorable exchange

conditions (slow or fast), can provide residue-specific information on the binding event, and is

an equilibrium technique. We prepared 15N-containing L103A+4G protein, and collected HSQC
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Figure A-1: Optimizing the L103A construct for biophysical studies. A. The amino acid
sequence of the N-terminal purification tag used to produce L103A. The TEV protease recogni-
tion sequence is underlined, and the cleavage site is indicated. TEV protease cannot cleave the
original construct; we designed and tested two constructs containing additional glycine residues
C-terminal to the P1′ site. B. After a 24-hour incubation with TEV protease, complete cleavage
of the L103A+4G protein was observed using maldi-tof (grey, expected 13542.6 m/z after cleav-
age), while the L103A+2G was not processed (black, expected 16265.5 before cleavage). C. The
TEV-cleaved L103A+4G is stable to heat denaturation (monitored by CD spectroscopy), with
an apparent denaturation midpoint above 80 ◦C; the protein monomer concentration was 27 µm.
Apparent stability of E4–ORF3 is expected to be concentration-dependent

spectra of L103A+4G samples, and of L103A+4G in the presence of two-fold molar excess of human

SUMO1 (Figure A-2B-C). The spectrum of L103A+4G was well-dispersed in both the proton and

nitrogen dimensions. Due to peak crowding, we could not definitively determine whether the

protein is a symmetric or asymmetric dimer. We observed that not all resonances were of the same

linewidth and intensity, indicating that the molecule contains substructures of a different dynamical

content relative to other parts of the molecule. Overlapping the HSQC spectra of L103A with and

without hSUMO1 revealed no significant observable chemical shift changes. Thus, we conclude that

L103A does not bind to SUMO1 with the ligand present in two-fold molar excess. These results

suggest that the affinity of L103A for SUMO1 is greater than 1 mm, and are consistent with the

inability of L103A to pull-down hSUMO1 or other known E4–ORF3 substrates in co-precipitation

experiments.

E4–ORF3 may contain a SUMO interaction motif which is abolished by L103A mu-

tation. The small ubiquitin-like modifier (SUMO) is a post-translational modification installed

on lysine sidechain of various eukaryotic proteins [59, 157, 178]. Eukaryotes encode four SUMO
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Figure A-2: L103A binds human SUMO1 weakly, if at all. A. An analytical gel filtration
assay reveals no apparent binding between L103A and SUMO1. Samples were prepared at the stated
concentrations, equilibrated at room temperature for several hours, and injected onto the column.
B. An HSQC spectrum of apo L103A+4G (black) overlaid with the spectrum of L103A+4G in the
presence of two-fold molar excess unlabelled SUMO1 (red). C. An expansion of the dashed HSQC
region in panel B; arrows indicate resonance cross-peaks broadened by addition of the ligand. At
the present time, it is not clear whether this interaction is specific.

homologs, which are typically grouped into three classes based on homology: SUMO1, SUMO2/3,

and SUMO4. SUMO2/3 are 98% homologous and may have identical function; antibodies raised

against one cross-react with the other homologue. SUMO1, on the other hand, is about 50%

homologous to SUMO2/3, and is thought to have a distinct role. It is not known if SUMO4 is

functional, or whether it is a pseudo-gene. Lysine sidechains can be poly-SUMOylated, analogous

to ubiquitination; SUMO1 is thought to act as a poly-SUMO chain terminator.

Adenoviral infection is closely-linked with SUMOylation. For instance, the Ad protein E1B-55K

is SUMOylated [47,93,104,190–192] and E4–ORF3 has been shown to regulate SUMOylation of the

Mre11-Rad50-Nbs1 components [168]. The promyelocytic leukemia protein (PML) nuclear bodies,

the localization of which is affected by Ad infection or E4–ORF3 transfection, are likely formed as a

result of SUMO interactions with SUMO-interaction domains [162]. The associated factor Daxx is

known to contain a SUMO-interaction motif (SIM) which mediates its association with PML [108].

SUMO-interaction motifs are typically characterized by a run of four nonpolar residues flanked by

acidic or basic residues or serine residues which can be phosphorylated to control the SUMO–SIM

interaction [59].

A recently-solved X-ray structure of an N82E E4–ORF3 variant, coupled with EM visualiza-

tion, has revealed the mechanism by which E4–ORF3 assembles into nuclear polymers [140]. The

nonfunctional N82E variant was reveled as a homodimer, in agreement with our previous obser-

vations (Chapter 5). The key finding which reveals the mechanism of E4–ORF3 polymerization

involves the C-terminal tail (residues 99-116). This tail (Figure A-3A) is thought to mediate

domain-swapping interactions which create a heterogeneous polymer network [140]. Tail residues

which point toward the core of the homodimer are typically hydrophobic, and are highly conserved
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Figure A-3: Proposed mechanism by E4–ORF3 function. A. The crystal structure of the
nonfunctional N82E variant of E4–ORF3(PDB entry 4DJB [140]). Consistent with the findings
presented in Chapter 5, the structure reveals that E4–ORF3 homodimerizes, and that two long
C-terminal tails (rendered in licorice, only one visible) occupy binding proclivities on the dimer
surface. Tail residues V101, L103, L106, F108, V110, L111, and L116 point toward the core of the
dimer; this tail is used by E4–ORF3 to polymerize the dimeric building blocks via a heterogeneous
three-dimensional domain swapping mechanism. The L103A mutation likely weakens both intra-
and intermolecular interactions involving this tail. B. The tail sequence is highly conserved across
viral serotypes; L103, indicated with an arrow, is perfectly conserved. Intriguingly, adjacent H102
and I104 (identified with $) contain sequence variation. All adenoviral strains are able to form
nuclear tracks. It has been shown that I104 is crucial for track function against the MRN complex,
as the I104R mutation abolishes MRN re-localization by Ad5 E4–ORF3. C. The C-terminal tail of
E4–ORF3 contains a sequence remarkably similar to known SUMO-interaction modifs of PIASx,
PML, and Daxx (Σ represents phospho-serine). The SUMO-interaction motif is characterized by a
stretch of hydrophobic amino acids flanked by neighboring basic or acidic groups. The site of the
L103A mutation is indicated by an arrow. D. A homology model of human SUMO1 in complex
the C-terminal tail of E4–ORF3. Model was constructed based on PDB entry 2ASQ [169] using
modeller [149]. Remarkably, the putative E4–ORF3 SIM residue I104 is buried in a hydrophobic
binding pocket on SUMO1. Mutation of this residue to Arg (as observed with Ad viral serotypes
in panel B) will likely abolish SUMO1 binding. However, I104R should have no effect on track
formation, due to the solvent accessibility of this residue.
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(Figure A-3B); their mutation to alanine has severe consequences on nuclear track assembly [50].

Remarkably, the E4–ORF3 tail contains a string of residues which are exceptionally homolo-

gous to those of a known SUMO-interaction motif (Figure A-3C). We propose that this region of

E4–ORF3 is responsible for binding the SUMO modification of numerous known cellular targets.

E4–ORF3 proteins of numerous Adenoviral serotypes are all able to form nuclear tracks; however,

they differ in their ability to interact with MRN [29, 168, 174]. A key reason for this appears to

be the identity of the residue at position 104: clades containing Ile relocalize MRN, while those

containing Arg at position 104 do not.

Additional experiments are required to validate or disprove the E4–ORF3 SIM hypothesis.

However, this region has been shown to be the functional portion of the protein, and a number

mutants which abrogate E4–ORF3 function map to residues 101 through 106. The most pressing

question is whether an emergent interface is required to interact with cellular substrates, or whether

the sequence of the tail alone is sufficient. Based on the structural model of E4–ORF3 tail in complex

with SUMO1, we predict that L103A mutation weakens the interaction with SUMO1. This may

work to explain the poor binding we observed between L103A variant of E4–ORF3 and human

SUMO1.
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