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ABSTRACT

The current thesis presents work on the structure and dynamics of oligosac-

charides and polysaccharides as well as the free energetics of carbohydrate-protein

interactions. By applying various computational tools such as molecular dynamics

simulations, our in-house fast sugar structure prediction software, replica exchange

molecular dynamics, homology modeling, umbrella sampling, steered molecular dy-

namics as well as the thermodynamic integration formalism, we have been able to

study the role of water on the surface of homopolysaccharides as well as complex

oligosachharides, we have been able to produce a prediction of the bound structure of

triantennary oligosaccride on the asialoglycoprotein receptor, we have been able to es-

timate the free energy of binding of Manα1→2Man to the HIV-1 inactivating protein,

Cyanovirin-N as well as the relative binding free energies of mutants of Cyanovirin-N

to the same ligand.
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CHAPTER 1
INTRODUCTION

Along with proteins, lipids and vitamins, carbohydrates are an important

class of biomolecules. Most functions within the cell are affected by carbohydrate-

protein interactions and protein glycosylation is often a fundamentally important

post-translational modification. In 2002, it was estimated that around 70% of the

structures available in the protein data bank (PDB) included the sequence Asn-X-

Ser/Thr, where a carbohydrate can link covalently to the Asn residue forming what is

commonly referred to as the N-glycosylation.[146] Instead O-glycosylation, is defined

as the covalent attachment of a carbohydrate moiety to the oxygen of a serine or

threonine. A recent review article highlights evidence that any significant change in

the O-GlcNAc leads to type II diabetes, cancer and neurodegerative disease. [155]

Attempting to predict the structure of homo-polysaccharides, heteropolysac-

charides or complex oligosaccharides is in itself a daunting task. Carbohydrates,

unlike their protein counterparts, simply do not have a backbone and as opposed to

proteins which are linear polymers, carbohydrates are often branched. Since these

molecules are polyalcohols, there are various plausible linkage points such as 1-1, 1-2,

1-3, 1-4 and 1-6 [113](see Figure 1.1) and this is further complicated by the fact that

monosaccharide residues exist in two anomeric configurations, namely α (where the

OH group at C1 is axial) and β (where the OH group at C1 is equatorial) with re-

spect to the 4C1 chair conformation. In the past, our group has put significant effort

in understanding the conformational preferences of oligsaccharies by developing and
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using a fast sugar structure prediction software as well as by carrying out molecular

dynamics simulation studies. [148, 149]

Biologically relevant carbohydrates must be studied as species in solution. Un-

derstanding the role of water on the surface of oligosaccharies is important since by

often forming solvent-mediated hydrogen bonds, water is not a passive spectator in

the binding of carbohydrate ligands to proteins. [35, 88, 84] Our own studies[112]

show that for various types of carbohydrates, the residence times, diffusivities and

local water number density as well as water rotational correlation times on the sur-

face of carbohydrates depend on linkage type, anomeric configuration and sequence.

Accordingly this could influence the binding ability of different carbohydrate ligands

to proteins.

A significant number of bacterial, viral and fungal infections are at some stage

associated with carbohydrates binding to proteins. For example, during HIV at-

tachment to a host cell, glycoprotein-120 (gp120) on the virus capsid, which is highly

decorated with high-mannose oligosaccharide [123] binds to receptors on the host cell.

Likewise in the cell, many important carbohydrate interactions appear to involve a

terminal sialic acid residue (N-acetylneuraminic acid, Neu5Ac or simply Sia). When

the sialic acid binds to a receptor, corresponding signal transduction events occur.

To recover proteins for degradation and reuse it is often the case that terminal sialic

acid residues are chopped off by sialidases. In the case when the remaining carbohy-

drate motif is the galactose exposed triantennary oligosaccharide (see figure 1.2) the

hepatic asialoglycoprotein receptor (ASGP-R)[7] recognizes it by binding to galactose
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and inducing receptor mediated endocytosis.

Such multivalent interactions responsible for the high affinity binding of car-

bohydrate ligands to their respective proteins/receptors are common and the idea to

utilize this concept to develop carbohydrate-based vaccines/drugs for effective thera-

pies is not new. [78, 103] In order to fully understand the multivalent nature of car-

bohydrate based ligands, one must first unravel structural details and subsequently

focus on the free energy of such interactions. Methodology and an attempt at the

prediction of the structure of one such type of multivalent system is described in

chapter 3 of this thesis where we study the triantennary oligosaccharide in complex

with the asyaloglycoprotein receptor.

Once structural details of protein-carbohydrate interactions are established,

the role of key amino acids at the binding site can be computationally evaluated in

order to propose mutations that could potentially lead to enhanced binding affinities.

Among the very many systems that can be studied, one blue-green algal lectin,

Cyanovirn-N is a promising candidate. This protein binds to the Manα1→2Man

moiety of the D1 and D2 arms of high mannose (Man9), see Figure 1.3. [26, 79]

Several experimental [10, 13, 15, 74, 90, 94, 152, 26, 27, 55, 54] studies are available

to date on various structural models of CVN and are complemented by computational

studies.[93, 58, 143, 144, 57] However the significance of particular protein residues

in binding and the possible enhancing role of mutations is not yet understood. This

is the subject of chapters four and five in this thesis.
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(a) Galα1→1Gal (b) Galα1→2Gal

(c) Galβ1→1Gal (d) Galβ1→2Gal

Figure 1.1: Complexity in carbohydrate linkage. Representative structures of digalac-

tose are shown with different linkages and anomeric configurations.
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Figure 1.2: Triantennary Oligosaccharide: Sequence and Structure. Top panel, the

sequence of triantennary oligosaccharide (TA), a natural ligand of the ASGP-R and

bottom panel, the 3D structure of TA
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Figure 1.3: Structure of the High Mannose Oligosaccharide, Man99GlcNAc2.

Cyanovirin-N binds to the Manα1→2 moiety of D1, D2 or D3 arms of the high

mannose oligosaccharide.
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CHAPTER 2
ROLE OF WATER ON THE SURFACE OF POLY- AND

OLIGOSACCHARIDES

2.1 Introduction

Carbohydrates are an important class of biomolecules that can be found free in

the cytoplasm, decorating the surface of proteins and as parts of glycolipids. They are

involved in cell adhesion, immune responses, protein trafficking and signal process-

ing. Understanding the structure and function of oligosaccharides is very important

because these molecules are exquisite biological recognition agents. This unique-

ness stems from the large number of chiral centers, the presence of branching and

their conformational variability. As an example, in diseased states, glycans are ex-

pressed differently and act as biomarkers in cancer, AIDS and rheumatoid arthritis

[141, 6, 46, 45].

Dashnau et al showed that the orientation of hydroxyl groups in axial and/or

equatorial positions in aldohexopyranoses affects the water structuring in the first hy-

dration shell. Aldohexopyranoses such as β-glucose, β-mannose and β-galactose have

hydrophobic and hydrophilic hydration sites that play a role in aromatic interaction

during carbohydrate-protein recognition [41, 132]. Resonance two photon ionization

and ultraviolet and infrared ion-dip spectroscopy of hydrated mono- and disaccha-

rides have shown that water on the surface of carbohydrates helps these biomolecules

achieve the conformations that are recognized by proteins i.e., water is not a mute

spectator but it actively participates in molecular recognition events [127] (see ref-
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erence 7 and citations therein). In contrast with the large amount of information

available for the role of water in contact with proteins and nucleic acids, no com-

prehensive study of the role of water on the surface of glycans is available. This is

perhaps because of the topological complexity of sugars. It is therefore of crucial

interest [135, 139] to shed light on the water structure patterns and the diffusive dy-

namics on the surface of carbohydrates as a function of the key elements present in

carbohydrates but absent in proteins such as branching, linkage pattern and anomeric

configuration [68, 43, 1].

Several experimental and theoretical studies have reported on the behavior of

water at the interface with carbohydrates. Because of the complexity of these systems,

most of these studies have been carried out on monosaccharides, disaccharides or small

model oligosaccharides. Kirchner and Woods have performed high level quantum and

molecular dynamics simulations and have shown that the conformational preferences

for the 1→6 linkage are correctly reproduced only in the presence of water [77].

In exploring the role of water in the vicinity of simple monosaccharides such as α-

d-glucopyranose and α-d-xylopyranose, Leroux et al. observed that the hydroxyl

groups of the monosaccharide units align in such a way that they form hydrogen

bonds with water instead of intra-molecular hydrogen bonds [89]. Consistent with

these computational predictions, recent depolarized Rayleigh scattering (DRS) and

low-frequency Raman Spectroscopy experiments performed on an aqueous glucose

solution by Paolantioni et al showed that a solute with the ability to have multiple

hydrogen bonds disrupts the tetrahedral geometry of water in its first hydration shell.
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The loss of hydrogen bonding between water molecules is compensated by sugar-water

hydrogen bonds leading to the denser water environment around the sugar [104].

Lee et al. have shown that disaccharides such as sucrose and trehalose not only

disrupt the tetrahedral geometry of water in their vicinity but also its translational

and rotational dynamics. Dynamics on the surface of these dissaccharides is much

slower than that on the surface of glucose [86]. Liu et al have shown that α,α-

trehalose imposes a strong anisotropic structuring of solvent that extends up to three

solvation shells away from the sugar due to the formation of water mediated H-

bonds. In computational studies the self-diffusion coefficient of water in 87 µM α, α-

trehalose solution was found to be 20% smaller than that in neat water simulations

[91]. Englesen et al studied disaccharides maltose, sucrose and trehalose in dilute

aqueous solutions. The H-bonding pattern, the solvent residence times and the solvent

density around these disaccharides were observed in simulation to be different. Water

surrounding trehalose displayed the longest residence times and was clearly more

structured than in the vicinity of maltose and sucrose [48, 47].

Almond et al have elucidated the role of water on the surface of small oligosac-

charides composed of α- and β-linkages of glucose and mannose. In the case of α-

linkages, weak intramolecular hydrogen bond interactions along contiguous residues

and many water mediated hydrogen bonds were observed contrary to the situation

when β-linkages are present. In the case of β-linkages water mediated hydrogen bonds

appeared not to be favored; instead strong direct hydrogen bonds with water were

observed [2, 3].
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Although the above studies are very important, as far as we know there have

been no systemic and comprehensive analysis of the water structure and dynamics

on the surface of moderate to large oligosaccharides consisting of various linkages

and monosaccharide compositions. Several outstanding questions arise; how do water

structure and dynamics differ around a linear homopolymer of glucose or mannose

and across 1→2, 1→3 and 1→4 linkages? How does the anomeric configuration of

the different monosaccharides affect surrounding water dynamics? How do branched

oligosaccharides differ from linear oligosaccharides with the same monosaccharide

composition in their ability to affect water structure and dynamics?

In order to address the effect of branching on a given type of oligosaccharides,

we have studied several variations of the Man9 sugar. In order to address issues

related to the anomeric configuration, linkage point and monosaccharide identity, we

have studied homopolymers of 9 monomeric units of 1→2, 1→3, and 1→4 linkages

of α and β glucose and mannose sugars (Figure 2.1 and Table 2.1). The effect of

polymer length is addressed by comparing the results for nonamers with two selected

twenty-mers.

The Margulis group has previously written several articles [151, 148, 149, 93,

142] addressing the problem of sugar conformational variability in solution. The

current article does not attempt to address this issue but instead is written from

the point of view of the solvent around well defined sugar structures. In subsequent

sections we will show that water structure and dynamics on the surface of sugars

depends on the overall structure of the biomolecule, its anomeric configuration and
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types of linkages. We will also show that some simple rules of thumb can be derived

by systematically analyzing the results derived from our simulations.

2.2 Materials and Methods

The models chosen for this study are categorized into 4 groups. Homopolysac-

charides of glucose, mannose, branched sugars and a trisaccharide. Within the ho-

mopolysaccharides we have studied 6 glucose and 6 mannose nonamers and 2 mannose

twenty-mers. For easy reference, the branched structures and the glucose homo non-

amers as well as the trimer are depicted in Figure 2.1. Common names for some of

these molecules can be found in Table 2.1.

Common Name residue linkage
Amylose Glucose α1→4
Cellulose Glucose β1→4

Crown Gall Glucose β1→2
Laminaran Glucose β1→3
Mannan Mannose β1→4

Table 2.1: Common names of the sugars

All oligosaccharide models were built using the xleap module in AMBER 9.0

[32]. The choice of the initial conformations was based on previous experimental

information. [101, 121, 122, 133, 154, 4, 109]. We used the GLYCAM [77] force field

for all our calculations. The total number of atoms in the system ranged from 5000-

14000 depending on the model studied. All the oligosaccharides were solvated using
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Figure 2.1: Some of the various oligosaccharide models used in the study. The Man9

oligosaccharide was manipulated to generate the different variants Man91, Man92 and

Man9 dimer
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SPC [71] water in truncated octahedron boxes. Long range electrostatic interactions

were treated using the Particle Mesh Ewald summation [40]. Molecules were energy

minimized using the steepest descent method followed by the conjugate gradient

method. After constant pressure and temperature equilibrations for at least 250ps at

ambient conditions, production molecular dynamics simulations in the NVE (constant

energy, volume and number of atoms) ensemble of 5 ns in duration were carried out

with the sander module of AMBER 9.0. Because of the time scale separation between

solvent dynamics and sugar conformational dynamics 5 ns was enough to converge

all correlation functions. Data was collected every 50 fs for subsequent analysis.

Chung and coworkers have previously developed theoretical methodology and

a computational algorithm that significantly improve on the accuracy and reliabil-

ity of residence time calculations on complex surfaces [34]. The problem with the

proverbial methodology for the computation of residence times[69] at complex sur-

faces is not the theory but the actual implementation of this theory. Chung et al have

demonstrated[34] that because of the way residence times are computed during finite

simulations, solvent molecules that stay trapped on a surface for long periods of time

significantly contribute to the survival probability time correlation function at short

times and are the only ones contributing to this function at long times. The problem

is that one has extremely bad statistics on solvent molecules that get trapped on a

complex surface for long times since this is a rare event on typical computational

time scales[34]! Because of statistical uncertainty, if one runs identical simulations

with different initial random conditions the number of molecules that reside for long

times on a surface will be different in each case [34]. Of course if molecular dy-
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namics simulations were of infinite duration this would not be a problem, but in

actuality the survival time correlation function of which the time constants define

the residence time commonly differ significantly from simulation to simulation. The

algorithm developed by Chung and coworkers [34] circumvents this problem by com-

puting a different function (a normalized cumulative probability of passage times)

that has been shown to be devoid of the aforementioned statistical instability and

that is rigorously proven to be related in a differential way to Impey’s [69] original

survival probability time correlation function. When this function can be accurately

fitted to an arbitrary sum of exponentials, the corresponding time constants are by

definition identical to those derived from the proverbial algorithm but are much more

statistically reliable. Equation 2.1 defines the distribution of first passage times.

H̃accum(≥ m) =

Nsys∑
j=1

Nf−2∑
m′=m

1

Nf −m′

Nf−m′−1∑
n=1

[1−Aj(n− 1)][1−Aj(n+m′ + 1)]

n+m′∏
k=n

Aj(k)

(2.1)

Here Nsys represents the total number of solvent molecules in the system. Nf is the

total number of trajectory frames recorded and Aj(k) takes a value of 1 if molecule j lies

within the hydration shell (4Å) at time frame k (i.e. at time k ∗dt); otherwise its value is 0.

The product enforces that molecule j is found within the shell at all times from time frame n

until time frame (n+m′). [1−Aj(n−1)]∗Aj(n) = 1 and Aj(n+m
′)∗ [1−Aj(n+m

′+1)]=1

represent entering and leaving events. The fraction of molecules with first passage time

greater or equal to m ∗ dt = τ is

f̃(≥ τ) =
H̃accum(≥ τ)

H̃accum(≥ 0)
(2.2)
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and it can be proven[34] that

f̃(≥ τ) =
∂f(τ)

τ
∂f(τ)

τ |τ=0

(2.3)

where f(τ) is the proverbial survival time correlation function.

In order to compute solvent mean square displacements in this article, we used

equations 2.4 and 2.5 from reference [34].

⟨∆r(t)2⟩ = 1

Nw′(t)

Trun−t∑
t0

Nw(t0,t)∑
j=1

[rj(t+ t0)− rj(t0)]
2, (2.4)

where Nw is the number of water molecules inside the hydration shell at t0, which remained

so until t0 + t, Trun is the simulation time and

Nw′(t) =
Trun−t∑

t0

Nw(t0, t). (2.5)

In the analysis of the rotational dynamics of water, we calculate the autocorrelation function

C(t) defined in Eq. 2.6

C(t) =
⟨v̂(t0 + t) · v̂(t0)⟩
⟨v̂(t0) · v̂(t0)⟩

(2.6)

Here v̂(t) is the unit vector directed along the dipole moment vector of water at time t.

In the calculation of residence times, MSDs and rotational autocorrelation functions, the

hydration shell is defined as the region within 4Å from the solute.

3-D solvent occupancy plots were generated on typical 50ps fragments of our trajec-

tories using the Chimera software from UCSF [110]. Grid cells of 1Å3 appear colored only

when they are occupied by solvent molecules 10% of the time. This particular value was

selected because it allows for optimal discrimination between our sugar models. At higher

values, almost no occupancy can be detected for β1→4 homopolysaccharides.

In order to classify our linear saccharides, helical parameter, n (number of residues

per pitch) and h (advancement per monomer unit) were calculated according to the def-
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inition in the following references. [113, 52, 115] According to Rees’[115] classification of

perfectly periodic helices our studied sugars fall into the ribbon family n=2-±4 and h=4-6Å

(this is what Rao’s book[113] calls extended helices)and the hollow helix family n=2-±10

and h=0-4Å (this is what Rao’s book[113] calls wide helices).

2.3 Results and Discussion

Several X-ray and conformational studies have been reported on homopolymers of

1→2, 1→3 and 1→4 glucose and 1→4 mannose. [101, 121, 122, 133, 154, 4, 109] In order

to validate our simulation methodology we have computed torsional angles as a function of

time for these sugars and found that both the minimum energy configurations as well as

fluctuations are consistent with previously reported values [101, 121, 122, 133, 154, 4, 109].

We are therefore confident that sugar conformations are those experimentally reported and

they do not significantly change on the time scale of our 5 ns simulations.

In order to classify the morphology of our saccharides, we computed helical pa-

rameters n-h along simulation using the method described by French. [51, 52] Results are

presented in Fig. 2.2. Though results are similar, the dispersion in our data is larger than

that in reference [51] because our simulations do not force the saccharides to remain in a

perfect helical configuration. According to reference [51] and our findings (see representative

structures in Fig. 2.3), as the homopolysaccharide chain length is increased, these sugars

form either wide helices (helices with large diameter that have a large number of residues

per turn) or extended helices (helices with small diameter and low number of residues per

turn). Based on the definitions in Section 2.2 and Fig. 2.2 we find that linear homopolysac-

charides with linkages α1→2, β1→2 α1→4 and β1→3 tend to form wide helices and α1→3

and β1→4 linkages tend to form extended helices
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Figure 2.2: Helical parameters n (number of residues per pitch) and h (advancement

per monomer unit in Å) from our production runs of α and β glucan homopolysaccha-

rides. From top to bottom, L-R are shown models of α1→2, β1→2, α1→3, β1→3,

α1→4, β1→4-glucans. Negative values of n represent a left-handed helix whereas

positive values represent right-handed helix. These figures can be compared with

French’s work figures 2-6.
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Figure 2.3: Representative structures from our production runs of α and β glucan

homopolysaccharides. From top to bottom, L-R are shown models of α1→2, β1→2,

α1→3, β1→3, α1→4, β1→4-glucans. Mannose linear homopolymers are not shown

in this figure but they have very similar secondary structures to the glucose analogues.

In general, we find that linear homopolysaccharides with α1→2, β1→2, β1→3 and

α1→4 linkages form wide helices while those with α1→3 and β1→4 linkages tend to

form extended helices in solution.
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2.3.1 The Effect of Saccharide Structure on the Surrounding

Solvent Structure and Residence Time

The fraction of molecules with first passage time greater than or equal to t (f̃(≥ t))

is a measure of the behavior of water in contact with a surface and can be used to compare

the nature of different sugar-solvent interfaces. In this study, we start by attempting to

address the effect of linkage, anomeric configuration, secondary structure, branching, size

and monosaccharide identity on f̃(≥ t). Fig. 2.4 shows the logarithm of f̃(≥ t) for a broad

set of sugars with widely different structural characteristics ranging from a trisaccharide to

a dimer of Man9 and two structurally very different linear mannose twenty-mers. Some of

these saccharides, are linear, others are highly branched and they have different linkage and

anomeric configurations. For clarity this figure also shows typical conformations in solution

for each of these molecules and surrounding solvent occupancy isosurfaces.

Since Fig. 2.4 is on a logarithmic scale, the slope of these curves correspond to the

inverses of the characteristic water residence times on the surface of the different saccharides.

Table 2.2 shows the value of these inverse slopes between 20 and 30ps. In broad terms, it

is clear from Fig. 2.4 and Table 2.2 that branched or in general crowded sugars as well as

sugars forming wide helices have longer solvent residence times. The residence time on the

surface of extended helices is in general much shorter. Secondary structure plays a crucial

role in defining the residence time of water on the sugar surface. Size appears to be less of a

factor since for example Man20β1→4 and a β1→4 nonamer have almost identical residence

times.

Heyden et al have studied solvation dynamics of water surrounding saccharides of

different size using terahertz spectroscopy. In a comparison of a monosaccharide with two
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Figure 2.4: Logarithm of the fraction of molecules with first passage time greater or

equal to t as a function of t. The slopes of these plots correspond to the residence

times.
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Model τ (ps) Secondary Structure
β1→2m 34 Wide Helix

man9 dimer 33 Branched
α1→3m 33 Extended Helix †
α1→2g 33 Wide Helix
β1→3g 32 Wide Helix
β1→2g 31 Wide Helix
Man9 31 Branched

α1→2m 31 Wide Helix
Man20α1→4 30 Wide Helix

β1→3m 30 Wide Helix
α1→4g 28 Wide Helix
α1→3g 27 Extended Helix

Man20β1→4 24 Extended Helix
α1→4m 24 Wide Helix
β1→4g 23 Extended Helix

Trisaccharide 23 No Secondary Structure
β1→4m 23 Extended Helix

Table 2.2: Characteristic residence times (τ values) for our model saccharides derived

from simulation.

disaccharides the authors observed that water hydrogen bond dynamics in the first solvation

shell of the sugar was significantly less affected in the case of the monosaccharide [62].

Larger oligosaccharides with particular secondary structure patterns favor water mediated

hydrogen bonds. In calculating the residence times of water in aqueous solution of sucrose,

Englesen and Pérez [47]found that the presence of water mediated hydrogen bonds results

in longer water residence times on the sugar surface. In particular, they observed that two

water mediated hydrogen bonds, namely O-2g...Ow...O-3f and O-2g...Ow...O-lf were present

in their simulations for more than 40% of time. More recently, Veluraja and Margulis found

the same type of behavior in Sialyl LewisX containing oligosaccharides [142].
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Among all the homopolysaccharide models selected for this study, the residence

times of β1→2-m and β1→4-g or mannose constitute two extremes. Based on our distri-

butions of first passage times, we are able to determine that residence times in the case

of β1→2-mannose (wide helix) is largest while those for β1→4-glucose and mannose (ex-

tended helices) are shortest. The residence times for the solvent around all other nonamer

homopolysaccharides fall in between these two limits. The distinction between wide and

extended helices also explains the results in the case of our mannose twenty-mers in Fig. 2.4.

The twenty-mer forming a wide helix has longer water residence time.

The effect of branching can be gauged by analyzing a group of different oligosaccha-

rides belonging to the Man9 family. The function of f̃(≥ t) for all of these is fairly similar

and the τ values are similar to that for Man9 in table 2.2.

Most of our findings regarding residence times on the surface of homopolysaccharides

of glucose and mannose can be explained in terms of their secondary structure and the

extent to which they are able to trap water on their surface[91, 36, 2, 48]. As previously

discussed, the α1→2-, β1→2-glucose/mannose, β1→3-[25] glucose/mannose and α1→4-

glucose/mannose tend to form wide helices while α1→3-glucose and mannose and β1→4-

glucose [114] and mannose tend to form extended helices. Our analysis of local water

occupancies appear to indicate that in wide helical conformations, the orientation of the

pyranose rings is such that small pockets of water can get trapped giving rise to loci of high

local density. On the contrary, in the case of extended helical conformation, solvent residence

times are shorter, and for the most part solvent occupancies do not show appreciable water

trapping though some interesting exceptions exist.

In Fig. 2.5 we show five characteristic examples of water occupancy isosurfaces in
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contact with saccharides of different sequence, linkages and secondary structure. The top

two saccharides α1→2-glucose, and a modified Man9 correspond to a wide helix and a

branched oligosaccharide respectively. In both cases significant water trapping and slow

down occurs on the surface. From top to bottom, the following two structures, α1→3-

glucose and β1→4-glucose are extended helices; for these the residence time of water on

the surface is shorter and water dynamics is faster. There are clear differences between the

two extended sugars. In the case of α1→3-glucose (see Fig. 2.5) some water trapping can

clearly be observed due to the particular structural pattern that facilitates the formation

of water mediated hydrogen bonds between O6-O2-O4 in three consecutive residues. In the

case of β1→4-glucose almost no water trapping can be observed at the same iso-solvent

occupancy contour level. A very interesting exception to the wide/extended rule appears

to be α1→3-mannose (bottom of Fig. 2.5). Table 2.2 clearly shows that α1→3m has one of

the largest τ values. This is due to a combination of secondary structure similar to that in

α1→3-glucose and an epimeric effect that favors water trapping (see Figure 2.6).

2.3.2 Solvent Rotational and Translational Motion at the Saccharide Surface

While the distribution of first passage times and corresponding residence times pro-

vide information about how long a typical solvent molecule will remain in contact with

the saccharide surface, it does not provide detailed information regarding its mobility. The

calculation of mean square displacements and rotational correlation functions for water

molecules on the saccharide surface convey information regarding the degree to which sol-

vent motion is hindered and enables us to obtain deeper understanding of the similarities

and differences between saccharide surfaces.

Figure 2.7 shows rotational correlation functions for water molecules in the first
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Figure 2.5: Water density around saccharides with varied sequence, branching, link-

age and secondary structure. From left to right top to bottom the saccharides are:

α1→2-glucose, modified Man9, α1→3-glucose, β1→4-glucose and α1→3-mannose
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Figure 2.6: Comparison of typical snapshots along simulation for α1→3-glucose (left)

and α1→3-mannose (right) showing the loci of enhanced water trapping. The dashed

lines indicate the distance between O6.....O2 and O2.....O4, showing the epimeric

effect. In case of mannose the O2 is axial which makes the water molecule trapped

in comparison to glucose. The epimeric difference between Man and Glu results in

tighter solvent configurations in contact with the surface in the case of Mannose.
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Figure 2.7: Water rotational correlation functions in the first solvation shell on the

saccharide surface. Inset shows the complete decay of this function in the range from

0 to 10ps.
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solvation shell around selected saccharides of different characteristics. Consistent with our

previous analysis, the fastest relaxation occurs in the case of β1→4-mannose twenty-mer

followed by β1→4-glucose nonamer. Fig. 2.7 clearly shows that these two are extended

helices with modest ability for water trapping. Similarly fast decay of correlation is observed

in the case of the trisaccharide. Intermediate behavior is observed in the case of α1→3-

glucose an extended helix that shows moderate ability to trap water as demonstrated by

solvent isosurfaces as well as residence time. The decay of correlation is slowest in the

case of wide helices and complex branched oligosaccharides such as Man9dimer and the

α1→4-mannose twenty-mer.

A more detailed analysis of the rotational behavior of water surrounding homopolysac-

charides can be obtained from Figure 2.8. Figure 2.8(A) and (B) compare the rotational

behavior of glucose and mannose nonamers. The first notable difference between epimers can

be seen in the case of α1→3 and α1→4 linkages. In the case of glucose, the water rotational

autocorrelation functions at the surface of α1→3-glucan decays at an intermediate rate,

faster than a typical wide helix such as β1→2-glucose and slower than an extended helix

such as β1→4-glucose. In the case of mannose the water rotational correlation functions on

the surface of α1→3-mannose shows uncommonly slow decay while that of α1→4-mannose

displays a fast decay. The case of α1→3-m and α1→3-g are specially interesting because of

the particular arrangement of atoms O6-O2-O4 in three consecutive rings that make water

residence time on the surface unusually large compared to the case on the surface of other

extended helices. The epimeric configuration at O2 in mannose makes this effect even more

pronounced. The epimeric configuration of these two sugars can be clearly seen in Fig. 2.6

while the different local 3D solvent occupancies are shown in Fig. 2.5. The configuration of
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O2 in the case of mannose facilitates the formation of a significantly rigid water structure

that promotes water mediated hydrogen bonds between O6 and O4.

The case of α1→4-linkage is peculiar since it is known that amylose (α1→4-glucan)

attains a wide range of helical conformations. [109] This may explain why water rotational

correlation functions have dissimilar decays for glucose and mannose homopolymers. It

is clear that 5ns is enough to study water structure and dynamics on systems with well

defined helicity, however when the separation of time scales between water dynamics and

saccharide conformational dynamics is smaller our results may reflect a combination of the

water dynamics on two different saccharide secondary patterns.

Figures 2.8 (C) (D) and (E) compare the rotational correlation functions of water

on the surface of α and β homopolymers at different linkage positions. It is clear as we

have discussed in previous paragraphs that α1→3-m is special in the slow decay of water

rotational correlation as can be appreciated from Figures 2.8 (C). The rest of the 1→3

homopolymers have water rotational correlation functions on their surface that decays at

faster rates. In general, we find that regardless of whether they are α or β the 1→2 (Fig-

ures 2.8 (D))homopolymers have water rotational correlation functions that decay slowly.

This is because they all tend to form wide helices with many locations suitable for tight

water mediated hydrogen bonds. Figures 2.8 (E) can also be easily understood. Except for

α1→4-g which is in the wide helix configuration during simulation all other homopolymers

form extended structures that are less suitable for water trapping.

The relationship between the ability of a sugar to form water mediated hydrogen

bonds and the decay of surrounding solvent rotational correlation functions has been ob-

served before. It has been shown earlier for the pentasaccharides of cellulose (β1→4-glucose)
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and maltose (α1→4-mannose) that solvent rotational correlation functions are slow decay-

ing when compared to bulk water and also when compared to the decay on the surface of

disaccharides [140].

The translationally diffusive behavior of water on the surface of saccharides can be

studied using equation 2.4. We can get an accurate picture of the similarities and differences

in the behavior of water on the surface of wide or extended helices as well as complex

branched and small oligosaccharides by analyzing Fig. 2.9. The conclusions that can be

derived from this plot are very similar to those obtained while studying rotational diffusion.

In general complex branched sugars and wide helices which as we have demonstrated can

trap significant amounts of water on their surface due to water mediated hydrogen bonds,

show both the slowest decay of solvent rotational correlation and smallest solvent mean

square displacements.

A detailed comparison of epimeric differences between mannose and glucose still

show that α1→3-mannose has uncommonly slow water surface diffusion on its surface due

to the particular arrangement of atoms displayed in Fig.2.6. In general, just as we found

in the case of the rotational correlation functions, the MSD of water on the surface of

nonasaccharides with 1→4 linkages appear to be largest. In particular β1→4-mannose and

glucose appear to be less able to slow down the motion of water in contact with their surface.
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Figure 2.9: The mean square displacement of water around selected saccharide models

chosen for this study.
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2.4 Conclusions

As we have shown in previous subsections, geometric effects dramatically affect

the behavior of water on the surface of sugars. Branched sugars are particularly well

suited to trap water and so are wide helices. In general we find that α1→3 and β1→4

homopolysaccharides of glucose and mannose form extended helices and it is likely that

other homopolysaccharides with the same linkage and anomeric configuration as well as O4

of the second residue in equatorial position will form similar secondary patterns. Though

we were not able to find in the literature the structure of homopolysaccharides of allose

and altrose, these should form similar patterns to those found in mannose and glucose and

based on table 2.2 we predict that they will have low or intermediate ability to trap water

on their surface.

Glucose and mannose are epimers at O2; it is clear that all α1→2 and β1→2 ho-

mopolysaccharides studied form wide helices which are able to trap water for long periods

of time and slow down its rotational and translational diffusion. Therefore it appears that

both α1→2 and β1→2 configurations irrespective of whether the second residue is axial or

equatorial will form such structures. We therefore predict that all aldohexoses that have a

1→2 linkage will form compact helices that are likely to strongly associate with water and

slow down its dynamics.

Based on our studies, the 1→3 linkages are interesting since both extremes of very

low and very high water trapping and slowing can be observed. While the β1→3 version

of mannose and glucose homopolysaccharides form wide helical structures in solution with

intermediate water trapping and slowing abilities the α1→3 homopolysaccharides form well

defined extended structures. Since mannose and glucose have equatorial O3 configurations,
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we expect α1→3 galactose and talose to also form well defined extended helices. Interest-

ingly α1→3-g has moderate ability to trap and slow down surface water dynamics while

α1→3-m is as highly effective as the branched sugars at modifying the behavior of water

on its surface. This is because of the unique arrangement of O6, O2 and O4 in consecutive

residues depicted in Fig. 2.6 which is only present in the case of mannose. It would be

interesting to study the case of talose, which is an epimer of mannose in O4. Unfortunately

this is an uncommon sugar for which a α1→3 homopolysaccharide has not been studied. In

the case of linear saccharides we find that beyond certain number of residues size does not

significantly effect residence times as well as other properties.
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CHAPTER 3
IN SILICO PREDICTION OF THE 3-D STRUCTURE OF TRIMERIC

ASIALOGLYCOPROTEIN RECEPTOR BOUND TO
TRI-ANTENNARY OLIGOSACCHARIDE

3.1 Introduction

The asialoglycoprotein receptor, identified by Ashwell and co-workers, functions as

a transport receptor on the surface of hepatocytes. It binds to desialylated serum glycopro-

teins with exposed terminal galactose (Gal) and N-acetlygalactosamine (GalNAc) residues,

eliciting receptor-mediated endocytosis operated via clathrine coated pits [7, 128, 44, 30].

The receptor consists of two polypeptide subunits, H1 and H2 (in human hepatic cells) or

RHL1 and RHL2/3 (in rat hepatocytes), arranged as a hetero-oligomer [95, 126, 23, 24].

Several groups have proposed that the minimum ratio of the two polypeptides is 2:1, al-

though some experiments have indicated ratios between H1 and H2 that are in the range

2-5:1-2 [92, 21]. It is thought that the presence of a hetero-oligomeric system confers high

affinity to the receptor [20]. This receptor is known to be highly specific for the Gal or

GalNAc residues. ASGP-Rs bind to Gal or GalNAc with high affinity when in the form of

tri- and tetra-antennary oligosaccharides, whereas they bind with lower affinity when in the

form of bi-antennary oligosaccharides. The Kd for tri- or tetra-antennary oligosaccharides

to ASGP-R was found to be in the nM range, while that of bi-antennary was found to be in

the µM range[8, 87, 138]. In addition, when the terminal linkage was changed from β1→4

to β1→3, the binding affinity dropped significantly. This shows that ASGP-Rs are very

sensitive to the geometry of their binding ligands [119, 117, 147, 118].

Many of the aforementioned binding studies were completed before the crystal struc-

ture of any carbohydrate recognition domain (CRD) of the ASGP-R had been determined.
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Most C-type lectins such as the ASGP-R show significant sequence similarity in their CRDs.

An important analysis of such CRDs was provided by Weiss and co-workers [80]. In this

study the authors mutated the active site in the CRD of mannose binding protein A (MBP

A, another C-type lectin) to that of ASGP-R and solved the structure of the protein bound

to Gal. The modified protein was termed QPDWG because of mutations Glu185 → Gln185,

Asn187 → Asp187, His189 → Trp189 and the insertion of a Gly rich loop. Gal and GalNAc

were able to bind to QPDWG’s CRD but mannose was not able to do so. The structure

of the H1 CRD of ASGP-R was later determined by Meier et al. [96]. However, it was

not co-crystallized with Gal or GalNAc. Since the overlay of the structures of the CRDs of

the QPDWG mutant and H1 resulted in very low RMSD, Meier and coworkers reasonably

concluded that the conformation of Gal-bound QPDWG found in Weiss’ X-ray structure

should be analogous to that of Gal-bound H1. Although H2 remains structurally uncharac-

terized, H1 and H2 share 68% sequence homology in the CRD and an overall 58% sequence

similarity [129, 56].

Many studies have now provided important information on binding affinity of TA

and the H1:H2 subunit ratio on the cell surface; however, none has addressed the 3-D

arrangement of these subunits when bound to TA. In the study presented here, we predict

the 3-D protein subunit arrangement on the cell membrane, as well as its conformational

variability using computational techniques. Our novel approach takes advantage of the

recently developed Fast Sugar Structure Prediction Software (FSPS) [148, 149, 150, 151]

and the replica exchange method (REMD)[102, 66, 124, 131] to identify all conformations

of TA that do not conflict with binding to the ASGP-R receptor. Our computational

procedure also identifies the arrangements of H1 and H2 protein subunits in 3-D that are
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compatible with TA binding.

3.2 Methods

In order to achieve the goal of predicting the 3-D arrangement of a multi-valent

hetero-oligomeric transmembrane protein in ligand-bound conformation, we used several

distinct and powerful computational techniques. Our in-silico protocol was based on using

TA, a complex but computationally tractable molecule, to probe the 3-D arrangement of

the much more complex protein receptor. In order to do this, several obstacles had to

be overcome. First, a complete ensemble of conformational TA structures was obtained.

Second, a reliable approximation to the Gal-H1/H2 binding geometry was obtained. Third,

a homology model for H2 was constructed. Finally, because the predicted complexes should

be stable in solution, explicit solvent simulations had to be run.

The TA ligand consists of three branches known as antennae, each of which has a

terminal β-Gal residue that can bind to CRDs, such as those of H1 and H2 of the ASGP-R.

The sequence of TA is shown in Figure 3.1. Assurance of full conformational sampling for a

complex branched oligosaccharide is always challenging since most computational techniques

are prone to fail when ergodicity problems are present. These ergodicity problems arise due

to the coupled nature of dihedral rotations at branching points or crowded linkages. In

order to guarantee that our sampling was reasonably complete we used two independent

techniques: our in-house developed FSPS [148, 149, 150, 151] and the computationally

expensive REMD method [102, 66, 124, 131].
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3.2.1 Fast Sugar Structure Prediction Software Studies

In the case of TA, conformational flexibility is mainly due to glycosidic angle vari-

ability at the locations of branching. In order to better sample the conformations of TA

we used FSPS to conduct a coarse-grained search in glycosidic space[148, 149, 150, 151].

Briefly, the protocol followed in a typical FSPS calculation consists of the following steps:

• Exhaustive linked coarse-grained search in ϕ-ψ space for all linkages, to discard ster-

ically disallowed conformations.

• Energy minimizations of all allowed conformers in the gas phase or in an implicit

solvent.

• Pooling of structures into “unique families” defined on the basis of their energetic and

angular similarities. For example, in this work we required all members of a given

family to have ϕ and ψ angular differences of ≤ 20◦ and energy differences of ≤ 5

kcal/mol.

• Calculation of NMR observables (NOEs, RDCs, J-couplings) of a representative mem-

ber of each family in order to rank its likelihood in comparison to experimental ob-

servables.

The initial 3-D model of TA was built using the YASARA software v 9.6.14 [82]. In this

work, we were not interested in deriving the most likely structure of TA in solution, but

instead were concerned with its conformational structure when bound to ASGP-R. There-

fore the last two steps in the protocol are not needed. In order to balance accuracy and

computational cost, we used the angular scanning increments shown in Table 3.1. A typical

Ramachandran space basin of attraction has a radius of about 50◦. We chose finer incre-

ments when close to branching points since these dihedral angles provide TA with most of its
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conformational variability. This coarse graining resulted in 167792 allowed conformations

without steric clashes. These conformations were subjected to gas-phase minimizations us-

ing the GROMACS 4.0 software [61] and the OPLS-AA force field [39]. Results derived

using this method are compared against much more expensive REMD simulations in explicit

solvent.

Linkage Belongs To Scanning Increment
α-Man-1→6β-Man 6’ Arm 45◦

β-GlcNAc-1→2α-Man 6 Arm 45◦

β-GlcNAc-1→4α-Man 8 Arm 45◦

α-Man-1→3β-Man Core 60◦

β-Gal-1→4β-GlcNAc 6’, 6 and 8 Arms 180◦

β-GlcNAc1→4β-GlcNAc Core 120◦

β-Man1→4β-GlcNAc Core 120◦

β-GlcNAc-1→2α-Man 6’ Arm 120◦

Table 3.1: Dihedral angle increments for linkages in TA.

3.2.2 Replica Exchange Molecular Dynamics Simulations

The REMD technique is based on parallel simulations of identical system replicas

(M1 to Mn) at different temperatures (T1 to Tn)[102, 66, 124, 131]. Snapshots of the system

throughout the simulation are exchanged based on a Monte Carlo acceptance scheme [98].

At higher temperature, the system is able to cross barriers that are inaccessible at lower

temperatures. The protocol for exchange guarantees correct Boltzmann sampling at each of

the studied temperatures for which free energies can be derived, if all ergodicity problems

are surmounted. REMD simulations have been applied to the problem of protein folding
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(see for example reference [59]) as well as to study many other systems such as DNA-Carbon

nanotubes structures [70] and DNA-RNA dynamics [38].

As an initial equilibration step, we minimized TA in a cubic water box consisting

of 4055 SPC (simple point charge) water molecules [71], using the steepest descent algo-

rithm. Subsequently, we carried out an NPT (constant number of particles, pressure and

temperature) molecular dynamics equilibration of the system for 1 ns at 300K. All simu-

lations were carried out using the software GROMACS 4.0 [61] and the OPLS-AA force

field [39]. In order to properly describe electrostatic interactions in a periodically replicated

system we used the particle mesh Ewald (PME)[40] method, with a real space cutoff of

9 Å. The final structure from this equilibration run was used as the initial conditions for

REMD simulations. Our REMD simulations consisted of forty eight molecular dynamics

replicas ranging from 300K to 396K, in 3K increments. The choice of number of repli-

cas and temperatures was generated using the protocol of Van der Spoel [107] (see also

http://folding.bmc.uu.se/remd/index.php). Our explicit solvent REMD simulations were

35 ns in duration. This time scale was deemed appropriate based on the observed conver-

gence of Ramachandran plots for the crowded linkage points at the branching of 6’ Arm,

6 Arm and 8 Arm, which were almost unchanged after 15 ns. The integration time step

for the MD and REMD simulations was set at 1 fs and 2 fs, respectively. Exchange of

replicas was attempted every 1ps during the 35 ns simulation. We used the Nose-Hoover

coupling scheme [100, 63] for temperature control with coupling τ value of 0.05 ps and the

Parinello-Rahman coupling scheme [105] for pressure control with coupling parameter of

1.0 ps. In all simulations, the cut-off value for van der Waals interactions was set to 0.9 nm.

This simulation resulted in 17500 models of TA saved from the lowest temperature replica
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at a frequency of 2.5 ps.

3.2.3 Structural Alignment Studies

Our structural alignment studies consisted of three steps, described in subsections

3.2.3.1, 3.2.3.2 and 3.2.3.3. All alignments were performed using the PyMOL software

DeLano Scientific, California [42].

3.2.3.1 Identifying the Binding Site for H1

The first predictive step involved deriving the orientation of Gal in the H1 bind-

ing site. Since the structure of the H1 subunit with its binding saccharide had not been

solved[96], we used the x-ray structure of Gal bound to the QPDWG mutant [80] as a tem-

plate to orient Gal with respect to H1. This approach is expected to result in only negligible

error given the almost identical nature of the two binding sites (vide infra). To limit the

complexity of the predictive problem, we have not attempted to predict variations on the

well established binding mode for the interaction between the terminal Gal of TA and H1

or H2.

3.2.3.2 Alignment of Trimeric H1 of ASGP-R with TA

The second predictive step involved deriving all feasible 3-D arrangements of the

ASGP-R protein subunits in the complex. The structure of H2 has not yet been determined.

Since the H1 and H2 subunits are highly similar from a sequence and functional perspective,

the structure of H2 is expected to be similar to that of H1. Therefore, we first used three H1

subunits instead of two H1 and one H2 subunit. We later replaced the H1 subunit connected

at the 8 Arm by our homology model of H2 described in subsection 3.2.3.3. In order to

derive all feasible 3-D arrangements of the three H1 subunits, we attached an ASGP-R
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subunit to each of the three Gal terminated TA antennae using the orientation derived in

subsection 3.2.3.1. In other words, each TA conformer derived from our REMD simulation

was associated with a unique TA/ASGP-R 3-D arrangement that, in principle, can have

steric clashes. Structures with steric clashes were subsequently discarded.

The following protocol was followed for all structural alignments:

• The terminal Gal residue of the 6’ Arm of TA was aligned to the Gal binding site

of H1 derived from our comparison, with QPDWG using the pairfit command in the

PyMOL software. The coordinates of one H1 subunit and TA were saved to a pdb

file for further alignment of the other two subunits.

• The terminal Gal binding site of the 6 Arm of TA in the monomeric complex was

aligned with the Gal binding site of a second H1 and the dimeric complex was saved

to a new pdb file.

• The terminal Gal residue of the 8 Arm of TA in the dimeric complex was aligned

with a third H1 subunit and the final structure was saved in pdb format.

3.2.3.3 Homology Modeling of CRD of H2 subunit

The final predictive step involved deriving a homology model of the structurally

uncharacterized H2 subunit. An attempt to derive the structure of H2 and H1 from ho-

mology to the QPDWG mutant was published[19] before the crystal structure of H1 was

resolved. In contrast to this early study[19], our homology model used the known structure

of H1 to derive that of H2. The residues coordinating Ca2+ in the binding pocket of H1

and H2 subunits are highly conserved [129]. Furthermore, amino acid sequence alignments

of the ASGP-Rs from rat, mouse and humans show that the residues that ligate with Ca2+
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in each of these structures are identical. Thus it is highly probable that the H1 and H2

subunits interact with Gal in a very similar manner. These findings provide an excellent

starting point for the theoretical derivation of a reasonable structure for the H2 subunit.

Homology modeling of the H2 subunit was carried out using the MODELLER software,

version 9v6 [49, 50].

The protocol consists of three steps:

• The MODELLER software has an internal database of related protein sequences with

greater than 95% similarity. The sequence of H2 was used to query this database.

Fourteen templates with sequence identity greater than 30% were selected for step

two in the protocol.

• The second step is the use of a more accurate 2-D alignment program within MOD-

ELLER that takes into account structural information. All 14 template structures

were considered. A sequence identity table and a clustering tree (dendrogram) ex-

pressing differences among closely related templates were generated. For the next

step, three aspects were important: the resolution of the crystal structure, sequence

similarity data (from the previous step) and dendrogram data from the present step.

Based on these three criteria, the best choice for the next step (3-D model building)

was the H1 subunit (resolution was 2.0 Å, sequence similarity was 68% and close

relation to H2 through dendrogram data).

• The structure of H1 (PDB ID 1DV8) and the sequence of H2 were used to build a

3-D model for H2. Five candidates were proposed by the software. To evaluate these

models we used a routine approach based on the objective score function and the

Discrete Optimized Protein Energy (DOPE) score per residue. The DOPE score is
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a statistical potential based on pair distribution functions of all atoms in the native

structure [153]. A DOPE score value of 0.00 and above corresponds to high energy

and negative values correspond to lower energy. This evaluative method is described

in the MODELLER manual. The DOPE score for the template and best target are

overlaid in Figure 3.2. The similarity in scores between the template and the target

indicates high spatial homology except for moderate deviations at the H2 protein

termini.

3.2.4 Molecular Dynamics Studies of the Predicted Complex

All 17500 trimeric H1-TA complex candidates were checked for inter-subunit steric

clashes. Out of these 17500 candidate structures, only 22 had no inter-subunit clashes. If

the core of the sugar is oriented towards the positive Z axis and one looks down along this

axis, about half of the 22 structures have H1 subunits connected to the 6’, 6 and 8 Arms ar-

ranged in a clockwise fashion. The remaining structures are arranged in a counter-clockwise

fashion (the definition of clockwise and counter-clockwise is based on the arrangement of

the arms see subsection 3.3.2). In order to further refine these two families of structures,

the H1 subunit connected at the 8 Arm was replaced by our homology model of H2. The

reason for the choice of the 8 Arm is based on experimental evidence from Rice et al. [118]

showing that the 8 Arm Gal binds specifically to the RHL2/3 subunit (analogous to H2).

Four out of the 22 complex candidates, two belonging to each orientation of three subunits

(clockwise and counter-clockwise), were subjected to simulated annealing molecular dy-

namics (SAMD). These simulations were carried out in explicit solvent at constant volume,

with a temperature range from 500K - 300K sampled every 10K for a total of 10 ns. All

simulations were performed using the software GROMACS 4.0 [61] and the OPLS-AA force
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6'   Galβ1-4GlcNAcβ1-2Manα1
                                                     6
                                                   Manβ1-4GlcNAcβ1-4GlcNAc
                                                      3
6    Galβ1-4GlcNAcβ1-2Manα1
                                         4
8       Galβ1-4GlcNAcβ1

Figure 3.1: The sequence of a tri-antennary oligosaccharide (TA). The 1→6 linked

arm is conventionally termed the 6’ Arm, the 1→2 linked arm is the 6 Arm and the

1→4 linked arm the 8 Arm

field [39]. To prevent sugar detachment at the initial non-physiological high temperature

of the SAMD simulations, distance restraints were imposed between Ca2+, the binding site

atoms of each protein subunits and the 3’OH and 4’OH of the terminal Gal residues of the

oligosaccharide. These 24 distance restraints were derived from the model predicted by our

structural alignment studies (vide supra). In each case, the total number of atoms period-

ically replicated was approximately 100,000. Upon conclusion of the cooling temperature

ramp, all bonds were unrestrained and the system’s dynamics was further followed for 2.5

ns in the NPT ensemble at 300K. Independently, one of the complexes was studied for 12

ns at 300K, with and without replacement of H1 by H2 at the 8 Arm position, for further

comparison.
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3.3 Results and Discussion

3.3.1 FSPS and REMD Studies of Free TA

A comparison of the fully coupled Ramachandran plots for the 1→6 linkage of the

6’ Arm, the 1→2 linkage of the 6 Arm and the 1→4 linkage of the 8 Arm based on FSPS

and REMD simulations are shown in Figure 3.3. These linkages are the most important to

determine the overall structure of TA. We see from Figure 3.3 that both methods describe

almost the same dihedral space, except for fairly small deviations arising from the fact that

REMD is carried out in explicit solvent whereas FSPS is a gas phase procedure. In fact,

FSPS samples a small region (ϕ = 30◦ and ψ = 170◦), shown in Figure 3.3b, that was

not sampled by REMD, possibly because this region may be of high energy. The overlap

detected gives us confidence that we are indeed sampling all possible conformations of TA

in solution. An important difference between the two approaches is that with FSPS it

only takes three days and 10 processors to obtain these structures, whereas with REMD

three months and 48 processors. Examples of the different conformations of TA derived

from the REMD simulation are displayed in Figure 3.4. In this plot all conformers are

displayed such that the 6 and 8 Arms are pointing in the same direction. Our plots of the

explicit solvent REMD distance distribution at 300K and the corresponding free energies

derived from them are shown in Figure 3.5. Distances are defined from the C1 atom in

each terminal Gal to the C1 atom on the terminal GlcNAc in the core region. From the

width of its probability distribution, it is clear that the 6’ Arm displays the largest range

of possible distances. Flexibility is a well known characteristic of 1→6 linkages [77] and

is due to the presence of ω, the third dihedral angle. The probability distribution for

the 6’ Arm displays a major peak at 16 Å, and other less prominent peaks at 9 Å and
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12 Å at about 0.6 and 1.7 kcal/mol above the free energy minimum, respectively. The

probability distribution for the 6 Arm displays two peaks centered around 14 Å and 21 Å,

with corresponding free energy differences of 1.8 kcal/mol. The 8 Arm shows a single peak

centered around 22 Å. Based on these free energy profiles, transitions from the higher free

energy conformational states to those at lower free energies appear to be almost barrierless.

These results can be compared with those obtained in fluorescence resonance energy transfer

(FRET) experiments performed by Rice et. al., [119] in which a two-peaked distribution

was observed for the 6’ Arm, corresponding to our peaks at 9Å and 16Å, respectively. These

represent folded and extended populations, consistent with previous gas phase molecular

dynamics studies of TA by Balaji and coworkers [9]. The intermediate feature at 12Å

in our probability distribution also appears to be important. It turns out that the four

independent simulated-annealing molecular-dynamics simulations of the full ASGP-R-TA

complex in explicit solvent gave rise to sugar structures that match extended, folded and

intermediate 6’ Arm configurations (vide infra). In agreement with our simulations, the

FRET study [119] also identified a folded and extended set of populations for the 6 Arm,

and only a single population in the case of the 8 Arm. These results and biochemical

experiments in references [5, 116] appear to indicate that the inherent flexibility of TA is

important for the high affinity binding of TA to ASGP-R.

3.3.2 Structural Alignment Studies

Probing the structure of the TA/ASGP-R complex experimentally has proven to

be a daunting problem, so far the system has been refractory to high-resolution structural

analysis. Thus, a number of important questions remain. What is the symmetry of the

complex? What is the global 3-D arrangement of the protein subunits? Is there more
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Figure 3.3: Dihedral angle map for TA. In red are the results from our REMD simu-

lations and in green those from the FSPS for the 6’ (a), 6 (b) and 8 (c) Arms.
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Figure 3.4: Representative structures of TA derived from REMD simulations. The

orientation of the 6’, 6 and 8 Arms is indicated in the first snapshot and is the same

for all other conformations.
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than one viable arrangement? Our goal was to predict the broad features of the complex,

or set of possible complexes, computationally. Focusing on specific details of inter-protein

subunit amino acid interactions would be unwise in this case, given that we derived the

structure of the H2 subunit from homology. By taking advantage of experimentally derived

structural data on the mode whereby Gal binds to the CRD of QPDWG, and having derived

a complete pool of TA conformers, our alignment studies were able to predict the subset

of these conformers that can bind three subunits of ASGP-R through terminal Gal without

steric clashes.

Our pairwise structural alignment of the H1 subunit structure of ASGP-R to the

QPDWG mutant of MBP with bound Gal is shown in Figure 3.6. This alignment resulted

in a root mean square deviation (RMSD) of 1.27 Å (all atom, the Cα is around 0.94 Å).

Given the almost perfect overlap of the CRDs in both proteins, we were able to construct

17500 models of TA bound to three H1 subunits by aligning each terminal Gal on TA to

the known crystal structure of Gal bound to the QPDWG mutant. Only 22 out of the

17500 were viable structures for the complex, i.e. ones in which no inter protein subunit

steric clashes were detected. These 22 viable complexes could be separated into two families

distinguished by the “relative chirality” of protein subunit arrangement (see Figure 3.7).

The chirality arises from the inherent flexibility of the three Arms of TA. At this point, we

replaced the H1 subunit connected to 8 Arm with our model of the H2 subunit. Since the

CRDs of H2 and H1 are highly similar to that of QPDWG, variations on the well established

mode of binding between Gal and QPDWG are not expected. Because of the high level of

similarity between the two protein structures, no clashes resulted from this substitution.

In the absence of further knowledge of the constraints imposed by the three membrane-
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(a) Structural Alignment of H1 subunit of ASGP-R with QPDWG mutant of MBP A

(b) The Active Site of Binding

Figure 3.6: Structural Alignment of the H1 subunit of ASGP-R with the QPDWG

mutant of MBP A. (a) All-atom alignment of the H1 subunit with the QPDWG

mutant. The RMSD between the two proteins is 1.27 Å(all atom). Bound Gal is

shown in stick format. (b) Zoom-in view of the active site. The labeled residues are

those of H1.
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bound protein stalk regions and the locations of glycosyl moieties on the H1 and H2 subunit

surfaces, both of the families of complexes described above represent reasonable predictions

of the trimeric complex. Not only do two H1 units and one H2 unit bind to the 6, 6’ and 8

Arms, respectively, but the structures also accommodate a large glycoprotein attached to

the core region of the sugar. This is a requirement for any predictive model, since in the

biological system TA is attached to a variety of different proteins through its core.

When bound to TA all candidate complexes are clearly asymmetric. The distances

between terminal Gal residues are 20.9±1.3Å, 12.5±1.4Å and 23.3±3.1Å for the 6’-6, 6-8

and 6’-8 Arms, respectively. Clearly the largest variability is between 6’ and 8 Arms, where

some candidate complexes are separated by as much as 16Å- 25 Å.

The asymmetry in inter Arm distances seen in each of the 22 candidate complexes is

consistent with the prediction of asymmetry made by Lodish [92], based on simple geomet-

ric arguments using Rice’s distance distributions of TA derived from FRET experiments.

Interestingly, a symmetric structure of trimeric MBP A in the absence of oligosaccharide

has been crystallized [125, 145]. If the results of our study apply more generally to other

membrane-bound complexes such as trimeric MBP A, unless the ligand is highly symmet-

rical, the complex must be able to adapt in order to accept the ligand. A recent article by

Menon and coworkers[97] on DCSIGN supports the latter prediction. Using force pulling

experiments, these investigators showed that as the ligand approaches, it reaches a certain

distance at which a significant conformational change occurs in the protein complex. This

type of conformational rearrangement has also been observed in immunoglobulins [22].

To provide further details on the structure and dynamics of the full complex in

solution, we carried out two different types of MD simulation studies. The first involved
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(a) Clockwise Alignment

(b) Counter-clockwise Alignment

Figure 3.7: Clockwise and counter-clockwise receptor-subunit arrangements. At-

tached to the 6 and 6’ Arms are H1 subunits, and attached to the 8 Arm is an H2

subunit. H1 and H2 subunits are color coded and labeled to indicate the arm to which

they are attached. Two types of arrangements, clockwise and counter-clockwise, can

be derived from our studies. Since the protein subunits are large, it is unlikely that

there is exchange between these conformations once the sugar is bound to the protein

trimer.
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two constant-temperature and -pressure simulations of at least 10ns in duration, comparing

changes in the H1, H1, H2 complex to those in the H1,H1,H1 homo-trimer analog. The

second was a set of simulated-annealing molecular-dynamics simulations (SAMD) with a

temperature ramp covering the range of 500K to 300K. The purpose of the second study

was to measure the structural relaxation of the complex after a computational temperature

jump. Two clockwise and two counter-clockwise arrangements of the complex were used as

initial conditions for our four SAMD simulations.

3.3.3 Simulated Annealing Studies of the H1-H1-H2-TA complex

Simulated annealing (SA) is a technique in which the system is heated to high

temperatures in order to disrupt structure and cross energy barriers and subsequently cooled

to lower temperatures in order to allow the system to relax energetically. SA has been

applied, for example, to predict the conformation of protein side chains [37, 85]. As described

in subsection 3.2.4, distances between the ligand and binding receptors were constrained

during the temperature ramp, but were released during the last 2.5 ns, during which the

temperature of the system was kept constant at 300K.

The radius of gyration (Rg) as a function of time, for each of the models, is shown in

Figure 3.8. From this figure it is clear that the three-subunit complex can potentially adopt

a variety of conformations while still being compatible with the bound oligosaccharide.

This flexibility is evident from the fact that some complexes are compact but others are

not. Some of these conformations are much more likely to be physiologically relevant than

others, but probing the relative probability of each conformer would require exhaustive

simulation studies, both in the presence of the membrane and with the inclusion of the

receptor stalk, whose conformation is still unknown. Furthermore, detailed attention would
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have to be paid to glycosylation at the surface of the receptor proteins, and results may be

specific to the particular protein attached to TA’s core. Thus resolving these issues is beyond

the ability of current computational technology. However, several fundamentally important

conclusions can be drawn from our studies. Firstly, two different binding chiralities are

likely to exist. Secondly, in all cases the complex is asymmetrical. Thirdly, the ASGP-R

system appears to allow for significant fluidity which is likely required for binding to a highly

flexible and multi-conformational sugar. This last point has important implications for our

understanding of existing crystal structures of other sugar binding complexes. Specifically,

although these complexes may appear highly symmetrical, fluidity and the potential for

conformational variability may be key requirements for binding to asymmetric and highly

flexible N-Glycans.

3.3.4 Comparison of Structure and Dynamics of Homo- and Hetero-trimeric

Complexes

In order to gain a molecular-level understanding of differences in energetics between

homo- and hetero-trimers, we subjected both systems to molecular dynamics simulations

in explicit solvent at ambient pressure and temperature. In particular, we studied in detail

the interactions between the subunit connected to 8 Arm and TA. Figure 3.9 shows the

total interaction energy between TA and the protein subunit connected to the 8 Arm as a

function of time. There are significantly larger fluctuations when H2 is connected to the 8

Arm. Interestingly, this apparent on-off behavior observed around 1 ns and again at 4ns in

the case of H2 can be solely attributed to angular fluctuations of the side chain of ASP290

of H2, due to the interaction of the carboxylate with 8 Arm Gal. This is corroborated by

the interaction energy between this residue and TA, which is shown as a function of time in
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Figure 3.9. Though the interaction energy between H2 and TA appears to fluctuate more,

and its average appears to be lower, this does not necessarily mean that the free energy of

binding to H2 is lower. For that, entropy and interactions with the solvent must also be

considered.
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3.4 Conclusions

In this study, an exhaustive set of conformations of TA in solution have been derived.

These models display significant flexibility and are consistent with previous FRET exper-

iments. Based on the crystal structure of QPDWG bound to Gal, a model of TA bound

to H1 was derived. Although the H2 subunit in ASGP-R has never been crystallized, we

have built a model for it based on homology, using H1 as a template. From the exhaustive

set of conformations derived for TA in solution, all models that can accommodate two H1

subunits and one H2 subunit (attached at the 8 Arm), as well as a large protein attached to

the core of the oligosaccharide, were constructed. All predicted complexes are asymmetric,

and significant variation in the way TA can be presented to its binding partners appears

to be possible based on our SA studies. If one assumes, as is the case for the recently

crystallized MBP A, that in the absence of TA the tri-protein system in the membrane is

symmetrical, then these proteins must undergo significant spatial rearrangements in order

to bind TA, most likely in a stepwise process. This type of conformational rearrangement

has been shown to occur in DCSIGN [97]. Our work is a first step to understanding a

very complicated system. We hope that these findings will guide additional experiments.

Finally, the approach described in this chapter is quite general and can be used to study a

large set of very important but poorly understood multivalent transmembrane complexes.

We are in the process of applying this procedure to study other receptors.
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CHAPTER 4
POTENTIAL OF MEAN FORCE CALCULATIONS OF DIMANNOSE

BINDING TO CYANOVIRIN-N

4.1 Introduction

Cyanovirin-N (CVN) is a carbohydrate binding protein belonging to the blue-green

algae called cyanobacteria (Nostoc ellipsosporum). It has antiviral activity towards human

(HIV) and simian immunodeficiency virus (SIV). These carbohydrates (particularly high

mannose oligosaccharides) are present on the surface of glycoprotein-120 (gp120) of the HIV

and SIV. [26]CVN binds to dimannose or oligomannose via two binding domains named as

domain A and B. Domain B of wild type CVN binds to dimannose with high affinity (Kd

10−7) and domain A binds with relatively low affinity (Kd 10−6). [18] CVN has pseudo-

symmetry with respect to these two domains (see Figure 4.1) and in solution two monomers

of CVN dimerize to form a domain swapped dimer with two domains of A (residues 1-38

from one monomer and 90’-101’ from other monomer) and two domains of B (39-50/51’-

89’ and 39’-50’/51-89). [29] Several studies exist that address binding of wild-type CVN

to dimannose [18], trimannose [17] and oligomannose.[28] In order to avoid the domain-

swapped dimer formation and to achieve the stability of the monomer and also to avoid

the binding at the low-affinity site, the Ghirlanda group have engineered P51G-m4-CVN

[55, 54], which binds to dimannose only at the high-affinity site.

Except for the studies by Vorontsovet al, [143, 144] all the previous experimental

[10, 13, 15, 74, 90, 94, 152, 26, 27, 55, 54] and computational studies, [93, 58, 57] have been

performed on the wild-type CVN. In the binding affinity experiments of wild-type CVN

with dimannose, Bewley et al have delineated the amino acids that contribute the most
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Figure 4.1: The pseudo-symmetry of Cyanovirin-N. Domain A is colored magenta

and domain B is colored green. One can align domain A and domain B and both

units
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to the binding at the high-affinity site (domain B) and at the low-affinity site (domain A).

The residues at the high-affinity site were identified as Glu41, Ser52, Asn53, Glu56, Thr57,

Lys74, Thr75, Arg76 and Gln78. These residues interact either via hydrogen-bonds and/or

electrostatic interactions.[14] Important amino acids in the low-affinity site were identified

as Lys3, Gln6, Thr7, Glu23 and Thr25.[14]

Although the experimental dissociation constant for dimannose binding to the high-

affinity site of P51G-m4-CVN has not yet been published, Vorontsov et al have investigated

the binding of dimannose to this mutant using a MM/PB(GB)SA approach. Sandstorm et

al have performed saturation transfer difference (STD) NMR experiments of dimmanosides

and trimannosides reminiscent of the larger Man9 against another mutant of CVN in which

the binding site at domain A was mutated to resemble that of the binding site at domain

B. In their experiments, they found that the H2, H3 and H4 protons of the non-reducing

end of dimannose receive the saturation transfer from the protein residues. They identified

amino acids, Asn42, Ser52, Asn53 and Arg76 in the high affinity site as those interacting

with the saccharides. [120, 11] According the studies by Vorontsov et al [143, 144], the

key amino acids at the binding site of P51G-m4-CVN were identified to be Asn42, Asp44,

Ser52, Asn53, Thr57, Lys74 and Thr75 based on the hydrogen bonding of these amino acids

with the hydroxyl groups of dimannose. [143] Particularly, the 3’OH and 4’OH were cited

as key to binding based on their subsequent studies on the binding of di-deoxy dimannose

analogues to P51G-m4-CVN. [144]

Since so far, no dissociation studies are available for this system and to map the

most important residues along the dissociation pathway we have carried umbrella sampling

simulations to derive the potential of mean force as a function of different possible reaction
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coordinates in the case of dimannose binding to P51G-m4-CVN.

4.2 Methods

4.2.1 Model of Cyanovirin-N and Force Field Parameters

As described in the introduction, we chose the P51G-m4-CVN model developed in

the Ghirlanda group (PDB accession ID: 2RDK). P51G-m4-CVN has two sets of mutation

introduced. One is the P51G mutation rendering the protein exclusively in the monomeric

form. The second is a quadruple mutation at the low-affinity site (domain A). The four

mutations at the low affinity site are K3N, T7A, E23I and N93A. In this model only the

high-affinity binding site (or domain B) is active and binds to dimannose whereas the low-

affinity site is non-functional and does not bind to dimannose[54].

For technical reasons the AMBER11 package[33] and the Gromacs package[61] pro-

vide facilities to use different reaction coordinates in pulling simulations. Therefore in

order to use the same force fields in both packages a somewhat involved protocol had to be

implemented.

In order to test for the usage of the AMBER ff99SB [64] and GLYCAM06 [76] force

fields in the Gromacs package (version 4.5.x) [61], we converted the AMBER ff99SB/GLYCAM06

parameters to Gromacs force field parameters using amb2gmx.pl from Erin Sorin’s web-

site(see Appendix A for details). In AMBER11 the mixed scaling for 1-4 interactions is

done separately in the case of proteins and carbohydrates. In Gromacs this is done via a so

called fudge factor parameter. However in Gromacs the use of two different fudge factors

is not implemented. In order to use in Gromacs a different fudge factor for proteins and

for carbohydrates as required by the GLYCAM06 force field (0.5 for the Lennard-Jones

interactions and 0.833 for the Coulomb interactions in the case of proteins and 1.0 for both
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Lennard-Jones and Coulomb interactions in the case of carbohydrates), we utilized an ap-

proach by Nilmadhab et al [99]. Briefly, in this approach, the fudge factor for Lennard-Jones

part is set to 1.0 and the fudge factor for Coulombic part is set to 0.16666666. The Lennard

Jones ϵ is divided by 10 for protein atom types and the [ pairs ] section for proteins is

replicated five times. The ϵ for carbohydrate atomtypes is divided by 6 and the [ pairs ]

section replicated six times. This technical procedure achieves the desired mixed scaling

factors. In order to show that this approach works and is compatible in Gromacs, we com-

puted the energy of the protein, the carbohydrate and the complex with Gromacs and with

AMBER11. The energy difference between the two codes for each term, i.e., bond, angle,

dihedral, 1-4 coulomb, 1-4 van der Waals were less than 0.001%.

For the simulations using the AMBER11 package [33], the P51G-m4-CVN diman-

nose complex was solvated in an SPC water box of dimensions, 68 Å X 64 Å X 71 Å.

An initial energy minimization was performed for 5000 steps. The first 2500 steps

were subjected to steepest descent method and the subsequent 2500 steps to the conjugate

gradient method. A short, 20ps canonical ensemble (NVT) pre-equilibration run was per-

formed followed by a 4ns equilibration run in the constant number of particles (N), pressure

(P) and temperature (T) ensemble. Pressure was kept at 1 atm with isotropic position

scaling, the reference temperature was maintained at 300 K by using a Langevin piston

with collision frequency of 1 ps−1. Long range electrostatics were treated with the Particle

Mesh Ewald Summation. The cut-off distance for short range electrostatics was set at 10

Å. Data was saved every 10 ps. The last snapshot of this trajectory was used as input for

steered molecular dynamics simulations (vide infra).

For the simulations using the Gromacs package the dimannose-CVN was solvated
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in an SPC water box of dimensions 90 Å X 80 Å X 80 Å. The solvated complex was

minimized for 5000 steps using the steepest descent method. After this we performed an

initial pre-equilibration run for 100 ps run in the canonical (constant number of particles,

N, volume, V and temperature, T) ensemble. This was followed by equilibration in the

constant number of particles, N, pressure, P and temperature T ensemble for 200 ps. The

final production run was in the NPT ensemble for 10 ns. A pressure of 1 atm was maintained

using the Parinello-Rahman barostat, the reference temperature was maintained at 300 K

using the V-rescale algorithm. The Particle mesh Ewald method was used to treat long

range electrostatics and the cut-off for real space coulomb interactions was set at 10 Å.

The final snapshot of this run was used as initial condition for steered molecular dynamics

(SMD) simulations.

4.2.2 Steered Molecular Dynamics and Umbrella Sampling

4.2.2.1 AMBER11 Simulations

After preparing the system for steered MD the initial distance between glycosidic

oxygen and Cα of Lys74 was 8 Å. The ligand was pulled from the initial 8 Å distance to 28

Å, resulting in pulling of 20 Å along the reaction coordinate. The force constant applied

for the SMD simulation was 50 kcal mol−1 Å−2 and at a pulling rate of 40 Å/ns. All other

simulation parameters were kept the same as in the preparation run as discussed above. We

will show below that the potential of mean force did not change beyond 14 Å, therefore 20

Å were deemed sufficient for our umbrella sampling study.

Positions along the pulling trajectory were used as initial conditions for our umbrella

sampling calculations. For the umbrella sampling simulations, a restraining potential of 50

kcal mol−1 Å−2 was applied to each window and a total of 22 windows were used. Total
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simulation time amounted to 220 ns. The analysis of the umbrella sampling simulations

was done using the Weighted Histogram Analysis Method (WHAM) [83] implemented by

Grossfield[60].

4.2.2.2 GROMACS Simulations

In the case of the simulations performed with Gromacs, the last structure from the

preparation run was subjected to steered molecular dynamics simulations (SMD) or pulling

simulations. During SMD, we applied a force constant of 2000 kJ mol−1 nm−2 and a pull

rate of 1 Å/ns during 15 ns. This was done once along the Y direction and once along the

Z direction.

In these simulations, dimannose was pulled away from the binding pocket and dis-

tance was measured between the glycosidic oxygen of dimannose and the N atom of Thr57.

The maximum pulling distance in this case was 15 Å. The force vs distance profile did

not change beyond 12 Å neither did the potential of mean force. In these simulations we

applied restraints on Cα atoms of the protein so that the rotation of the protein would be

avoided during the pulling simulation. From each of the Y-axis pulling and Z-axis pulling

simulations, snapshots were saved at regular intervals so that these can be used as start-

ing structures for the umbrella sampling simulation[106, 136, 137] windows. The umbrella

sampling simulations used a restraining potential which was applied to each window during

the 10 ns of simulation time. 18 windows along the Y direction and 19 windows along the

Z direction were used to generate the PMF curve. The total combined simulation time

including both pulling directions was 400 ns. The analysis of the results obtained from

these umbrella simulations was done using WHAM as coded in Gromacs[65].
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4.3 Results

4.3.1 Pulling Pathway in Gromacs: 1-D Pulling Along Z- or Y-Axis

We converted the AMBER99SB protein force field and the GLYCAM06 carbohy-

drate force field to the Gromacs format and used the mixed scaling for protein and carbo-

hydrates as described in the Methods section.

Representative snapshots along the pulling trajectories are shown in Figure 4.2.

During the pulling simulation along the Z direction, the residues that appear to be important

because they contribute to hydrogen bonding are Glu41, Ser52, Asn53, Thr57 and Lys74.

Out of a total 15 ns, these residues interact with dimannose for almost 11.5 ns. At about

12 ns, the sugar breaks all the non-covalent bonding interactions with the protein and

becomes free in solution. The hydrogen bond analysis for the trajectory was carried out

with a facility implemented in the Visual Molecular Dynamics (VMD) software. [67]

Initially when dimannose is in its bound configuration, the residues that would

appear to contribute to hydrogen bonding are backbone oxygen and side chain nitrogen of

Asn42, backbone oxygen of Asn53 and backbone oxygen of Thr57. This close proximity of

residues Asn42, Ser52, Asn53 and Lys74 was previously observed by Vorontsov et al [143]

in their molecular dynamics simulations in solution. Also the CH2OH of the non-reducing

end of dimannose appears to show water mediated hydrogen bond with the CH2OH of the

reducing end of the sugar. As dimannose is pulled along the Z-Axis, new hydrogen bonds

are formed. Among these carboxylate oxygen (Oϵ1 and Oϵ2) of Glu41, sidechain nitrogen

(Nζ) of Lys74 along with carboxylate oxygen of Thr57 and Ser52 appear to be important.

The dissociation of dimannose from the binding site appears to take place in two

steps. First the reducing end of dimannose breaks from the binding site and then the
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non-reducing end breaks free. This is clearly visible in Figure 4.2. These residues were

also highlighted in the NMR experiments by Sandstorm as previously described.[120] In

this study the authors used STD-NMR experiments to determine that the protein transfers

saturation to H2, H3 and H4 protons of the non-reducing end of the sugar.

In the pulling simulation along the Y-axis, the most important residues that interact

with dimannose are carboxylate oxygen (Oϵ1 and Oϵ2) of Glu41, backbone oxygen of Asp44,

backbone oxygen of Ser52, backbone oxygen of Asn53, backbone and side chain oxygen of

Thr57 and backbone oxygen of Lys74. The main difference between the pulling along

different directions appear to be the contacts with Asn42 vs Asp44 and Asn53. In both

of these simulations, the salt bridge between Asp44 and Arg76 is maintained as observed

earlier by Vorontsov et al [143] and Fujimoto et al [57]. The observation made by Vorontsov

et al that Arg76 is not involved in hydrogen bonding with dimannose is indeed corroborated

in our simulations using the AMBER ff99SB/GLYCAM06 force fields. This is not the case

however with other force fields such as OPLS-AA.

4.3.2 Potential of Mean Force: 1-D Along Y- or Z-Axis

We used the g wham facility implemented in Gromacs to compute the 1-D potential

of mean force along the Y and Z directions and these are shown in figure 4.3. The fact

that the dissociation of dimannose appears to occur in two stages can be appreciated both

from figure 4.4 as well as from figure 4.3. For pulling along the Y-axis the reducing end of

dimannose dissociates at around 9 Å and the non-reducing end of dimannose dissociates at

around 11.8 Å. For the pulling along the Z-axis, the reducing end of dimannose dissociates

at around 8.5 Å and the non-reducing end dissociates at around 10 Å. It can be said that

whatever the pulling direction is, the dissociation is indeed a two step process and most of
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(a) Pathway (b) 5ns

(c) 10ns

Figure 4.2: Snapshots and dissociation pathway along Y-axis. The overall pathway

during the dissociation of dimannose along the Y-axis(a), snapshot at 5ns (b) and

snapshot at 10ns (c).
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Figure 4.3: Potential of Mean Force along Y- and Z-Axis for dimannose binding to

Cyanovirin-N

the energy is used in the dissociation of the reducing end of the sugar. The dissociation

along the Y-axis requires 13.4 kcal mol−1 whereas along the Y-axis it requires 12.5 kcal

mol−1.

4.3.3 Pulling Pathway in AMBER11: 3D Pulling Along X,Y,Z-Axis

Simulations using the AMBER 11 package were carried out because the sugar can

be pulled without a constraining direction. In this case it is the distance between sugar

and protein that change but the direction is arbitrary. The system was pulled apart at a
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rate of 4 nm/ns with a constraining force constant of 50 kcal mol−1 Å−2. The total length

of the simulation was 500 ps and structures were saved every 2 ps. The residues of CVN

that interact with dimannose are sidechain carboxylate oxygen (Oϵ1 and Oϵ2), backbone

carboxylate of Asn42, backbone carboxylate of Ser52 and backbone carboxylate oxygen of

Asn53. Clearly in the AMBER11 simulations the dissociation of dimannose from CVN

is also a two step process. Representative structures along the pulling trajectory using

AMBER11 are shown in Figure 4.4.

Figure 4.5 shows the PMF obtained from AMBER11 simulations. Whereas in this

case the dissociation is also a two step process, it is the detachment of the non-reducing

end that is the most energetically expensive step. This appears to be different from what

is observed when pulling along specific directions. The difference in free energy that can be

estimated from the AMBER11 simulations is 12.5 kcal mol−1. This number is similar to

that obtained along specific pulling directions.

4.4 Conclusions

We have performed umbrella sampling simulations using the AMBER99SB/GLYCAM06

force fields to study the unbinding of dimannose from P51G-m4-CVN. In all of our pulling

simulations we found that dissociation appears to be a two step process. The most im-

portant residues contributing to binding appear to be Glu41, Asn41, Asp44, Ser52, Asn53,

Thr57 and Lys74. As previously observed by Vorontsov and coworkers[143], using the AM-

BER99SB/GLYCAM06 force fields, Arg76 forms a salt bridge with the Asp44 side chain

but it rarely interacts with dimannose. Free energies differences estimated using the differ-

ent potentials of mean force computed in our simulations vary from 12.5 kcal/mol to 13.4

kcal/mol depending on the pulling direction. These 1D estimations do not necessarily reflect
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(a) Pathway (b) 100ps

(c) 400ps

Figure 4.4: Snapshots and dissociation pathway along 3D in AMBER11 Simulations.

The overall pathway during the dissociation of dimannose is shown in (a), snapshot

at 100ps (b) and snapshot at 400ps (c)
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the experimental free energy difference between bound and unbound states and are perhaps

reminiscent to AFM pulling experiments from which insight into mechanistic details may

be obtained. The experimental free energy of binding of dimannose to P51G-m4-CVN has

not yet been published however the number reported for wild type CVN[18] is 9.35 kcal

mol−1.
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CHAPTER 5
ROLE OF GLU41 IN BINDING OF DIMANNOSE TO P51G-M4-CVN

5.1 Introduction

Cyanovirin-N a potentially very important anti-HIV protein was introduced in the

previous chapter. Building on previous knowledge about binding affinities and the tendency

of wild type CVN to form domain swapped dimers the Ghirlanda group has recently devel-

oped a mutant that enforces the monomeric structure (P51G mutation) and that abolishes

the activity of the low affinity site (m4). The four mutations at the low affinity site in

this case are K3N, T7A, E23I and N93A. The structure of P51G-m4-CVN was solved using

X-ray crystallography. As expected, the protein was found to be in the monomeric form

and it binds dimannose only at the high-affinity site.[55]

Vorontsov et. al. were the first to carry out computer studies on this system in

complex with dimannose.[143, 144] Some of the main conclusions of this study were that

3’OH and 4’OH of dimannose were crucial to binding and that Asn42, Asp44, Ser52, Asn53,

Thr57, Lys74 and Thr75 but not Arg76 or Glu41 were important to binding. These findings

are quite controversial since in particular Glu41 has been highlighted as potentially very

important by several experimental [14, 55, 54] and simulation studies[93, 58, 57] at least

in the case of wild type CVN. NMR studies by Bewley and coworkers demonstrated that

Glu41 interacts strongly with 2’OH of dimannose[14]. In fact this appears to be the case as

well in the structure of the P51G-m4-CVN. [54]

Interestingly Glu41 appears to have rotameric configurations that are distinctly

different in the case of monomeric CVN structures and domain-swap structures. In the

case of monomeric structures χ1 is in the trans configuration.[16, 14, 55, 54] Instead most
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domain swapped dimers have Glu41 in the gauche conformation.

In the gauche χ1 conformation carboxylate groups of Glu41 are unable to interact

with the ligand whereas in the trans conformation they are ideally suited for hydrogen

bonding of 2’OH of the non-reducing end of dimannose. This is depicted in Figure 5.1.

This is likely the reason for the discrepancy between the simulations by Vorontsov and

coworkers[143, 144] when compared to previous experimental and simulation studies. We

found that the ff99SB force field for proteins[64] used in these studies highly favors the

gauche configuration, however the OPLS-AA force field[72, 73] favors instead the trans

configuration. Since the protein monomer is expected to have χ1 of Glu41 in the trans

configuration we have chosen to use the OPLS-AA force field for our in depth study of the

relevance of Glu41 to dimannose binding to the P51G-m4-CVN mutant.

5.2 Methods

5.2.1 System Preparation

Two mutants of P51G-m4-CVN, E41A-P51G-m4-CVN and E41G-P51G-m4-CVN

were generated by modifying the structure of (PDB ID 2RDK)[54]. 15103 water molecules

were added to each of these models. We chose the TIP3P water model[71] for our simula-

tions. Initial system dimensions were 78 X 78 X 78 Å3. For reasons described in the previous

subsection the OPLS-AA force field was used to describe the proteins[72, 73] whereas the

OPLS force field for carbohydrates [39] was chosen to represent dimannose. All simulations

were carried out using the software Gromacs version 4.5.x [61]. Small changes to the force

field for sugars had to be implemented since OPLS only has parameters for monomeric

hexopyranoses.

Three K+ counterions were included to balance the charge of P51G-m4-CVN. The
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(a) Trans Configuration (b) Gauche Configuration

Figure 5.1: Trans configuration for the χ1 angle of Glu 41 showing hydrogen bonding

with 2’OH of the non-reducing end of dimannose (a). χ1 of Glu41 in the gauche

conformation centered around 60◦.
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two mutants of this study have A41 and G41 rendering the protein with a charge of -2

electron units. We added 2 K+ ions for these systems to maintain the electroneutrality.

In a full thermodynamic cycle this would result in an imbalance of ions. (The cycle starts

with three cations and ends with two) Another option was to use three counter ions in all

simulations, but then in the case of the A41 and G41 mutants simulations would be overall

positive. Both approaches were tested yielding results that are to within computational

error.

Complexes initially underwent minimization for 5000 steps followed by constant

volume and temperature simulations at 300K for 100 ps. After this initial pre-equilibration

5ns of equilibration were run in the NPT ensemble were volume is allowed to fluctuate

while the system is kept at ambient pressure. All simulations used the Particle-Mesh Ewald

(PME)[40] summation with a real space cutoff of 10 Å. Identical simulation protocol was

used for the systems without dimannose.

5.2.2 Thermodynamic Integration

Consider a reaction between ligand L and a protein A in solution. Once the ligand

reaches the protein, it binds to the protein at the binding/active site. Now consider a single

point mutation in protein A resulting in protein B and the same ligand (L) binding to the

mutated protein B. The relative free energy difference between a ligand L when bound to

protein A as compared to mutant B can be computed using the thermodynamic integration

(TI) approach or the free energy perturbation (FEP) method. The foundations for both

methods were laid by Kirkwood[75] and Zwanzing [156]. For the application of this method

in molecular dynamics or Monte Carlo simulations, an artificial parameter λ is defined that

couples two thermodynamic states in an alchemical mutation such as ligand L bound to
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protein A and ligand L bound to protein B.[12, 130, 81]

Aprotein + Lligand

kf


kb

ALcomplex (5.1)

Bprotein + Lligand

k′f


k′b

BLcomplex (5.2)

The two end states (complexes) in the equations 5.1 and 5.2 can be coupled using

the so called λ parameter through a number of intermediate λ values. These intermediate λ

values are artificial constructs. The λ dependence on the potential function can be described

using a linear relationship such as

V (λ) = (1− λ)VAL − λVBL (5.3)

The two end states can be recovered when λ = 0 (protein A bound to ligand L,

eqn. 5.1) and λ = 1 (protein B bound to ligand L, eqn. 5.2). The same holds true for

the transformation of protein A into protein B in the absence of ligand. For applying

this method to the study of binding free energies, a thermodynamic cycle (see Figure 5.2) is

utilized. [53] In figure 5.2, P51G-m4-CVN is represented in the lower left corner by the letter

“A”, E41A-P51G-m4-CVN or E41G-P51G-m4-CVN are represented by “B”, dimannose is

the ligand “L”. From Figure 5.2, it is clear that ∆G1 - ∆G2 - ∆G3 + ∆G4 = 0 which

implies ∆G3 −∆G4 = ∆G1 −∆G2. The quantity ∆G1 −∆G2 involves the transformation

of complex AL into complex BL (∆G1) and protein A to protein B (∆G2). This is the

preferred way to indirectly obtain ∆G3 − ∆G4. The other path requires simulating the

removal of the ligand and is computationally more challenging.

Further, ∆G1 and ∆G2 are split into three processes as shown below.
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Figure 5.2: Thermodynamic Cycle for Binding Free Energy Calculation
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1. Remove the charges from glutamate residue (charge removal)

2. Convert the sidechain of glutamate to alanine or glycine (Lennard-Jones transforma-

tion)

3. Addition of charge on alanine residue (charge addition)

For step 3, we calculate the free energy of charging of A41 and G41 as the nega-

tive of the discharging of the respective amino acid. In most practical applications of the

thermodynamic integration approach, either a single topology or a dual topology approach

is used [108]. In our study we used the single topology approach. For the Lennard-Jones

(LJ) transformation we employed soft-core potentials[31, 134, 111] with default parameter

values as coded in GROMACS version 4.5.x.

For the charge transformation, we used 11 λ values starting from 0 to 1 at intervals

of 0.1.

Since the Lennard-Jones transformation is more prone to fluctuations that result in

poor convergence particularly in the regions close to λ = 0 and λ = 1 we set λ intervals

of 0.02 from λ = 0 to λ = 0.1 and also from λ = 0.9 to λ = 1. In between these values

intervals were set at 0.1 as in the case of the Coulomb transformation.

The protocol for each λ simulation was as follows: first a minimization of 5000

steps, then 100 ps of NVT simulation followed by 250 ps in the NPT ensemble followed by

2 ns NPT used for production. The three step approach, in the presence and absence of

dimannose resulted in 0.85 µs of simulation.
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5.3 Results

5.3.1 Relative Binding Free Energy Calculations

In order to estimate the relative binding free energy difference for dimannose in

complex with P51G-m4-CVN and two of its mutants E41A and E41G, we used the ther-

modynamic integration approach. In order to gauge the error in simulation we performed

three trials for each mutation. As previously discussed in section 5.2 and as shown in Figure

5.2, each of these trials has three steps and each of the steps has to be carried out both in

the presence and absence of dimannose. Furthermore, each step consists of λ values ranging

from 0 to 1. In all we have 82 simulations for each trial for the E41A mutation and each

λ simulation runs for 2 ns resulting in 492 ns. For the E41G mutation not all simulations

needed to be repeated since the step corresponding to the discharge of Glu41 is the same

for both mutations. 60 new simulations are needed in the case of the E41G mutation. This

resulted in extra 360 ns of simulation time.

The below table summarizes the results obtained for each step in the presence and

absence of dimannose. From these three trials we see that both in the presence and absence

of dimannose discharging of glutamate results in a large positive free energy penalty as

shown in Figures 5.3a, 5.6a, 5.4a, 5.7a, 5.5a and 5.7a. The integral of ⟨∂V/∂λ⟩ for this step

yields an average value 741.7 ± 0.4 kJ mol−1 in the presence of ligand and 733.2 ± 0.6 kJ

mol−1 in the absence of the ligand (see Tables 5.1 and 5.2). In the case of the discharging

of Ala41 or Gly41 this penalty is close to a third of this value (see tables 5.1 and 5.2)and is

almost the same in the presence and absence of the ligand. This can be expected as Glu41

interacts strongly with dimannose or the solvent via hydrogen bonding whereas side chains

of Ala41 or Gly41 do not form hydrogen bonds either with dimannose or solvent. The
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relative free energy for Coulombic discharge in the presence and absence of ligand results

in 7.6 ±0.8 kJ mol−1 for E41A and 7.9 ± 1.0 kJ mol−1 for E41G.

The relative free energy difference in the case of Lennard-Jones transformation of

Glu41 to Ala41 in the presence and absence of dimannose result is -6.4 ± 0.9 kJ mol−1 (see

Figures 5.3b, 5.4b and 5.4b and table 5.1). In the case of Glu41 to Gly41, the relative free

energy difference for this step is -8.0 ± 1.2 kJ mol−1 (see Figures 5.6b, 5.7b and 5.8b and

table 5.2). The relative size ordering of the side chains of Gly, Ala and Glu is Gly smaller

than Ala which in turn is smaller than Glu. The Van Der Waals interactions appear to

follow the same trend, namely the smaller the amino acid the more favorable the mutation.

The overall relative free energy difference when Coulombic and Lennard-Jones parts

are added together comes out to be 1.3 ± 1.2 kJ mol−1 for E41A-P51G-m4-CVN and -0.1

± 2.1 kJ mol−1 for E41G-P51G-m4-CVN.

In order to check whether our different λ simulations properly sampled the confor-

mational space of dimannose, we analyzed the torsional space of dimannose free in solution

and bound to P51G-m4-CVN and the two mutants. Dimannose exists in two minima when

free in solution as seen in Figure 5.9 and it exists only in one dominant conformation when

bound to P51G-m4-CVN or its mutants. At least in our 10 ns simulations there were no

conformational changes observed in dihedral space.

5.4 Conclusions

Glu41 binds very strongly to 2’OH of the non-reducing end of dimannose. This how-

ever does not mean that the importance of this residue towards the binding free energy is

high. We believe this is quite an interesting observation. A surface charged residue interacts

strongly with a hydrogen bonded ligand, but it also is expected to interact strongly with
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Discharging
of Glu41
(kJ/mol)

LJ Transformation
(kJ/mol)

Discharging
of Ala41
(kJ/mol)

Total ∆G
(kJ/mol)

Trial I
+ Dimannose 742.6 (0.5) -5.4 (0.6) -275.2 (0.1)

Trial II
+ Dimannose 741.8 (0.4) -4.1 (0.6) -275.4 (0.2)

Trial III
+ Dimannose 740.8 (0.4) -6.0 (0.5) -275.5 (0.1)

AVG
∆G Dimannose 741.7 (0.4) -5.2 (0.6) -275.4 (0.1) 461.2 (0.7)

Trial I
- Dimannose 733.2 (0.7) 0.6 (0.7) -273.8 (0.2)

Trial II
- Dimannose 733.1 (0.7) 2.0 (0.2) -274.7 (0.3)
Trial III

- Dimannose 733.1 (1.1) 0.9 (1.0) -274.7 (0.3)
AVG

∆G NoDimannose 733.2 (0.6) 1.2 (0.7) -274.4 (0.3) 459.1 (1.0)

∆∆G 8.6 (0.8) -6.4 (0.9) -0.9 (0.3) 1.3 (1.2)

Table 5.1: Thermodynamic Integration Analysis for Relative Binding Free Energies

for the Glu41Ala Mutation.
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Figure 5.3: Three step approach for Thermodynamic Integration simulations, Trial I.

Turning off charges in Glutamate(a), LJ transformation (b) and Turning off charges

in Alanine (c).
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Turning off charges in Glutamate(a), LJ transformation (b) and Turning off charges

in Alanine (c).
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III. Turning off charges in Glutamate(a), LJ transformation (b) and Turning off
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Discharging
of Glu41
(kJ/mol)

LJ Transformation
(kJ/mol)

Discharging
of Ala41
(kJ/mol)

Total ∆G
(kJ/mol)

Trial I
+ Dimannose 742.6 (0.5) -48.7 (1.2) -270.5 (0.1)

Trial II
+ Dimannose 741.8 (0.4) -47.7 (0.9) -270.2 (0.1)

Trial III
+ Dimannose 740.8 (0.4) -48.0 (0.6) -270.6 (0.2)

AVG
∆G Dimannose 741.7 (0.4) -48.1 (0.9) -270.4 (0.1) 423.2 (1.0)

Trial I
- Dimannose 733.2 (0.7) -40.6 (0.4) -269.6 (0.1)

Trial II
- Dimannose 733.1 (0.7) -40.6 (1.1) -269.6 (0.2)
Trial III

- Dimannose 733.1 (1.1) -39.1 (0.6) -270.0 (0.2)
AVG

∆G NoDimannose 733.2 (0.6) -40.1 (0.8) -269.7 (0.2) 423.3 (1.8)

∆∆G 8.6 (0.8) -8.0 (1.2) -0.7 (0.2) -0.1 (2.1)

Table 5.2: Thermodynamic Integration Analysis for Relative Binding Free Energies

for the Glu41Gly Mutation.



90

0 0.2 0.4 0.6 0.8 1
λ

0

500

1000

1500

2000

<
∂V

/∂
λ>

 (
kJ

 m
ol

-1
)

Glu-Sugar
Glu-NoSugar

Glutamate: Turning Off Charges
Trial I

(a) Glu41:Turning Off Charges

0 0.2 0.4 0.6 0.8 1
λ

-80

-60

-40

-20

0

20

<
∂V

/∂
λ>

 (
kJ

/m
ol

)

LJ-Sugar
LJ-NoSugar

Glutamate to Glycine: LJ Transformation
Trial I

(b) LJ Transformation

0 0.2 0.4 0.6 0.8 1
λ

250

260

270

280

290

<
∂V

/∂
λ>

 (
kJ

/m
ol

)

Glycine-Sugar
Glycine-NoSugar

Glycine: Turning Off Charges
Trial I

(c) Gly41: Turning Off Charges

Figure 5.6: Three step approach for Thermodynamic Integration simulations, Trial I.

Turning off charges in Glutamate(a), LJ transformation (b) and Turning off charges

in Glycine (c).
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Figure 5.7: Three step approach for Thermodynamic Integration simulations, Trial II.

Turning off charges in Glutamate(a), LJ transformation (b) and Turning off charges

in Glycine (c).
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Figure 5.8: Three step approach for Thermodynamic Integration simulations, Trial

III. Turning off charges in Glutamate(a), LJ transformation (b) and Turning off
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solvent in the absence of the ligand. Absolute binding free energies include the difference

between both of these large numbers and in cases this difference may be modest. Inter-

estingly in the case of dimannose the overall penalty for discharging Glu41 in the presence

of the sugar as compared to discharging the same residue in its absence but surrounded

by solvent is on the order of 8 kJ/mol. Although this number is significant it is not large

enough to significantly overcome the gain in the Lennard Jones transformation into residues

with smaller side chains. This has important implications for our understanding of the CVN

family of systems. Whereas structural information derived from experiments may point to

a residue having close contact hydrogen bonding with a ligand and simulations may point to

the large energy of interaction between ligand and such residue, neither of these is conclu-

sive evidence for the significance of this residue in terms of free energies. Such analysis only

focuses on the bound state and does not take into account the free energy of the unbound

state.
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CHAPTER 6
SUMMARY AND FUTURE DIRECTIONS

In this thesis work we have investigated various structural and dynamical aspects

of the nature of carbohydrates as well as carbohydrate-protein interactions. These include

the role of water on the surface of oligosaccharides and the binding free energies of a dis-

accharide in complex with CVN. From our study of the role of water on the surface of

poly- and oligosaccharides we learned about the different types of solvent behaviors that

can be expected as the anomeric configuration, type of linkage between monosaccharides or

branching points are modified. This work was one of the most exhaustive studies so far on

the behavior of water on the surface of carbohydrates.

Previous work in the Margulis group focused on the development of software tools to

study conformational sampling of sugars free in solution and in the context of carbohydrate-

protein complexes. Building on these concepts, we took advantage of the Fast Sugar struc-

ture Prediction Software to derive conformations of a complex N-glycan involved in the

degradation of glycoproteins. By deriving the conformations of the oligosaccharide and

using these conformers as probes, we were able to predict possible structures of the het-

erotrimeric asialoglycoprotein receptor bound to triantennary oligosaccharide. The general

methodology developed in this project can be applied to any type II membrane bound

multimeric receptors.

In an ongoing project with the Ghirlanda group at Arizona State University, we

are working on the binding free energies of dimannose in complex to various mutants of

Cyanovirin-N. Previous work in the Margulis group has shown that certain amino acids at

the binding site interact strongly with dimannose due to hydrogen bonding and electrostatic
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interactions. The current binding free energy calculations have shown that in the estimation

of free energies one has to consider not only the interactions of the protein with the ligand

but also those of the protein with solvent in the absence of the ligand.

To better understand the free energetics of CVN and its complexes and in order to

propose transformations that will result in better binding mutants, more mutation studies

must be pursued. Furthermore single mutations may not be sufficient because of possible

cooperativity effects. In such cases multiple mutations may need to be performed. This

is quite a daunting computational task which we plan to undertake. We plan to initially

pursue mutations of Asn53Ser and Lys74Glu.
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APPENDIX A
AMBER99SB/GLYCAM06 PARAMETER CONVERSION TO

GROMACS FORMAT

A.1 Implementation of Mixed-Scaling

The original amb2gmx.pl script was written by Eric Sorin in the Pande Lab at

Stanford University. This script works well for the conversion of topology and coordinate

files in standard AMBER protein force fields into Gromacs format. But when the AMBER

ff99SB protein force field or its variants are used in conjunction with the GLYCAM06 force

field for carbohydrates the issue of mixed-scaling has to be considered.

For the proteins, when the ff99SB force field is used, the non-bonded 1-4 interactions

are scaled with factors of 1/2 in the case of Lennard Jones interactions and 1/1.2 in the

case of Coulomb interactions. For carbohydrates, the GLYCAM force field is parameterized

using 1.0 as scaling factor for both types of non-bonded interactions. The use of different

scaling factors for different species in simulation is well implemented in the AMBER11

software but is not implemente in Gromacs 4.5.x.

In order to achieve the mixed scaling in the case of the Gromacs package these are

the steps that need to be followed:

1. Set the fudgeLJ to 1.0 and fudgeQQ to 0.16666666

2. Calculate each possible carbohydrate [pairtypes] interactions according to the combi-

nation rules, using Lorentz-Berthelot rules. For σij this is the arithmatic average and

for ϵij the geometric average. Then ϵij needs to be divided by 6 and the carbohydrate

[pairs] section needs to be replicated in the topology file six times.

3. Calculate each possible protein [pairtypes] interactions according to the Lorentz-
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Berthelot combination rules and divide the ϵij value by 10 and repeat the [pairs]

section in the topology file five times.

4. Verify that you have not broken anything by combining carbohydrate and protein

itp files and recompute 1-4 interactions. Since these are intramolecular you should

obtain the same thing as in the sum of each of the individual molecules.
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