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ABSTRACT: The carbohydrate binding protein, Cyanovirin-
N, obtained from cyanobacteria, consists of high-affinity and
low-affinity binding domains. To avoid the formation of a
domain swapped structure in solution and also to better focus
on the binding of carbohydrates at the high-affinity site, the
Ghirlanda group (Biochemistry, 46, 2007, 9199—9207) engi-
neered the P5S1G-m4-CVN mutant which does not dimerize nor
binds at the low-affinity site. This mutant provides an excellent
starting point for the experimental and computational study of
further transformations to enhance binding at the high-affinity

Dimannose

site as well as to retool this site for the possible binding of different sugars. However, before such endeavors are pursued, detailed
understanding of apparently key interactions both present in wild-type and P51G-m4-CVN at the high-affinity site must be
derived and controversies about the importance of certain residues must be resolved. One such interaction is that of Glu4l, a
charged residue in intimate contact with 2'OH of dimannose at the nonreducing end. We do so computationally by performing
two mutations using the thermodynamic integration formalism in explicit solvent. Mutations of PS1G-m4-CVN Glu41 to Ala41
and Gly41 reveal that whereas the loss of Coulomb interactions result in a free energy penalty of about 2.1 kcal/mol, this is
significantly compensated by favorable contributions to the Lennard-Jones portion of the transformation, resulting in almost no
change in the free energy of binding. At least in terms of free energetics, and in the case of this particular CVN mutant, Glu41
does not appear to be as important as previously thought. This is not because of lack of extensive hydrogen bonding with the

ligand but instead because of other compensating factors.

yanovirin-N (CVN) is a lectin of blue—green algae
commonly called cyanobacteria (Nostoc ellipsosporum)."
It binds Manal—2Man motifs present in moderately complex
carbohydrates such as high mannose which decorate the surface
of gp120 present on HIV and SIV. The first published structure
of wild-type CVN was obtained using NMR spectroscopy and
was determined to be in the monomeric form.” CVN has two
domains that are pseudosymmetric. Domain A spans residues 1—
38 and 90—101, while residues 39—89 form domain B.> More
than 10 different NMR or X-ray published structures of CVN and
its mutants exist, some of them in the monomeric state and some
others in a domain-swapped dimeric state.’”'> A significant
number of important computational studies addressing different
aspects of these systems have also been published."*'® It is
believed'>'? that conversion of monomer to domain-swapped
dimer occurs due to strain caused by the proline residue at S1
position (PS1). Recent computational findings support this
idea."®
Interestingly, whereas the mutation PS1G stabilizes the
monomeric state as well as a set of different possible oligomeric
states,”® the mutation S52P also in the hinge region appears to
render it exclusively in domain-swapped dimeric form.”" Each of
the two domains in CVN can bind Manal—2Man, which is the
terminal part of the high mannose oligosaccharides (Man).
Bewley et al. have shown that dimannose binds to domain B with
high affinity and to domain A with low afﬁnity.22 In alater article,
Bewley et al. mapped the binding site residues that appear to
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contribute the most to the binding at the high-affinity site
(domain B) and at the low-affinity site (domain A). At the high-
affinity site, Bewley identifies Glu41, Ser52, AsnS3, GluS6,
ThrS7, Lys74, Thr75, Arg76, and GIn78 as key residues for
binding. These residues interact either via hydrogen bonds and/
or electrostatic interactions.* Key residues in the low-affinity site
are identified as Lys3, GIn6, Thr7, Glu23, and Thr25.**
Molecular dynamics (MD) simulations of dimannose bound
to the low- and high-affinity sites of wild-type CVN by Margulis
have shown that, at the high-affinity site, Glu41 and Arg76 appear
to be important in terms of their electrostatic interactions with
Manal—2Man.'* Margulis also predicted a gating or trapping
mechanism in which Arg76 caps dimannose. The role of Arg76 in
conformational gating was later confirmed by Fromme et al. in
their X-ray crystal studies, as they found two distinct distributions
of Arg76 in the close and open conformation with reference to
dimannose at the binding pocket."* Important studies on the
binding and discrimination of trisaccharides at the high- and low-
affinity binding sites are also available for wild-type CVN.**
Fujimoto et al. have used MD simulations coupled with a
molecular mechanics Poisson—Boltzmann surface area (MM/
PBSA) approach to study the binding affinity of Mana1—2Man
and Manal—2Manal—2Man at the high- and low-affinity
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binding sites of wild-type CVN. Using this MD/MM/PBSA
approach, they computed the difference in binding affinities'® at
the two protein sites and found in accordance to experiment®>**
that binding to the high-affinity was significantly more important
than that at the low-affinity site.

Botos et al. have shown in their crystal structural studies™ that
oligomannoses, Many and Many, bind to the low-affinity site of
CVN as a domain-swapped dimer. Sandstrom et al. applied
saturation transfer difference NMR spectroscopy in the solution
phase to show that both high- and low-aflinity sites of domain
swapped dimer bind di- and trisaccharides. Saturation transfer
was observed for H2, H3, and H4 of the nonreducing end of
dimannose.”® Similar observations were made by Shenoy et al.
using a synthetic analogue of Many and Mang.”’

To determine whether the high-affinity site or the low-affinity
site are required for antiviral activity, Barrientos et al. engineered
a new set of mutants, CVN"*PA CVN"“PE and P51G-CVN.?®
Their conclusions were that an intact high-affinity site (domain
B) was required for significant binding but domain A was
important for cross-linking oligosaccharides on the surface of
viral glycoproteins. Later, it was demonstrated that the existence
of any two binding domains, irrespective of their identities, was
sufficient to retain antiviral activity.lz'29

Fromme et al. engineered yet a new mutant, P51G-m4-
CVN." The purpose for this was to enforce the monomeric
structure (PS1G mutation) and to abolish the activity of the low-
affinity site (m4). The four mutations at the low-affinity site in
this case are K3N, T7A, E231, and N93A. The structure of P51G-
m4-CVN was solved using X-ray crystallography. As expected,
the protein was found to be in the monomer form and binds
dimannose only at the high-affinity site.'* Vorontsov et al. carried
out the first computational studies'®'” on the PS1G-m4-CVN
mutant coupled to dimannose and a set of dideoxy mannose
ligands. Their MM/PBSA study shows that 3’OH and 4'OH of
dimannose establish hydrogen bonds with high-affinity site
residues which are abolished in the case of the dideoxy
dimannose analogues. This results in much lower affinity of the
dideoxy dimannose analogues. In the first study, key residues at
the high-affinity were identified as Asn42, Asp44, Ser52, AsnS3,
ThrS57, Lys74, and Thr75,16 and in the free energy calculation
using MM/(GB)PBSA approach, Asn42 and ThrS7 were
highlighted as important for preserving the hydrogen bonding
network.'” Interestingly, Arg76, but more importantly Glu41,
perceived as key to bindin% in experimental studies'”'*** and
computational studies'*">"® on wild-type CVN, did not appear
to be so in these studies."®"” The authors proposed'® a possible
force field dependence on this result, and we expand on this issue
below. This apparent discrepancy in part motivates the current
work.

B METHODS

System Preparation. The coordinates of the P51G-m4-
CVN protein developed in the Ghirlanda lab'® (PDB ID 2RDK)
bound to Manal—2Man were downloaded from the Protein
Data Bank site www.pdb.org. In the present study, two mutants
of P51G-m4-CVN, namely E41A-P51G-m4-CVN and E41G-
P51G-m4-CVN, were generated by deleting the additional atoms
in the Glu41l residue and renaming this residue to Ala4l or
Gly41l. P51G-m4-CVN, E41A-PS1G-m4-CVN, and E41G-
P51G-m4-CVN in complex with dimannose were solvated in a
TIP3P* water box containing 15103 solvent molecules, resulting
in a cubic box of dimensions 78 X 78 X 78 A3. The OPLS-AA
force field for proteins®"** combined with the OPLS force field
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for carbohydrates® was used to simulate the protein—sugar
complexes using Gromacs version 4.5.x.>* Because the OPLS-AA
for carbohydrates provides parameters only for hexopyranoses,
small modifications to the partial charges in the glycosidic bond
region were necessary to yield the disaccharide neutral. All
dimannose force field parameters are provided as Supporting
Information. PS1G-m4-CVN has a charge of —3 electron units.
Therefore 3 K* ions were added to maintain electroneutrality of
the system. For the mutants E41A-P51G-m4-CVN and E41G-
P51G-m4-CVN 3 K* were also added to keep the number of
counterions the same across our thermodynamic cycle.

Initially, all the protein—sugar complexes were energy
minimized using a steepest-descent protocol for 5000 steps.
After the initial 3000 steps, the potential energy remained nearly
constant for the rest of the minimization steps. Following
minimization, 100 ps were run in the NVT (constant number of
particles, N, volume, V, and temperature, T = 300K) ensemble
followed by at least 5 ns of further equilibration in the NPT
ensemble (constant number of particles, N, pressure, P = 1 bar,
and temperature, T = 300K).

All subsequent simulations were also carried out at 300K and
used the particle-mesh Ewald (PME)>® protocol with a real space
cutoff of 10 A, grid size of 1 A, and PME order of 6 to properly
describe the electrostatic interactions. From the last 1 ns of the
NPT equilibration, three snapshots separated by at least 250 ps
were saved for running free energy calculations.

Simulations in the absence of dimannose use the same force
field parameters, simulation protocols, and include the same
number of water molecules and counterions.

Whereas all our free energy calculations are carried out using
the OPLS-AA force field, in order to address issues related to the
force dependence of certain results, we have also run some
simulations using the Amber ff99SB*¢ force field coupled with
Glycam06®” as implemented in the Amber code.*®

Free Energy Simulations. The objective of our free energy
calculations is to computationally estimate the difference in
binding free energy between dimannose bound to P51G-m4-
CVN and dimannose bound to each of the two mutants.

We sought the quantity AG; — AG, in Figure 1 which is equal
to AG; — AG,. Whereas thermodynamically either one of these
two free energy subtractions is equivalent, AG, — AG, is

asouurwi(]

E41A-P51G-md-CVN

Figure 1. Thermodynamic cycle to compute the binding free energy
difference for the mutation E41A(G).
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(a) Trans Configuration

(b) Gauche Configuration

Figure 2. (a) y1 of Glu 41 is in the trans conformation centered around 180° and the side chain of Glu41 is able to establish strong hydrogen bonding
with 2'OH of the nonreducing end of dimannose. (b) 1 of Glu41 is in the gauche conformation centered around 60° and its side chain is unable to
establish hydrogen bonds with 2'OH of the nonreducing end of dimannose. In both figures, the protein backbone is represented with a large green

arrow.

computationally more tractable because it does not involve the
removal of the ligand. AG, — AG, requires the alchemical
mutation of E41 to A41 or G41 in the presence (AG,) and in the
absence (AG,) of dimannose.

In this study, AG, and AG, were further split into three
processes, namely the Coulombic discharging of E41, the
transformation of the Lennard-Jones interactions of E41 into
those of A41 or G41, and the charging of A41 or G41. In our
calculations, we computed the free energy of charging of A41 and
G41 as the negative of the free energy of discharging.

In the present study, we utilized the single topology
approach® in which simulations with A = 0 utilize the force
field parameters of the glutamate side chain and in which
simulations with 4 = 1 utilize the force field parameters of alanine
or glycine. The extra atoms from glutamate are converted into
dummy atoms as a series of simulations transform 4 from 0 to 1.
For the Lennard-Jones (LJ) portion of the transformation, we
employed the soft-core potential approach***' as coded in
Gromacs with parameters @ = 0.5, n = 1, and m = 1, which have
been previously shown to produce less error*” and which are
default values in Gromacs version 4.5.x.

Because in the case of the Coulombic discharge (dV/dA), the
quantity to be integrated to obtain free energy changes is fairly
smooth, we used only 11 equally spaced A values from 0 to 1.
Instead, to reduce integration noise, for the Lennard-Jones
transformation, we split the calculation into three parts. In the 4
interval from 0 to 0.1 and 0.9 to 1, we ran calculations with 4
increments of 0.02. Instead, we used 0.1 increments in the
intermediate region between 4 = 0.1 and 4 = 0.9.

For each A production run the protocol was as follows; first we
performed a minimization of 5000 steps followed by
equilibration of 100 ps in the NVT ensemble, then we further
equilibrated in the NPT ensemble for another 200 ps to finally
generate a production run of 2 ns in the NPT ensemble.

Three repetitions with different initial conditions of the three-
step approach in the presence and absence of dimannose resulted
in a total of 0.85 us of combined simulation for the E41A and
E41G mutations.
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For the analysis of our free energy data and the estimation of
errors, we utilized the g bar program in which the Bennett
Acceptance Ratio (BAR) method was implemented* as coded in
Gromacs 4.5.x. This provides independent estimations of the
error for each of the three steps of each of the three independent
trials. However, we find that in some cases these errors were
smaller than the differences in average free energy values across
trials. Therefore, having three trials was very important to
accurately represent our results.

B RESULTS AND DISCUSSION

In prior NMR studies, Bewley and co-workers found that Glu41
appeared to strongly hydrogen bond to 2’OH of dimannose.”
This is also the case in the analysis of the P51G-m4-CVN mutant
structure obtained by Fromme et al."®

Careful scrutiny of all published monomeric and domain-
swapped dimeric forms of CVN and its mutants shows that the
x1 dihedral angle of Glu41 has two populations. In monomeric
structures of CVN, whether in presence or absence of
dimannose, y1 is reported to be in the trans configuration
(with a value in the vicinity of 180°).>'>'3?3 Interestingly, in
almost all domain-swapped dimeric structures, y1 is in the
gauche configuration with angle range from 45° to 75°.%'">>*

This is not a minor detail because the trans configuration puts
Glu41 in intimate contact with the sugar, whereas the gauche
configuration puts the carboxylate part of the side chain away
from the sugar unable to participate in hydrogen bonding (see
Figure 2).

It turns out that, at least in the presence of dimannose, the
Amber fI99SB*® force field appears to favor the gauche
conformation of y1, instead the OPLS-AA force field appears
instead to favor the trans conformation of y1.

This force field difference plays an important role during
molecular dynamics simulations. Figure 3 shows distances
between oxygen atoms in the side chain of Glu4l and 2’
hydroxyl of the nonreducing end of dimannose as a function of
time during MD simulation when using ff99SB coupled with the

dx.doi.org/10.1021/bi4014159 | Biochemistry 2014, 53, 1477—1484
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Hydrogen Bonds Between Glutamate and Dimannose
AMBERY9SB & GLYCAMO06
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Figure 3. Hydrogen bond distance between carboxylate oxygens of side
chain of glutamate and 2’OH of nonreducing end of dimannose using
the AMBERI1 software with the ff99SB force field for proteins and the
GLYCAMO6 force field for dimannose.

GlycamO6 force field for sugars. It is clear that except in a few
instances no oxygen comes in hydrogen bonding contact with
2'OH. This is in contrast to what one finds in a simulation based
on the OPLS-AA force field where all the time there is hydrogen
bonding contact. This can be seen in Figure 4. This supports the
idea put forth by Vorontsov and co-workers about the force field
dependence of this result.'®

Hydrogen Bonds Between Glutamate and Dimannose
OPLS-AA & OPLS-Carbohydrates
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Figure 4. Hydrogen bond distance between carboxylate oxygens of side
chain of glutamate and 2’OH of nonreducing end of dimannose using

the Gromacs software suite coupled to the OPLS-AA force field for
protein and the OPLS-Carbohydrates force field for dimannose.

Because in the monomeric form of CVN and its mutants y1 of
Glu41 have been shown experimentally to be almost exclusively
in the trans conformation and because the results presented in
Figures 3 and 4 indicate that of the two force fields probed only
OPLS-AA>"*? reproduced this important experimental result, we
have chosen to use only this force field to perform a set of
detailed thermodynamic cycles to unravel the difference in free
energy of binding between dimannose in complex with P5S1G-
m4-CVN as compared to E41A as well as E41G mutants.

We use the BAR approach in order to estimate the relative
binding free energy difference of dimannose when P51G-m4-
CVN is mutated at position 41 to Ala or Gly. Whereas these
numbers can be experimentally obtained, our goal is to also
develop important intuition regarding the relevance of
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structurally derived information such as hydrogen bonding to
the ligand in the bound state. Furthermore, this approach will
allow us to dissect free energetic information into different
interaction components such as charge and dispersion forces.
The relevance of this type of analysis has been highlighted
repeatedly since the early work by Karplus and collaborators.**

We performed three trials for this mutational analysis as stated
in the Methods section, and as shown in Figure 1, each trial has
three steps, each of the steps in the presence of dimannose and
absence of dimannose. Further, each step has A ranging from 0 to
1. For the E41A mutation, we have 82 simulations for each trial
and each A simulation runs for 2 ns, resulting in 492 ns for all the
trials. Because the Coulombic discharge of Glu41 is a common
step in the thermodynamic cycle of both studied mutations, for
the E41G mutation, we only needed 60 extra simulations for each
trial, resulting in a total of 360 ns. Tables 1 and 2 summarize the
results obtained for each step in the presence and absence of
dimannose for both mutations.

One could predict, and this is indeed the case from simulation
results shown in Tables 1 and 2, that a very large free energetic
penalty is incurred upon Coulombic discharging of Glu4l, a
surface charged residue in intimate contact with dimannose. This
penalty, which is on the order of 177 kcal/mol, is the result of
interactions lost with the sugar and the environment. The reader
is cautioned against directly comparing the absolute discharging
free energy in the case of Ala41 or Gly41 against that of Glu41
while using PME. Because the overall charge (protein plus ions)
of our system is different in the case of P51G-m4-CVN and the
two mutants, such direct comparison is problematic. There is no
problem, however, when using a thermodynamic cycle because
the same overall charge exists in each case for simulations in the
presence and absence of ligand. With this caveat in mind, it is still
clear that the discharge of Ala or Gly in the presence of
dimannose results in a penalty that is much smaller than required
to discharge Glu. It is therefore quite reasonable to expect NMR
and X-ray experiments as well as simulations to display strong
hydrogen bonding between Glu41 and the 20H’ of dimannose
nonreducing end. However, what is often missed in the type of
qualitative analysis that focuses only on interactions in the ligand-
bound state is that the relative binding free energy is not only
indicative of the strength of interactions in the ligand-bound state
but also of the free energetics of the ligand-free transformation.
What we mean by this is that whereas the charge transformation
portion of AG, (the free energy of discharging Glu41 in the
presence of dimannose) is a large positive number so is the
discharging portion of AG, (the same process but in the absence
of ligand). The discharging of Glu41 is very disfavorable as this is
a surface charged residue exposed either to the ligand or in the
absence of ligand to the solvent. Whereas Coulomb interactions
between Glu4l and 20H’ can indeed be very strong in the
bound state,'* so are the interactions of Glu41 and its solvent
environment in the absence of ligand, and this is the cause of
large cancellations when computing AAG.

It is therefore very important that experimental hydrogen
bonding contacts between dimannose and the binding site be
considered relevant for free energetics only after careful scrutiny
of the same type of interactions in the absence of ligand.

Our study predicts that the difference in free energy penalties
for the discharge Glu4l in the presence and absence of
dimannose is on the order of 2.1 kcal/mol. To be more specific,
whereas it costs about 177 kcal/mol to discharge Glu41 in the
presence of the sugar, it only costs about 175 kcal/mol to do this
in the absence of ligand (see Table 1 and Figures Sa and 6a).

dx.doi.org/10.1021/bi4014159 | Biochemistry 2014, 53, 1477—1484
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Table 1. BAR Analysis for Relative Binding Free Energies for the Glu41Ala Mutation®

trial I + dimannose

trial IT + dimannose
trial III + dimannose
AVG AG dimannose
trial I — dimannose

trial Il — dimannose
trial III — dimannose
AVG AG no dimannose
AAG

discharging of Glu41 (kcal/mol)

177.15 (0.18)
177.60 (0.17)
177.28 (0.08)
177.34 [0.23]
175.24 (0.17)
175.22 (0.16)
17522 (0.27)
175.23 [0.21]
2.12 [0.31]

LJ transformation (kcal/mol)

—2.35(0.17)
—2.83 (0.19)
—2.72 (0.10)
—2.64 [0.25]
—1.14 (0.08)
—0.98 (0.15)
—0.81 (0.11)
—0.98 [0.17]
—1.66 [0.30]

negative of discharging of Ala41 (kcal/mol) total AG (kcal/mol)

—65.77 (0.03)
—65.71 (0.05)
—65.70 (0.03)
—65.73 [0.04]
—65.23 (0.06)
—65.38 (0.08)
—65.24 (0.06)
—65.29 [0.08]
—0.44 [0.09]

108.98 [0.34]

108.96 [0.28]
0.02 [0.44]

“The error values in the parentheses are those obtained from the g_bar utility available in the Gromacs package version 4.5.x which uses the Bennett
Acceptance Ratio Method* to obtain the free energies. The errors reported for the average AG are either derived from the g_bar analysis or the
standard deviation of the three trials, whichever is larger.

Table 2. BAR Analysis for Relative Binding Free Energies for the Glu41Gly Mutation®

trial I + dimannose
trial IT + dimannose
trial III + dimannose
AVGAG

trial I — dimannose
trial Il — dimannose
trial III — dimannose
AVGAG

AAG

discharging of Glu41 (kcal/mol)

177.15 (0.18)
177.60 (0.17)
177.28 (0.08)
177.34 [0.23]
175.24 (0.17)
175.22 (0.16)
175.22 (0.27)
175.23 [0.21]
2.12 [0.31]

LJ transformation (kcal/mol)

—12.90 (0.13)
—12.91 (0.27)
—13.24 (0.15)
—13.02 [0.22]
—10.98 (0.29)
—10.88 (0.21)
—10.83 (0.31)
—10.90 [0.27]
—2.12 [0.35]

negative of discharging of Gly41 (kcal/mol)  total AG (kcal/mol)

—64.97 (0.04)
—65.03 (0.04)
—64.93 (0.07)
—64.98 [0.05]
—64.33 (0.03)
—64.24 (0.01)
—64.32 (0.02)
—64.29 [0.05]
—0.68 [0.07]

99.35 [0.32]

100.04 [0.35]
—0.69 [0.47]

“The values in the parentheses are the associated errors obtained from g_bar program in Gromacs version 4.5.x which uses the Bennett Acceptance
Ratio Method* to obtain the free energies. The errors reported for the average AG are either the error obtained from the g_bar analysis or the
standard deviation of the three trials, whichever is the larger value.
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Figure S. Three-step approach for thermodynamic integration simulations for Glu41Ala in presence of dimannose, trial I (black, circles), trial I (red
squares), and trial III (green diamonds). Discharging of Glu (a), L] transformation (b), discharging of Ala (c).

Furthermore, the overall Coulomb portion of (AG, — AG,) is on
the order of 1.7 kcal/mol in the case of the E41A mutation and
1.4 kcal/mol in the case of the E41G mutation (see Tables 1 and

2). This is because the difference in discharging free energies for
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Ala41 or Gly41 in the presence and in the absence of sugar are on
the order of 0.4 and 0.7 kcal/mol, respectively. Because the
Coulombic AAG for the discharge of Glu41 in the presence and

absence of dimannose is significantly larger than the same free

dx.doi.org/10.1021/bi4014159 | Biochemistry 2014, 53, 1477—1484
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Figure 8. Three-step approach for thermodynamic integration simulations for Glu41Gly in the absence of dimannose, trial I (black, circles), trial II (red
squares), and trial III (green diamonds). L] transformation (a), discharging of Gly (b).

energy difference in the case of Ala and Gly, we conclude that
Glu41 stabilizes the ligand from a Coulomb perspective.

What one learns from this portion of the analysis is that in the
case of the mutation of the charged surface amino acid Glu41 to
Ala41 or to Gly41, the Coulombic portion of the relative free
energy of binding arises mostly due to the extra stabilization of
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Glu41 in the presence of the disaccharide as compared to Glu41
in the presence of solvent at the binding site. This is
demonstrated in Figures Sa,, 6a,c, 7b, and 8b as well as in
Tables 1 and 2. If 1.7 kcal/mol was the binding free energy
difference between the protein and dimannose when Glu41 is
mutated to Ala or Gly, this would be quite significant. However

dx.doi.org/10.1021/bi4014159 | Biochemistry 2014, 53, 1477—1484
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further cancellations occur due to dispersion interactions
stabilization. A Gly side chain is smaller than an Ala side chain
which in turn is smaller than a Glu side chain. In the particular
case of binding to dimannose, the mutation of Glu41 into smaller
residues appears to be free energetically favorable with respect to
dispersion interactions. We find that from a dispersion
interactions perspective, Gly is better than Ala which in turns
is better than Glu. This can be appreciated from Figures Sb, 6b,
7a, and 8a and Tables 1 and 2. In the case of the E41A mutation,
the dispersion contributions significantly diminish the energetic
cost of the mutation and make the mutation E41G slightly
favorable. This result could be seen as somewhat unexpected
based purely on structural experimental conjectures or in light of
our own previous molecular dynamics simulations showing very
large electrostatic interaction between Glu41 in wild-type and
the disaccharide but it is not. This is because for the
interpretation of free energetics one should also consider the
interactions with solvent in the ligand-free state.

B CONCLUSIONS

This article describes a detailed analysis of the importance of
Glu41 to the relative binding free energy of dimannose to P51G-
m4-CVN and two mutants at position 41. Several interesting
findings arise from this work. First, from a purely technical
perspective, there appears to be some force field dependence on
the most likely conformation of the y1 angle of the side chain of
Glu41 which impacts whether this residue is in close proximity of
20H’ of the nonreducing end of dimannose. Experimental
evidence appears to indicate that at least in the monomeric form
1 should be in most cases in the trans conformation. Second, we
find that although it is true that Glu41 strongly hydrogen bonds
to 20H’ of the nonreducing end of dimannose, this does not
necessarily result in a very large relative free energy of binding
penalty for the mutation of Glu41 into Ala41 or Gly41. Coulomb
interactions of Glu4l in the presence of dimannose are very
strong, but so are they with the environment in the absence of
ligand. Replacing the Coulombic interactions between diman-
nose and a charged Glu41 costs on the order of 1.7 kcal/mol in
the case of E41A and 1.4 kcal/mol in the case of E41G. However,
these numbers are greatly diminished by favorable dispersion free
energy changes. Briefly, the cost of losing hydrogen bond
interactions between the ligand and Glu41 is compensated by
better dispersion interactions with Ala or Gly.

In more general terms, we learn that it is perhaps unwise to
assume that what appears to be a strong hydrogen bond during
molecular dynamics simulations, NMR experiments, or X-ray
crystallography will necessarily translate into a high importance
interaction for relative free energetics of binding.

B ASSOCIATED CONTENT

© Supporting Information

Dihedral conformational details for dimannose in solution as well
as bound to P51G-m4-CVN and its mutants; force field
parameters for dimannose. This material is available free of
charge via the Internet at http://pubs.acs.org.
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