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ABSTRACT
Proteins are dynamic and interconvert between different conformations to perform
their biological functions. Simulation methodology drawing upon principles from
classical mechanics – molecular dynamics (MD) simulation – can be used to simulate
protein dynamics and reconstruct the conformational ensemble at a level of atomic detail
that is inaccessible to experiment. We use the dynamic insight achieved through
simulation to enhance our understanding of protein structures solved by X-ray
crystallography. Protein X-ray structures provide the most important information for
structural biology, yet they depict just a single snapshot of the solution ensemble, which
is under the influence of the confined crystal medium. Thus, we ask a fundamental
question – how well do static X-ray structures represent the dynamic solution state of a
protein?
To understand how the crystal environment affects both global and local protein
conformational dynamics, we consider two model systems. We first examine the
variation in global conformation observed in several solved X-ray structures of the λ Cro
dimer by reconstructing the solution ensemble using the replica exchange enhanced
sampling method, and show that one X-ray conformation is unstable in solution.
Subsequent simulation of Cro in the crystal environment quantitatively assesses the
strength of packing interfaces and reveals that mutation in the lattice affects the stability
of crystal forms. We also evaluate the Cro models solved by nuclear magnetic resonance
spectroscopy and demonstrate that they represent unstable solution states. In addition to
our studies of the Cro dimer, we investigate the effect of crystal packing on side-chain
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conformational dynamics through solution and crystal MD simulation of the HIV
microbicide Cyanovirin-N. We find that long, polar surface side-chains can undergo a
strong reduction in conformational entropy upon incorporation into crystal contacts,
which supports the application of surface engineering to facilitate protein crystallization.
Finally, we outline a general framework for using network visualization to aid in the
functional interpretation of conformational ensembles generated from MD simulation.
Our results will enhance the understanding of X-ray data in establishing protein structurefunction-dynamics relationships.
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CHAPTER 1: INTRODUCTION
1.1
1.1.1

Protein function, structure, and dynamics
Function
The name protein originates from the Greek word proteios, meaning “of first

importance”1. Indeed, proteins are of primary significance as they are the molecular
machines that articulate the genetic blue print encoded by DNA. Proteins are the most
widely encountered biological macromolecule and are found in every cell type as well as
within the many different cellular components. Thus, it is no surprise that proteins play
an important role in almost every biological process in all organisms2. Some general
classes of protein function include transport (e.g., hemoglobin carries oxygen on red
blood cells throughout the circulatory system in vertebrates), enzymatic catalysis (e.g.,
phosphoglycerate kinase helps to break down glucose in a metabolic reaction that yields
energy in animal, bacterial, and plant cells); signal transduction (e.g., the receptor protein
rhodopsin associates with a small effector molecule in order to absorb photons and
initiate the visual cycle), cell signaling (e.g., proteins called antibodies communicate to
other components of the immune system to call for the destruction of foreign microbes),
and structural support (e.g., the fibrous protein keratin is a primary component of hair and
nails in mammals and scales and claws in reptiles). Moreover, the misfunctioning of
proteins is often associated with the disease state. Detailed knowledge of the nano-scale
architecture and physical chemical properties of proteins allows us to gain insight into
their rich assortment of biological functions.
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1.1.2

Structure
The necessary information to build a protein is encoded in the nucleic acid sequence

of DNA. DNA is transcribed into messenger RNA (mRNA) in the nucleus, which is then
transported across the nuclear envelope into the cytoplasm to begin its journey to the
ribosome, where protein assembly occurs. The ribosome associates with the mRNA to
translate its information into a protein sequence.
Specifically, each set of three nucleic acids, or codon, in the RNA encodes for one
building block of a protein – an amino acid. There are 20 different naturally occurring
amino acids. Each amino acid has a common “backbone” scaffold that contains an amino
and a carboxylic acid group (hence, “amino acid”), but a different prosthetic group that
determines its unique physical chemical properties. The ribosome reads each codon by
moving along the mRNA strand in the 5’ to 3’ direction and facilitates the linking of the
backbone amino group of the corresponding amino acid to the backbone carboxyl group
of the adjacent amino acid in the growing chain through the formation of a peptide bond.
A newly synthesized protein from the ribosome is a floppy “polypeptide” chain
consisting of tens to hundreds of amino acids (molecular weight of thousands of daltons),
and the unique amino acid sequence is referred to as the primary structure (Fig. 1A). The
unfolded polypeptide chain is characterized by a high degree of conformational entropy
as well as extensive hydrogen bonding with solvent, and, in the majority of casesa, the
chain must fold into a more compact three-dimensional shape in order for the protein to

a

Members of the recently discovered class of “natively unfolded proteins” do not
undergo the folding process – and, thus, do not adopt lasting structural elements – yet
they participate in a wide range of biological events3.
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perform its biological function. A significant decrease in conformational entropy of the
protein is associated with the folding process, which is offset by a large favorable
enthalpy gain from the formation of numerous weak non-covalent intramolecular
interactions (i.e., hydrogen bonds, ionic interactions, and van der Waals interactions) as
the protein approaches its folded state. While polar amino acids tend to be located on the
protein surface to favor solvation, non-polar amino acids associate to form the interior of
the protein and, thus, reduce the exposed hydrophobic surface area. This “hydrophobic
effect” provides an entropic driving force for folding by disrupting the ordered solvent
layer immediately surrounding the organic protein molecule2.
The numerous weak intramolecular interactions result in several levels of protein
structure (Fig. 1). Hydrogen bonding between the polypeptide backbone forms local
structural motifs, such as α-helices, β-strands, and turns, which are referred to as the
secondary structure (Fig. 1B). The association between various secondary structure
elements in a single polypeptide chain results in a unique three-dimensional shape, or
tertiary structure, which is stabilized in large part by hydrophobic interactions in the
protein interior (Fig. 1C). While many proteins exist as a single polypeptide chain, others
contain multiple folded chains. The arrangement of multiple chains in proteins is termed
quaternary structure (Fig. 1D).
The first three-dimensional protein structures at atomic resolution were solved for
myoglobin4 and hemoglobin5 in the late 1950s by John Kendrew and Max Perutz,
respectively, using X-ray crystallography. (Kendrew and Perutz earned the Nobel Prize in
Chemistry in 1962 for their pioneering work on protein X-ray crystallography). Over the
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past half century, this method has prevailed as the most robust avenue for solving protein
structure at atomic resolution. In fact, close to 90% of the ~70,000 protein structures
deposited in the Research Collaboratory for Structural Bioinformatics Protein Data Bank
(RCSB PDB)6 have been solved by X-ray crystallography. The majority of the remaining
atomic-resolution protein structures deposited in the databank has been determined by
nuclear magnetic resonance (NMR) spectroscopy. Several other experimental techniques
report on protein structure at lower resolution and include cryo-electron microscopy
(cryo-EM), small angle X-ray scattering (SAXS), fluorescence resonance energy transfer
(FRET), and circular dichroism (CD) spectroscopy.

Figure 1. Levels of protein structure. A. Primary structure is characterized by the unique
amino acid sequence. Each circle is a different amino acid, labeled with its one-letter
abbreviation. The different colors denote the different physical chemical properties of the
amino acid types: white are non-polar, black are hydrophobic, blue are positively
charged, and red is negatively charged. The yellow methionine (“M”) is the first amino
acid in the polypeptide chain. B. Hydrogen bonding between the protein backbone yields
secondary structure elements (e.g., α-helices and β-strands); C. Interactions between
hydrophobic residues (grey surface) as well as ionic interactions and disulfide bonds
bring secondary structural elements together, resulting in the tertiary structure of a
protein chain; D. The association of multiple protein chains (a and b) yields quaternary
structure. (In this case, the quaternary structure is referred to as a “dimer” since two
chains are associated).
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1.1.3

Dynamics
Experimentally solved structures primarily report on the native conformation of a

protein, or the spatial arrangement of atoms in its foldedb form. These structures provide
the basis for understanding protein function and fold evolution and commonly serve as
the starting point for lead discovery drug design. However, the native state of a protein is
not just one conformation. Even as early as the solution of the first three-dimensional Xray structure of a protein, several studies provided evidence that proteins are flexible
macromolecules that can adopt different conformations even within the folded state, and
that they interconvert between these different forms in order to carry out their biological
roles8. Thus, proteins are dynamic – they exist within a range of conformations, and
experimentally solved protein structures capture just a single snapshot of this
conformational ensemble. We must take into account the intramolecular motions – the
“jiggling and wiggling of atoms,” as Richard Feynman referred to in his influential 1963
Lectures on Physics9 – in proteins in order to better understand their experimentally
solved snapshots and, consequently, the mechanisms by which they perform their
biological functions.
The experimental techniques previously mentioned for reporting on protein
structure can also provide information about dynamics. For example, B-factors obtained
from X-ray crystallography report on the thermal motion of individual atoms, and order
parameters and relaxation times from NMR report on the dynamics of different regions
within a protein. Moreover, there are several cases for which multiple structures from X-

b

NMR can report on the atomic-level conformation of natively unfolded proteins7.
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ray crystallography, NMR, and/or cryo-EM are available for the same protein in different
conformations6, which reflect the degree and type of conformational transitions that may
occur. However, the time and length scales and resolution of protein dynamics that can be
studied with experimental data is limited, and it is unclear how a particular protein may
transition from one experimentally solved conformation to another. Therefore, we must
cultivate techniques by which to study the full range of atomic-level dynamics hidden
behind the static picture so as to improve discussions of protein structure-function
relationships.

1.2

Molecular dynamics (MD) simulation of proteins
MD simulation adds detailed dynamic insight to experimentally solved protein

structures by modeling the physical chemical interactions between atoms as well as the
rules by which their positions and velocities change with respect to one another. In this
manner, successive configurations of the protein and its surrounding solvent environment
are generated during simulation. Given that a sufficiently large number of configurations
are sampled, the simulated ensemble can be used to calculate thermodynamic properties
of the system as well as to determine the way in which a protein interconverts between
different conformational states. This atomic level information is inaccessible to
experimental techniques and enhances our interpretation of protein function.

1.2.1

Molecular mechanics force field
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To describe the interactions between atoms in large biomolecules, a classical force
field is employed in which only the coordinates of the atomic nuclei are considered (i.e.,
the Born-Oppenheimer approximation is made). Polarizable force fields that account for
the redistribution of electronic charge about atomic nuclei are still too computationally
expensive to use with complex biomacromolecules (e.g., proteins) and, instead, electrons
are implicitly represented by partial point charges. This approach is known as molecular

mechanics (MM) and comprises a potential function U ( rn ) that describes the stretching,

bending, and rotation about bonds as well as through-space interactions between nuclei
(Equation 1). A commonly used functional form for the force field is

U ( rn ) =
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(The individual terms are discussed below.) The chosen functional form of the force field
ultimately represents a trade-off between computational efficiency and biological
accuracy, as a more detailed description limits the system size and time scale that can be
simulated10. In addition to determining a suitable functional form, parameters for each of
the terms must be properly selected (see section 1.2.2).
Bonded interactions between atoms in a molecular system are described by the first
three terms in Equation 1. The first term listed describes the stretching of a covalent bond
between two atoms (a 1–2 interaction, Fig. 2). It is a Hookean potential that accounts the
change in potential energy as the bond length l between the two atoms deviates from its
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equilibrium value, l0. The spring constant kbond represents the bond strength. Similarly,
the second component in Equation 1 represents the energy associated with angle bending
(a 1–2–3 interaction, Fig. 2) as a harmonic potential. θ0 is the equilibrium bond angle and
kangle is the force constant associated with moving the angle θ away from this valuec.
The final bonded interaction described by the molecular mechanics potential is that
of torsion angles (a 1–2–3–4 interaction, Fig. 2). The energetic barriers and minima
associated with the rotation about bonds are often represented by a cosine series, the third
term in Equation 1. ω is the torsion angle and Vn is related to the barrier height of the
particular angle considered. (Non-bonded interactions, discussion below, between the 1,4
atoms of the dihedral angle also contribute to Vn). n is the periodicity, or the number of
minima that the function passes through as the bond is rotated from 0 to 360 degrees. γ,
the phase factor, determines at which values of ω the minima occur. Improper torsion
angles in which the central atom 2 or 3 is bonded to each of the other three atoms (i.e.,
the four atoms are not bonded in a 1–2–3–4 sequence) describe out-of-plane bending and
are commonly incorporated into the torsion angle term10.
Cross terms that account for the coupling between bonded degrees of freedom are
often included in MM force fields. For instance, bond stretching and angle bending can
be coupled: as the angle defined between atoms 1–2–3 closes, the 1–2 and 2–3 bonds
lengthen so as to reduce unfavorable interaction between atoms 1 and 3. Typically, only a

c

It is important to note that the “equilibrium” values l0 and θ0 are not really such; rather,
they should be thought of as references, or the values that would occur if all other terms
in the force field were neglected. The equilibrium values for these properties in a
molecular system are those that would occur in a minimum energy configuration, which
is determined by the interplay of each of the components of the potential10.
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few cross terms are needed to accurately reproduce structural properties and experimental
data, and any interactions involving motions that are far apart can be ignored11.
The non-bonded terms in the MM force field take into account electrostatic and van
der Waals interactions. During simulation, non-bonded forces are only calculated for
atoms that are separated by three or more covalent bonds (i.e., 1,4 interactions and
longer, Fig. 2), as non-bonded interactions are already incorporated into the parameters
for the bond and angle terms for atoms that are just one or two bonds apart (1,2 and 1,3
interactions, respectively). (Some degree of the non-bonded interaction is also
parameterized into the dihedral term, and so 1,4 non-bonded interactions are typically
scaled). To model the electrostatic interactions between atoms and molecules, partial
charges are placed on the centers of the atomic nuclei. The net electrostatic energy of a
system can then be calculated as a pairwise sum of interactions between point charges by
employing Coulomb’s law (the fourth term in Equation 1). qi and qj represent the partial
charges of atoms i and j, rij is the distance between the two atoms, and ε0 is the
permittivity of free space10.
Van der Waals interactions are commonly modeled as a Lennard-Jones 12-6
function, which is shown as the last term in Equation 1. The 12-6 function represents a
balance between the competing attractive and repulsive forces between two nuclei. The
repulsive r–12 contribution acts at shorter distances and causes a sharp increase in energy
with even a small decrease in interatomic distance (rij) beyond the minimum energy
separation. On the other hand, the r–6 term denotes the attractive longer-range dispersive
forces. The 12-6 potential is computationally efficient since the r–12 term can be quickly
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calculated by taking the square of the r–6 term. Moreover, it contains only two
parameters: σ, the separation for which the interaction energy between the two atoms is
zero, and ε, the well depth. It is important to note that the 12-6 potential quickly
approaches zero as rij becomes large, and thus the van der Waals interactions are shorter
range than the electrostatic contribution (which falls off more slowly at 1/r). Some force
fields may also employ a similar 12-10 term that takes into account angle deviations to
calculate the energy contribution from hydrogen bonds. In the case of the Amber
FF99SB12 force field used for the simulations presented in each of the Appendices, the
parameterization of the 12-6 term is sufficient for capturing hydrogen bond effects
without the need for an additional term10.

Figure 2. The molecular mechanics force field for proteins. (A) Experimentally solved
protein structures are complex, comprising many atoms. Carbon atoms are colored in
cyan, nitrogens in blue, oxygens in red, and sulfurs in yellow. (For clarity, hydrogen
atoms – which are not observed in X-ray structures – are omitted). (B) The MM force
field describes the bonded and non-bonded interactions between individual atoms in the
protein molecule. Bonded interactions include bond stretching (e.g., between atoms 1 and
2), angle bending (e.g., between atoms 1, 2, and 3), and torsion angle rotation (e.g., about
the 2-3 bond in the atom sequence 1-2-3-4). Non-bonded interactions include throughspace electrostatic and van der Waals interactions between atoms that are farther apart.
See equation 1 for the physical relations used to describe each type of interaction.
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1.2.2

Force field parameterization
To properly describe interactions between atoms during simulation, the MM force

field must include an appropriate set of parameters for each of the terms in Equation 1.
Considering the large number of parameters in the MM force field as well as the coupling
between degrees of freedom, parameterization is a challenging endeavor10,11. Several
force fields that use a similar functional form but different parameter sets have been
optimized for the simulation of proteins and are continually undergoing improvement1316

. Ultimately, the parameters of a particular force field should be transferable to similar

molecular systems (i.e., they should not be model-specific)10.
Parameters for the MM potential (Equation 1) are determined empirically or
through quantum chemical calculations. For bond lengths and angles, vibrational
frequency spectra obtained from infrared (IR) or Raman spectroscopy are used to
determine appropriate force constants (kbond and kangle). kbond is larger than kangle, as
stretching a bond by a significant amount is equivalent to breaking it and, in comparison,
angle bending represents a more minor distortion. kbond also increases with the order of
the bond (i.e., a double bond is stiffer than a single bond). Reference values for bond
lengths (l0) are typically determined from X-ray structures, while those for bond angles
(θ0) are dictated by the orbital hybridization of the participating atoms. Torsion angle
potentials are parameterized by performing quantum chemical calculations and geometry
optimization on small molecules. The parameters (the barrier height term Vn, periodicity
n, and the phase factor γ) are adjusted to take into account energy differences between
conformations of model compounds and to reproduce experimental vibrational
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frequencies11,17. Energy barriers associated with torsion angle rotation through a single
bond are much smaller in comparison to the barriers describing bond stretching and
bending. Thus, single bond rotation is a relatively soft degree of freedom that accounts
for a much larger amount of conformational and energetic variability within a simulation
than the other bonded terms. Torsional barriers for double bonds are much higher than for
single bonds, as rotation would result in bond breaking. To parameterize the LennardJones 12-6 potential describing van der Waals interactions, the minimum energy
separation between two nuclei and the well depth are determined by analyzing distances
between atoms in X-ray data or from the results of simulations of model liquid systems11.
For the Coulombic term, partial charges are usually determined from quantum chemical
calculations of smaller fragments (e.g., dipeptides)10.

1.2.3

Solvent models
In addition to describing the interactions within and between solute molecules, the

physical interplay of solvent molecules must also be modeled. Solvation effects may be
represented either explicitly or implicitly. Explicit water molecules commonly used in
computer simulation of proteins are typically described by a three-site model. Three-site
models place partial positive charges on both hydrogen atoms and a compensating
negative charge on the oxygen to describe electrostatics. Two popular three-point water
models are TIP3P and SPC/E, which show modest differences in their geometry and
parameters for calculating the non-bonded interactions18. The TIP3P model was used for
each of the MD studies included in the Appendices. Four- and five-site models are
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modifications of the three-site model that either shift the location of the oxygen partial
negative charge or incorporate an additional partial charge, respectively. Each of these
water models uses an effective dipole moment that more closely represents the dipole
moment of liquid water rather than that of an individual water molecule. Three-site
models are commonly used since they are more computationally efficient than four- and
five-site models (i.e., less site-to-site interactions need to be considered)10,18. Ions such as
sodium and chlorine are commonly included in the solvent to take into account salt
effects.
The inclusion of discrete water molecules dramatically increases the system size
and, as a result, the computational cost of running a simulation (see section 1.2.8).
Therefore, implicit solvation models that capture the mean influence of solvent by
considering the free energy of transfer of the solute from vacuum to solvent have been
developed19,20. The solvation free energy is split into electrostatic and non-polar
contributions. The Poisson-Boltzmann (PB)21 or Generalized Born (GB)22 equations are
used to calculate the electrostatic contribution to the free energy of solvation by placing
the protein in a dielectric continuum. The non-polar solvation free energy is estimated by
solving an empirical potential proportional to the solvent accessible surface area of the
solute. (See Fig. 5 describing the “MM-PBSA” approach, section 1.4.3.) A DebyeHückle parameter can be incorporated into the electrostatic contribution to account for
salt screening effects. The GB equation is commonly employed in MD simulation as it is
an approximation to the PB equation and can be solved more quickly. Implicit solvent
models considerably reduce the number of degrees of freedom in the system, and the
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absence of solvent friction permits larger conformational rearrangements to occur more
quickly than in an environment of explicit water molecules. Other benefits of implicit
solvent models include eliminating the need to energy minimize (section 1.2.4) discrete
waters that have been placed in the system, avoiding boundary artifacts associated with
periodic simulation cells (section 1.2.7), and the ability to analyze solute-solute
interactions that may otherwise be difficult to estimate due to large solvent energy
fluctuations (see section 1.4.3).

1.2.4

Energy minimization
The potential energy landscape of a biomacromolecule is complex, comprising

many local minima. Even experimentally solved protein structures – which commonly
serve as the starting coordinates for MD simulation – are models and their geometries
may not be fully optimized. The goal of a minimization algorithm is to search the
potential energy landscape for a set of atomic coordinates that correspond to a minimum
energy configuration.
For minimization of protein geometry, derivative-based routines are commonly
used. These methods analyze the first and second derivatives of the MM potential, as they
report on the direction and magnitude of the gradient as well as the curvature of the
function for a given set of molecular coordinates, respectively. An arrangement of atomic
positions for which the first derivate is zero and the second derivative is greater than zero
would correspond to a minimum energy configuration. The minimization routines use
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numerical methods that gradually change the molecular configuration toward lower
energy states10.
A usual approach for energy minimization before beginning MD simulation
involves two stages, both of which use first-order minimization routines (i.e., only the
first derivative is considered). First, the steepest descents method moves the system in the
same direction as the net force acting on it, which quickly relieves the highest-energy
strains acting on the system. The amount by which to move the atomic coordinates is
determined by either a line search method or by taking arbitrary step sizes. In either case,
the MM potential is evaluated at multiple points to determine if a lower energy point lies
between any two outer points. As the system approaches a long narrow minimum, the
steepest descents method becomes inefficient, and, instead, a second minimization stage
uses the conjugate gradient method. In this approach, step sizes are conjugate to one
another and a minimum may be reached in a fewer number of steps10. In reality, the many
possible configurations for a complex biomolecule make it a difficult task to find an exact
minimum. Therefore, minimization routines are usually performed until the gradient
converges to a sufficiently small value (e.g., 10–5).

1.2.5

Creating a dynamic system
The coordinates of an energy minimized configuration of a biomolecular system

serve as input for MD simulation, in which Newton’s equations dictate how the positions
and velocities of a the atoms within a molecule change over time. The complex manner in
which atoms in a large biomolecule interact with one another (i.e., the motion of one
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atom is coupled to the motion of many other atoms) necessitates numerical solutions to
these equations. Therefore, finite difference methods that split the integration into many
small steps of a specified increment of time are used10. At each time t, the MM potential

U ( rn ) (Equation 1) is solved from the atomic positions and used as input for Newton’s

second law to determine the force Fn acting on each atom n with mass m:
 


Fn = −∇U ( rn ) = man

(2)


The accelerations an of each atom are determined from the force and combined with the
positions and velocities at time t in order to solve the equations of motion and obtain the
new positions and velocities at time t + dt. The force is assumed to remain constant over
the interval dt, and thus dt must be sufficiently small. The potential at the new time t + dt
is then calculated and the process is repeated.
A commonly used method for integrating the equations of motion during MD
simulation is the Verlet algorithm23. In this approach, the positions and accelerations at
the current time t as well as the previous positions at t – dt are used to calculate new
positions at t + dt. The velocities are not explicitly represented and must instead be
determined only after the new set of positions has been calculated by taking the
difference of the new and old positions and dividing by the interval dt. Loss in precision
may result from this approach since it requires taking the difference between large
numbers when calculating the new set of atomic coordinates. As an alternative, the leapfrog approach24 avoids this source of imprecision by directly calculating the velocities:
velocities computed at each half time step t + ½dt are used to determine the positions at
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each full step t + dt, and thus the velocities and positions “leap” over one another at half
time step intervals. However, this method has the drawback that the kinetic and potential
energy of a system cannot be determined simultaneously. Another common integrator is
the velocity Verlet algorithm25, which maintains precision while permitting the
calculation of positions and velocities at the same time. This approach first uses the
velocities and accelerations at time t to calculate the positions at t + dt. The velocities at
the half time step are then computed in a manner similar to the leap-frog approach before
being combined with the new accelerations to solve for the velocities at the full time step
t + dt.
For each integration approach, the choice of time step is an important consideration.
If the time step is too small, then a trajectory can only cover a limited region of
conformational space during a reasonable run time. However, if the time step between
force calculations is too large, then atoms become too close to each other over this
interval and energetic instabilities in the system arise that can cause the simulation to
crash. In general, a time step roughly one-tenth the duration of the fastest motions in the
system should be used. The fastest motions in proteins are the vibrations of bonds
involving hydrogen, which have a period of about 10 fs, and so an appropriate time step
would be 1 fs. These high frequency bond vibrations do not significantly influence the
larger-scale dynamics of the system, so they can be constrained over the course of
simulation by applying a modified form of the equations of motion such that a slightly
larger time step can be used10. For example, a simulation with a 2 fs time step and
constraints on bonds involving hydrogen would result in a trajectory twice as long as a
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simulation performed using a 1 fs time step and without any such constraints. Commonly
used procedures for constraining vibrations of bonds involving hydrogen during MD
simulation are the SHAKE26 and RATTLE27 algorithms. Moreover, a multiple time step
approach may be used in order to increase trajectory length by reducing the number of
force calculations that must be performed11. The forces associated with the length and
angles of covalent bonds fluctuate quickly compared to the electrostatic and van der
Waals forces acting between atoms. Thus, different time steps can be used depending on
the type of interaction considered: a shorter time step (e.g., 1 fs) for bonded forces, a
medium time step (e.g., 2 fs) for van der Waals and short-range Coulomb forces, and a
longer time step (e.g., 4 fs) for long-range electrostatics.
Ultimately, the choice of which integrator and time step to use should represent a
balance between computational efficiency (e.g., the number of force evaluations per
iteration and the amount of memory required) and how well the energy of the system is
conserved. A particular algorithm may be more computationally expensive, but may
perform better at energy conservation and, thus, permit longer time steps to be taken10.
The velocity Verlet algorithm with a 2 fs time step was used in each of the MD studies
presented in the Appendices.

1.2.6

Temperature and pressure control
Biological processes as well as most experiments take place under constant

temperature and constant pressure conditions. Thus, methods for maintaining temperature
(T) and pressure (P) throughout the course of simulation are employed to produce the

29

NPT ensemble (constant N, P, and T, where N is the number of particles) and allow the
simulation to be directly related to experimental data. The closely related NVT ensemble
(constant N, T and volume V) is also commonly simulated10.
Since the temperature of a system is proportional to its kinetic energy, a
straightforward approach for maintaining temperature during MD simulation is to simply
scale the velocities at each time step28. Another method scales the velocities such that the
change in temperature at each time step is proportional to the difference between a
thermal reservoir and the current system temperature29. Langevin dynamics may also be
used to control the temperature of a system through a thermostat that takes into account
random molecular collisions11,30. The collisions are described by adding a frictional term
and a random force term to the force calculation to slow down and speed-up the
velocities of the atoms, respectively (and thus drive the system toward lower and higher
temperatures). These terms are applied in a manner that maintains the chosen simulation
temperature.
Similar in concept to a thermal reservoir, the pressure of the system can be coupled
to a pressure bath that rescales the system volume29. In practice, a volume scaling factor
may be applied to the atomic positions rather than the boundaries of the simulated
system. (If the volume change of a three-dimensional simulation cell is isotropic, scaling
the cell by a factor λ is equivalent to scaling the atomic positions by λ1/3 in each
dimension)10. A virtual piston that considers the unit cell volume as an additional degree
of freedom following Langevin dynamics can also be used to control pressure31.
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1.2.7

Periodic boundary conditions
The system size for an MD simulation is too small to properly reflect the bulk

solvent properties of water and boundary effects must be taken into consideration. Atoms
at the surface of the cell experience different forces than do atoms near the center of the
box due to the solvent-vacuum boundary. Periodic boundary conditions allow for a
simulation to be run while avoiding boundary artifacts and keeping a reasonable size for
the simulation cell10,32. Periodic boundaries are created by infinitely replicating a unit cell
of protein and water in three dimensions. If an atom exits the central unit cell during
simulation, it is replaced by an image of the atom that enters the opposite side of the cell.
Thus, the number of atoms in the central unit cell stays constant. For water molecules
relatively far from the protein, interactions with molecules in neighboring cells emulate
the forces exerted by bulk solvent. A sufficiently large solvent layer (“padding”) must be
included in the system such that the protein molecule does not interact with its image in a
neighboring cell, especially if large conformational changes are expected. (This was a
major consideration in the setup of the simulations of the λ Cro dimer presented in
Appendices A and B). In addition to a cubic or rectangular simulation cell, another cell
geometry often used in MD simulation is the truncated octahedron, which is constructed
by effectively cutting off the corners of a cube32. The truncated octahedron is more
efficient than a cube for simulation as its overall spherical shape guarantees that a protein
molecule in one cell will always be a certain distance away from its images, whereas the
corners of a cubical cell would require more solvent molecules to be added to ensure the
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same separation. A truncated octahedron was used for the solution simulations of
Cyanovirin-N discussed in Appendix D.

1.2.8

Treatment of long-range interactions
Another practical consideration for MD simulation is that the total number of non-

bonded interactions quickly grows with system size, especially when more water
molecules are included in a simulation. (The number of non-bonded interactions
increases as N2, where N is the number of atoms). To save time on calculating such
interactions, the non-bonded forces acting between atom pairs separated by a distance
greater than a specified cutoff can be ignored. The cutoff should be sufficiently large
such that any error associated with neglecting the interactions beyond this distance is
minimized. When periodic boundary conditions are used, the closest images of two
interacting atoms are considered and the cutoff should not be more than half of the cell
length as this would result in atoms interacting with their own images10,32. Usually, a
cutoff value >10 Å is acceptable.
The application of a strict cutoff can affect the stability and energy conservation of
a system since it produces discontinuity in both the potential energy and the force at that
value. To mitigate these effects, the non-bonded terms can be modified to gradually
decrease their energy contribution as the cutoff is approached while not significantly
influencing the shorter-range interactions. Shifted potentials in which a constant term is
added to the potential energy term can be used to smoothly approach the cutoff, but tend
to underestimate the force over the entire distance. Another option is to multiply the
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potential by a switching function. The potential retains its normal behavior (i.e., the
switching function has a value of 1) until a specified distance that is slightly less than the
cutoff value is reached. At this point, the value of the switching function gradually
decreases toward a final value of zero at the cutoff distance, thus turning off the nonbonded interactions. Even with this careful treatment to smoothly decrease the
contribution from the non-bonded part of the potential, spikes in the van der Waals force
may occur10.
Simply applying a cutoff does not significantly decrease the time spent calculating
the non-bonded interactions because the distances between all N(N–1) atom pairs still
must be computed, which requires nearly as much time as calculating the interactions
themselves. Instead, the cutoff is used in combination with a neighbor list, which avoids
having to calculate all non-bonded pair distances. For each atom, all neighbors within a
certain distance are recorded; only non-bonded interactions between the atom pairs in this
list are calculated. The maximum distance used to specify the neighbor list should be
sufficiently larger than the non-bonded cutoff distance such that no atom that started
beyond the cutoff distance moves within this boundary before the next list update. Since
the neighbors do not change considerably over the course of the 1 or 2 fs time steps used
for MD simulation, the list is typically updated every 10 steps or so. Increasing the
difference between the neighbor and cutoff distances allows for the neighbor list to be
updated less frequently, but at the cost of having to calculate more pair distances10,11.
Even if a large non-bonded cutoff distance is used, it is likely that any truncation of
the potential energy function leads to error since the long-range Coulomb interaction
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decays slowly as 1/r. Thus, more efficient methods for dealing with long-range
electrostatic forces acting beyond the cutoff distance have been developed. One method
commonly used in MD simulation to treat the many charge-charge interactions that occur
beyond the non-bonded cutoff is the Ewald method33. In this approach, every point
charge interacts with every other point charge in the central simulation cell and with the
charges of the periodic images. The Coulomb equation can be written to represent all of
the within and between cell electrostatic interactions, but the summation converges
slowly if at all. The Ewald method circumvents this issue by expressing this form of the
Coulomb equation as two series, both of which converge more quickly. Each point
charge is surrounded by a neutralizing Gaussian charge distribution, which is described
by a real space summation. A second charge distribution with the same sign as the
original point charge is implemented in reciprocal space and offsets the real space charge
distribution. The width of the Gaussians dictates the rate at which the summations
converge, with wider distributions leading to faster convergence10. Although the Ewald
summation converges more quickly than the Coulomb summation, it still scales as N2
and, thus, can require significant computing time to calculate the large number of longrange electrostatic interactions. To speed-up the algorithm, a fast Fourier transform (FFT)
is commonly used to solve the more demanding reciprocal space component, which
requires the continuous point charge coordinates to be mapped to a grid-based charge
distribution (the “Particle Mesh” Ewald Method34). The FFT scales more favorably as N
lnN as opposed to N2.
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1.2.9

Performing an MD simulation
The input for an MD simulation of a protein is typically an X-ray or an NMR

structure obtained through the Research Collaboratory for Structural Bioinformatics
Protein Data Bank (RCSB PDB). If the structure of a particular protein has yet to be
determined, a model obtained by sequence comparison and structural alignment with
similar proteins (i.e., a homology model) may also be used. Information defining the
topology and MM potential function parameters for all atoms in the system is then
generated and saved to files that are referenced throughout the course of simulation. After
minimization, velocities are randomly assigned to each atom following a MaxwellBoltzmann distribution in order to perform dynamics. After heating the system to the
desired simulation temperature (e.g., 300 K), the next segment of dynamics is considered
the equilibration stage, during which the system relaxes beyond the initial configuration
achieved through energy minimization. Depending on the flexibility, size, and degree of
inhomogeneity of the particular protein and environment being simulated, the length of
the minimization, heating, and equilibration stages varies. For example, a moderate
approach to these stages was used for the solution simulations of λ Cro (Appendices A
and B) and Cyanovirin-N (Appendix D) in a cell of water molecules, whereas a more
rigorous methodology needed to be employed for simulation of λ Cro and Cyanovirin-N
in the crystal environment (Appendices C and D, respectively).
The period of dynamics following the equilibration stage is considered the
production phase. The atomic positions and velocities during the production phase of
dynamics are of primary interest during MD simulation, as they report on the equilibrium
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conformational ensemble and thermodynamic properties of the particular system under
investigation. Production dynamics is commonly performed in relatively short intervals
(e.g., 200 ps); at each successive interval, simulation is restarted from the positions and
velocities of the previous interval. Performing simulation in this manner is advantageous
because the trajectory can be restarted from the previous segment without having lost a
significant amount of simulation and computing time if a failure occurs. Moreover, files
containing smaller trajectory segments can be quickly transferred from one computer to
another, which reduces the likelihood of file corruption and allows for a more efficient
workflow to be established. Simulation lengths (accounting for both the equilibration and
production phases) of tens to hundreds of nanoseconds are now regularly achieved.
The commonly used MD algorithms13,14,35,36 have been developed to run in parallel,
i.e., on several different processors at once. Therefore, while the system set-up and
minimization stages of simulation are commonly performed on a single desktop
computer, the minimized coordinates as well as the parameter and topology information
are transferred to a high performance computing (HPC) system to carry out the dynamics
phase. On the HPC system, the atomic coordinates for an MD simulation are distributed
over several processors, which allows for a significant reduction in the number of wall
clock hours needed to run a given increment of biological simulation time. This also
allows for larger systems to be studied with MD simulation. However, each of the MD
codes has a limit to its scalability due to the inter-processor communication required for
the exchange of atomic position and force data37. Therefore, it is common practice to run
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benchmark simulations in order to ensure the most efficient usage of computing resources
for similar calculations.

1.3

Enhanced sampling techniques
The energy surface of a complex biomolecule contains many energy barriers larger

than the magnitude of most thermal fluctuations near biological temperature. Although
MD simulations now regularly reach simulation times of tens to hundreds of
nanoseconds, these barriers may still trap a trajectory within a few local minima,
interfering with the sampling of a large portion of conformational space and, thus, a
complete interpretation of the equilibrium ensemble. Moreover, many interesting
biological phenomena of proteins occur outside of the time and length scales that are
accessible to standard MD simulation (Fig. 3). Enhanced sampling methods38 aim to
bypass large energy barriers in order to explore a more extensive region of
conformational space at longer time scales. This section provides an overview of several
commonly used enhanced sampling techniques: umbrella sampling, replica exchange
MD, steered MD, targeted MD, and coarse-graining. Replica exchange MD is discussed
in detail, as this method was used in our simulations of the λ Cro dimer to reconstruct the
solution ensemble (Appendices A and B).
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Figure 3. Characteristic time and length scales of protein dynamics.

1.3.1

Umbrella sampling
Perhaps the most well known enhanced sampling technique is umbrella sampling39.

In this method, several copies of the system are generated with unique values of a
specified reaction coordinate, r, such that each copy represents a different region (or
“window”) of conformational space. Appropriate reaction coordinates may be an interdomain distance, an RMSD of atomic positions, or the radius of gyration, amongst many
others. Evenly spaced initial configurations along r can be generated by techniques such
as the nudged elastic band method40. A separate simulation is run for each copy of the
system and a biasing potential is added to the regular MM potential in order to restrain
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the system about its specific value of r, while allowing for sufficient overlap between
neighboring windows. The biasing term is typically harmonic in form and is a function of
r. For values of r far from equilibrium, the biasing term becomes large to allow the
trajectory to sample higher energy regions of conformational space. Unbiased energies
can be recovered using the weighted histogram analysis method41,42, which allows for the
free energy surface along r to be computed.

1.3.2

Replica exchange MD
The replica exchange MD (REMD) algorithm43 draws upon principles from both

MD and Monte Carlo (MC) simulation methods in order to improve the conformational
sampling of biomolecules. Similar to umbrella sampling, several copies (or “replicas”) of
the system are initially generated. However, during REMD, the replicas each exist in a
unique temperature state (Fig. 4A) and are simulated in parallel instead of independently.
An MC step is performed at regular intervals to allow neighboring replicas to exchange
coordinates and, thus, temperature states (Fig. 4B and C). In this manner, replicas
traverse a range of temperatures throughout the course of simulation (Fig. 4D). Sampling
by replicas at higher temperatures permits the trajectories to frequently cross barriers in
order to reach a larger number of local minima on the free energy landscape, whereas
lower temperatures allow the trajectories to sample within these minima. In this manner,
REMD is closely related to the simulated annealing method44, in which single trajectories
are heated and then cooled to overcome energy barriers.
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REMD can be thought of as a type of parallel umbrella sampling in temperature


space by considering each replica with atomic coordinates ri as being simulated at the


same temperature but with a different effective potential, E(ri ) = U(ri ) / kBTi . Thus, the
change in energy from an MC exchange between replicas 1 and 2 is written as
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U(r1 ) is the potential of replica 1 with coordinates r1 = r1,1 , r1,2 , r1,3 ,…, r1,N (N total atoms
in the replica) and temperature T1. kB is Boltzmann’s constant. Scaling the potential by
kBT corresponds to the flattening of the free energy surface at higher temperatures, which
is the real advantage of REMD in improving conformational sampling45. The acceptance
probability of the MC exchange move depends on the Boltzmann factor of the change in
energy:
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If the product of the two terms in the exponential is positive, then the Boltzmann factor is
greater than one and the MC move is always accepted. Most often, the product of the two
terms is negative and the Boltzmann factor has a value less than one. In this case, the
acceptance probability depends on the value of the factor. A random number between
zero and one is generated and the move is accepted if the random number is less than the
value of the Boltzmann factor. The move is rejected otherwise (see Fig. 4C).

40

Algorithmically, it is more efficient to simply exchange the temperatures of two
neighboring replicas instead of the 3N total coordinates of the systems. After the
temperature exchange, the velocities are scaled by a factor of (Tnew/Told)1/2, which results
in one replica having its momenta scaled up and the other having its momenta scaled
down by an equal amount. This scaling maintains detailed balance and leads to the
cancelling of the kinetic energy contributions during the exchange step43,45. Thus, the
exchange probability is a function of just the potential energy component.
A few important practical concerns must be taken into account when using the
REMD algorithm. Firstly, the number of MD steps performed between exchange
attempts should be relatively large. Temperature changes are inherently associated with
conformational changes, and it is the intrinsic relaxation time of the system rather than
the exchange frequency that commonly limits successful exchanges. Moreover, exchange
attempts are more computationally expensive than MD steps, as they require
communication between multiple processors (each of which runs data from one replica).
During an REMD run using a 2 fs time step, 250 MD steps (0.5 ps) is usually an
appropriate amount of time between exchange attempts45. For the Cro REMD simulations
in Appendices A and B, exchanges were attempted every 1 ps.
Another consideration is the energy spacing between replicas, which must be
comparable to the size of the energy fluctuations of the individual replicas in order to
achieve a sufficient exchange acceptance ratio. As a result, the number of replicas
required to span a given temperature range increases as N1/2, where N is the total number
of degrees of freedom in the system46. This relationship eventually limits REMD when
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larger systems (e.g., those containing explicit solvent) are considered. Moreover, the
energy distribution broadens at higher temperatures, which would lead to an increase in
the exchange rate if the temperatures were equally separated throughout the range
considered. Instead, the temperatures are exponentially distributed, which keeps the
exchange rate constant across all replicas by increasing the spacing between higher
temperatures45. A typical acceptance rate for exchanges is ~0.20. The minimum
temperature for an REMD run is usually fixed near biological or experimental
temperature, and the maximum value may be as high as 500-600 K for smaller systems
used for folding studies47,48. Larger systems are restricted to more moderate temperature
ranges as a larger number of replicas is needed to cover the full range. For analysis, the
trajectories of each replica are typically filtered to extract the configurations sampled near
biological temperature. Higher temperatures may be of interest when studying
phenomena such as protein folding/unfolding transitions.
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Figure 4. Replica exchange enhanced sampling method. (A) Several replicas of the
system are created, each existing at a unique temperature state. At least one temperature
state will be near biological temperature (~ 300 K, “T7” in the diagram). (B) For each
replica, MD simulation is run with a Monte Carlo (MC) step performed at regular
intervals to determine if neighboring replicas can exchange temperatures. The result is a
non-trivial walk through temperature space. (C) The acceptance criterion of the MC
move depends on the Boltzmann factor of the change in energy from the exchange move.
The vertical axis of the plot represents the same Boltzmann factor as shown in equation 5
(β = 1/kBT) and the horizontal axis is the difference in potential energy of the two replicas
considered (1 and 2). The red dashed line is the desired acceptance probability for the
MC move. If the Boltzman factor is less than one, then the MC move is only accepted if
the value of the factor is less than the chosen acceptance probability, and the move is
rejected otherwise. If the Boltzman factor is greater than one, then the move is always
accepted. (D) Over the course of simulation, replicas move up and down the range of
temperatures, as is illustrated here for replicas 1 and 4. Replicas at higher temperatures
permit barrier crossing, while those at lower temperatures allow for sampling within
energy minima.
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1.3.3

Steered MD
Steered MD (SMD) utilizes an external force that is added to the potential function

in order to achieve sampling over energy barriers36,49. The external force is applied to an
atom or group of atoms and moves this set of coordinates along a predetermined pulling
direction to induce a desired conformational transition or to study the mechanical
properties of a molecule. The external force can be constant or time-varying. In the case
of the latter, a harmonic potential is used to restrain the chosen group of atoms such that
the pulling occurs at a constant velocity. Results from SMD simulations can be compared
to data obtained from single molecule atomic force microscopy or optical tweezer
experiments49,50. When the magnitude of the external force is relatively weak, SMD is
similar to umbrella sampling. However, much larger biasing forces are typically applied
during SMD so as to explore biological events occurring far from equilibrium, such as
substrate transport through the transmembrane protein EmrD51, domain unfolding in the
immunoglobulin Titin52, and ligand binding in the avidin-biotin complex53.

1.3.4

Targeted MD
In the Targeted MD (TMD) approach54, a protein is driven from an initial to a target

conformation. The distance between the two structures – typically measured in terms of
the root-mean-square deviation (RMSD) of atomic coordinates – is used as a control
parameter to force the desired transition. The distance is gradually reduced to zero over
the course of simulation such that intermediate structures along the pathway can be
established. Using the coordinates of the target structure as a geometric constraint only
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minimally affects the dynamics of the system. A notable drawback of the method is that
structural models for both the initial and final states need to be available. TMD has been
successfully applied to study functional domain motions in the chaperonin GroEL55 and
in Src kinases56, the movement of tRNA into the ribosome57, and in the flexible fitting of
high-resolution X-ray structures into low-resolution cryo-EM maps58.

1.3.5

Coarse-graining
The coarse-graining (CG) approach aims to study biological events occurring on

longer time and length scales by reducing the number of degrees of freedom in a system.
This is accomplished by simplifying the atomistic description of the system into a lower
resolution model while preserving its essential overall physical and chemical attributes.
An example of CG would be modeling just the Cα atoms of a protein backbone in order
to study large conformational transitions, as may be done by the elastic network
approach59-61. Given a model of the native state, an elastic network model (ENM) is
constructed by describing the pairwise interactions of all Cα atoms within a certain cutoff
distance with a Hookean potential. The strength of the spring for all interactions is
assumed to be the same. The ENM method allows for low frequency modes about the
native conformational basin to be explored62. Commonly, groups of atoms are clustered
into CG “sites,” or beads, which interact with one another through effective potentials
that are more computationally efficient to implement63. (In this sense, the empirical
potential used for MD simulation is already coarse-grained since electrons are not
explicitly modeled – their influence is implicitly accounted for by partial point charges
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located on the nuclei). For example, the MARTINI model maps groups of four heavy
atoms to one CG bead and defines each bead as being either polar, non-polar, apolar, or
charged64,65. A similar residue-based CG model represents each amino acid as two beads
(one for the backbone and another for the side-chain) and clusters groups of four water
molecules into one water bead36. Beads whose original atoms were bonded to one another
are connected by a spring potential, and non-bonded interactions between beads are still
modeled by Lennard-Jones 12-6 and Coulomb potentials. The speed-up in
conformational sampling of CG over all-atom MD simulation arises because the
interactions between the heavier CG beads vary more smoothly in comparison to those
between individual atoms. As a result, the energy does not fluctuate as rapidly and a
larger time step can be used during CG. Whereas a time step of 1-2 fs is typically used
for all-atom MD simulation (section 1.2.5), a time step of 25-50 fs can instead be
employed for CG methods. The larger time step allows for the dynamics of the system to
evolve for longer between the force calculations63.

1.4

Simulation of the crystal environment
MD simulation is most commonly performed for a single protein in a cell of water

molecules and ions in order to represent the solution state of the protein. Since the major
focus of our research is to study in the influence of the crystal environment on protein
conformational dynamics, we not only utilized solution MD techniques, but also
developed a protocol for performing MD simulation in the crystal lattice (Appendices C
and D). A few previous studies have employed crystal MD to study the effect of crystal
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packing on protein conformational dynamics66-68. Simulations of CD81 receptor in the
crystal revealed that lattice contacts distorted the relative arrangement of two helices in
one crystal structure but not another, improving its interpretation as a possible drug
target67. Crystal MD simulations of Neuroglobin showed that neighboring molecules in
the lattice restrained the dynamics of a helix-loop-helix motif about the active site and
likely affected the experimentally observed conformation66. Solution and crystal MD of
Cyanovirin-N demonstrated that an arginine residue near the binding site was trapped in a
single conformation by crystal contacts in one of two independent chains in the unit cell
even though it was observed to sample several different conformations in solution68. Yet
crystal MD simulation entails a greater degree of methodological complexity than
standard solution MD. Thus, several additional considerations needed to be taken into
account in order to simulate the crystal environment of the λ Cro protein.

1.4.1

Practical considerations
Protein X-ray structure files deposited in the RCSB PDB6 contain the coordinates of

the asymmetric unit (AU), or the smallest collection of atoms from which the unit cell
can be constructed when symmetry operations are applied. Typically, the AU is one or a
few protein chains, and often serves as the starting coordinates for solution MD. The
“PDB” file also lists the unit cell parameters and space group in which the structure was
solved. For our crystal MD set-up, the proper symmetry operations are used to generate
the unit cell, which serves as the starting coordinates for simulation. The periodic
boundary conditions are set to the unit cell dimensions in order to recreate the crystal.
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Technically, this model represents a pseudo-crystal since each unit cell is the same,
whereas in reality thermal fluctuations would result in variation between neighboring unit
cells throughout the crystal. If the system is sufficiently small, then multiple unit cells can
be simulated to recapture some degree of this variation.
Solvation of the unit cell is another aspect of crystal simulation that must be
carefully considered. Firstly, protein crystals have densities greater than that of pure
water (typically ~1-2 g/mL69), which are not usually reported when a structure is solved.
Therefore, in our approach, we assume an initial crystal density in this range (e.g., 1.2
g/mL) and then equilibrate the unit cell under constant pressure conditions to monitor the
percent deviation of the unit cell volume from its experimental value. Based on the
volume deviation, solvent molecules are either added or removed from the system so as
to adjust the density. This process is performed iteratively until the magnitude of the
percent deviation is sufficiently small (e.g., <0.3%), indicating that the proper density has
been achieved (see Appendix C). Moreover, the crystallization mixture (the “mother
liquor”) for experiment contains salts, substrates, and often other additives (e.g.,
polyethylene glycol, a precipitant) that help to facilitate nucleation and crystal growth.
(See the Hampton Research Additive Screen Formulation70 for a list of commonly used
additives.) A previous crystal MD study showed that modeling the crystallization mixture
in detail maintained the protein X-ray structure better during simulation than did
solvating the system with pure water71. However, in the hanging drop vapor diffusion
method72,73 typically used for protein crystallization, it is unclear if the concentration of
solutes is the same in the mother liquor and the resulting crystal. (A simple example is
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the case of the mutant crystal forms solved for the λ Cro protein74 – DNA was included in
the original crystallization mixture, but was not present in the final crystal). This could be
the case for other solute components, and thus adding solutes to the simulated unit cell
based upon their concentration in the original mother liquor could be incorrect.
Moreover, many of the commonly used additives are considered non-standard
compounds for MD simulation and would need to be independently parameterized by
quantum mechanical calculations, which can be a non-trivial task in itself. Therefore, we
solvate the simulated lattice with explicit water molecules and neutralizing ions, as is
done during standard solution simulation, instead of modeling in detail the crystallization
mixture. This approximation has been used for several previous crystal MD
studies66,68,75,76. Although no significant deviations from the X-ray structure occur in our
crystal simulations of Cro (Appendix C) and Cyanovirin (Appendix D), modeling of the
crystallization mixture may better preserve the protein structure over the course of
simulation71.
Since several protein chains are packed close to one another in the unit cell,
rigorous minimization and equilibration procedures are performed. Additional
minimization and heating steps may be used to thoroughly sample the coordinates of
unobserved atoms that were added to the system (e.g., those of flexible termini) and of
side-chains of residues that were mutated to a different amino acid type for simulation71
(see the methods section of Appendix C for a detailed description of such an approach).
Moreover, we perform crystal MD simulation in the isochoric-isothermal (NVT)
ensemble instead of under isobaric-isothermal (NPT) conditions, as have other crystal
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MD studies66,68,75-77. This approximation requires justification since, experimentally,
crystals are grown under NPT conditions and the unit cell volume can fluctuate. A
previous crystal MD study by Cerutti et al.78 of a high-resolution X-ray structure under
NPT conditions noted that the unit cell dimensions may drift significantly from their
experimental values, resulting in the loss of native contacts in the lattice and the
formation of non-native ones. Moreover, analysis of crystal data suggests that protein
crystals may expand anisotropically79. Cerutti and co-workers were able to represent this
observation by employing anisotropic volume scaling during simulation. However, the
Amber10 simulation package employed by Cerutti et al.78 as well as by us in our crystal
simulations of Cro and Cyanovirin (Appendices C and D, respectively) only supports
anisotropic pressure scaling for orthogonal boundary conditions. This was the case for the
model system chosen by Cerutti and coworkers, whereas Cro and Cyanovirin were solved
in non-orthogonal crystal systems (trigonal and monoclinic, respectively). Thus, instead
of applying an unrealistic volume scaling algorithm for our crystal simulations, we
performed simulation under constant volume conditions. This assumption should be
valid, as significant fluctuations in unit cell dimensions would reflect degradation of the
crystal. Finally, pressure control has been shown to be especially sensitive to the
exclusion of long-range van der Waals interactions when applying truncation of nonbonded interactions80 (section 1.2.8), which could distort the unit cell dimensions from
their experimental values.

1.4.2

Computational efficiency
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Crystal MD can be considered more computationally efficient than MD simulation
in solution. Several copies of the AU are typically present in the unit cell, which results in
a longer effective simulation time per AU since data can be averaged over each copy. For
example, if a unit cell containing six AUs is simulated for 30 ns, then the effective
simulation time per AU is 180 ns. This is analogous to running several independent
simulations of the AU. Furthermore, the protein content in the crystal environment is
higher than in solution. Thus, fewer water molecules per protein chain are needed to
solvate a unit cell for crystal simulation in comparison to a system of similar size for
solution MD. For instance, in our work on the Cro dimer, ~7,000 water molecules per
protein chain were needed to solvate the dimer for solution MD (Appendices A and B),
whereas just 670 and 270 waters per chain were needed to solvate the unit cells of the
two simulated Cro crystals (Appendix C). As a result, there are less solvent-solvent nonbonded pairwise interactions to calculate during crystal MD, which leads to a significant
computational speed-up over solution MD while maintaining the accuracy of energy
estimation81.

1.4.3

Application of the Molecular Mechanics Poisson-Boltzmann Surface Area

method to calculate crystal packing energetics
The major focus of our simulations in the crystal environment was to quantitatively
evaluate the strength of packing interfaces between protein chains. To accomplish this
task, we performed free energy calculations to determine the stability of crystal packing
interfaces. Two well-established approaches that have been developed toward

51
determining the free energy of biomolecular systems are Thermodynamic Integration82
and Free Energy Perturbation83,84. However, these methods are computationally
expensive as they consider several intermediate points along the transition pathway
between a starting and an ending state as well as the explicit treatment of water85. This is
especially troublesome in the case of crystal MD, where a lattice has not only several
unique packing interfaces, but also several copies of each. For example, the largest unit
cell of the λ Cro dimer simulated in the study presented in Appendix C contains 14
unique interfaces and 18 copies of each, yielding 252 total free energy calculations to be
performed for just one trajectory. (Taking into account each of the crystal simulations
performed for Cro, a total of 558 free energy calculations needed to be performed.)
Therefore, a more efficient approach needed to be chosen. The computational cost of free
energy calculations can be lowered by using an implicit solvation model and by taking
into account just the two end-point states. The use of an implicit solvent model in this
case circumvents the large energy contribution due to the pairwise interactions between
thousands of water molecules that would otherwise make the protein-protein interaction
of interest difficult to calculate. Such “end-point” free energy calculations represent a
trade-off between computational efficiency and accuracy in order to execute within a
reasonable time frame85.
The Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA)
method86,87 represents an end-point approach for free energy calculations of biomolecules
and has shown success in studying the stability and affinity of both small and large
systems85. In general, the MM-PBSA method is used to determine differences in free
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energy between two states A and B, which may differ in conformation, residue
composition (e.g., point mutations), or binding state (e.g., free vs. bound). The latter case
pertains to calculating free energies of protein-ligand interactions (which has been
applied extensively in drug design85) as well as protein-protein complexes. Crystal
packing interfaces are a type of protein-protein complex, and thus we applied the MMPBSA approach to analyze the relative strength of packing interfaces in the crystal MD
simulations of Cro (Appendix C) – the first such application of the MM-PBSA
methodology. For the individual protein chains as well as the complex, this approach uses
the PB equation and an empirical term proportional to the solvent accessible surface area
to calculate the polar and non-polar contributions, respectively, to the solvation free
energy. The MM force field is used to calculate the gas phase energy of the protein
molecules. The free energy of association is the difference between the free energies of
the complex and the individual chains (Fig. 5).
In practice, the MM-PBSA free energy calculation is performed for a large number
of snapshots extracted from an explicit solvent MD simulation and the average values for
the energy terms are reported. If a comparison of the stability of two conformational
states is desired, a simulation of each conformation is performed and the difference
between the free energies of the two states is determined. For analysis of the interaction
energy between two molecular components (e.g., protein-ligand and protein-protein
complexes), a single- or multiple-trajectory approach can be used. In the former case,
snapshots of the free and complexed structures are extracted from a single trajectory. This
approach is valid when no significant conformational change is expected upon complex
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formation, as the flexibility of the free molecules is neglected, and leads to the
cancellation of the bonded terms in the MM potential. Since the crystal environment
represents a constrained medium for the protein molecules, no significant changes in
global conformation were observed in our crystal simulations of λ Cro and we employed
the single-trajectory approach (Appendix C). On the other hand, the multiple-trajectory
approach is more computationally expensive as it requires simulation of the unbound and
bound states separately (three total simulations, i.e., A, B, and complex AB), but it has
the advantage of taking into account conformational changes that may occur upon
complex formation.
Despite the success of the MM-PBSA method, several limitations exist. Perhaps
most notably, the configurational entropy of the system is typically calculated by normal
mode analysis, which disregards anharmonic motions and often shows significant
variation among similar conformations extracted from the same trajectory. This term is
commonly not calculated if relative stabilities between similar molecular systems are
desired, as was the case for the comparison of wild type and mutant crystal packing
interfaces of the λ Cro dimer (Appendix C). An additional source or error in the MMPBSA approach is associated with the solvation of polar and charged groups, especially
when they are located near the molecular interior. This is largely due to the use of a
single dielectric constant for the interior, which cannot take into account the
inhomogeneous nature and, thus, variation in electrostatic screening within the molecule.
The uncertainty in the electrostatic contribution to the solvation free energy as estimated
by the PB equation is not only proportional to the magnitude of this energy, but also
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increases as a function of the polarity of the system88. Moreover, the use of implicit
solvation models excludes the effects of individual water molecules. Structural waters
could be added to the calculation if deemed to be important for molecular interaction89.
As a consequence of these limitations, the MM-PBSA approach performs better at
calculating relative free energies in comparison to absolute free energies, likely due to the
cancellation of errors when similar molecules are considered85.
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Figure 5. Molecular Mechanics Poisson-Boltzmann Surface Area approach. Here the
MM-PBSA method is outlined for calculating the free energy of complex formation
between two protein chains A and B. The free energy of interaction (ΔGinteract) of the
complex AB is defined as ΔGinteract = GAB – (GA + GB). The free energy (G) of the
individual chains as well as the complex is considered as the sum of four terms: G = EMM
+ GPB/GB + Gnp – TSsolute. EMM is the gas-phase energy of the system and is calculated
with the MM force field (Equation 1, discussed in section 1.2.1). GPB is the polar
contribution to the solvation free energy and is estimated by calculating the free energy of
transfer of a charged molecule from the gas phase to solvent using the PoissonBoltzmann (PB) equation. The gas and aqueous phases are modeled as constant dielectric
mediums (ε = 1 and ~80, respectively); the molecular interior is also modeled with ε = 1.
(Detailed discussions of the finite difference solution to the PB equation may be found
elsewhere90,91.) Lastly, TSsolute denotes the configurational entropy of the solute, which is
commonly calculated with normal mode analysis77. Since we apply the MM-PBSA
approach to determine relative stabilities of similar complexes, Ssolute is assumed to be the
same for both complexes (i.e., TΔSsolute is zero) and this term is ignored.
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1.5

Dissertation format
The previous sections provided an introduction to protein structure, function, and

dynamics as well as an overview of MD simulation that included discussions of enhanced
sampling techniques and simulation in the crystal environment. The specific
implementation of the MD methodology for the model systems we considered as well as
the key results and conclusions from our simulations are presented in the Appendix
section of this dissertation. The following chapter presents an introduction and outlines
the major findings for each of our studies presented in the appendices.
Appendices A and B present our findings from REMD simulation of the λ Cro
dimer in solution to analyze the X-ray and NMR models, respectively. I performed the
simulations and analysis and wrote the manuscripts. My advisor Osamu Miyashita edited
the manuscripts before and during the submission process. In Appendix C, we simulated
the Cro dimer in different crystal environments to compare the stability of packing
interfaces. I performed the simulations and analysis. I wrote the draft of the manuscript
for submission. Appendix D presents our solution and crystal simulations of CyanovirinN. A former post-doctoral researcher in our group, Dr. Ivan I. Vorontsov, performed the
initial simulations. We worked together to run additional simulations. I programmed the
analysis codes for this study and wrote the manuscript. (The Methods section of the
manuscript in large part follows that from previous publications by Drs. Vorontsov and
Miyashita68,81.) Dr. Vorontsov and Professor Miyashita are currently helping to edit the
manuscript for submission. Finally, Appendix E contains our study on network
visualization to analyze conformational ensembles generated by MD simulation. A
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former graduate student in the group of Professor Florence Tama, Dr. Joseph Baker, and I
share equal authorship of this manuscript. We worked together with equal effort to
outline a general protocol for network visualization of MD data and to compare the
method to traditional clustering techniques. The data we analyzed was provided by
former members in the groups of Professors Miyashita and Tama: post-doctoral
researcher Dr. Ivan I. Vorotonsov (Cyanovirin-N; Miyashita), graduate student Zachary
T. Campbell (Luciferase; Miyashita), and post-doctoral researcher Dr. Sunita Patel (small
heat shock protein; Tama). Dr. Baker and I wrote the manuscript, which is being edited
by Professors Miyashita and Tama.
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CHAPTER 2: PRESENT STUDY
This chapter provides a summary of the key findings for the studies presented in the
Appendix section. The methods, results, and conclusions of each study can be found in
detail in the appendices.

2.1

Influence of the crystal environment on protein conformational dynamics
X-ray crystallography is the most robust method for solving protein structures.

However, protein X-ray images capture just a single snapshot of the conformational
ensemble, which is under the influence of the crystal environment. In solution proteins
are flexible and may adopt different conformations in order to carry out their biological
roles. This raises the question, how accurately do X-ray structures describe the solution
state of a protein? Furthermore, there are many cases for which several solved structures
exist for the same protein. Is each of the observed structures a dominant solution
conformation? Or could one be the result of crystal packing? Thus, the interpretation of
protein structures solved by X-ray crystallography can be non-trivial and methods to
quantitatively evaluate these models are needed. The dynamic information achievable
through MD simulation can enhance our understanding of experimentally solved
structures by reconstructing the conformational ensemble in solution. Simulation of
proteins in the crystal environment to characterize the energetics of crystal packing
interfaces adds further insight to these questions.

2.1.1

Global conformation: λ Cro dimer
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The Cro dimer from bacteriophage λ is a transcription factor that helps to regulate
the viral life cycle upon host infection92. Significant variation is observed among several
solved X-ray structures of Cro, making it an ideal model system for studying the effect of
the crystal environment on global protein conformation. The structures range from a
closed93 to an open94 conformation in the apo and DNA-bound states, respectively
(Appendix C, Fig. 1A and B). This observation suggested a textbook example of induced
conformational change upon substrate recognition. Recently, two new crystal structures
of the same Cro dimer mutant were solved in the apo state74, yet neither structure
resembles the previously solved DNA-free closed conformation. One mutant (“PSQ”
form 1; PSQ refers to the individual mutations: Q27P, A29P, and K32Q) displays a fully
open conformation similar to the DNA-bound state, which challenges the proposed
induced-fit DNA-binding mechanism (Appendix C, Fig. 1D). The other mutant structure
(PSQ form 2) shows a conformation intermediate of the closed and open conformations
(Appendix C, Fig. 1C). Thus, the nature of the Cro dimer conformational equilibrium in
solution is unclear, which affects its functional interpretation. A Cro dimer NMR
ensemble95 is available to help resolve the differences observed between the various Xray structures, but the individual models display a significant degree of conformational
heterogeneity amongst one another and do not closely resemble any of the X-ray
structures (Appendix B, Fig. 1).
We performed MD simulation of the Cro dimer in solution to explore the
conformational space available to the experimentally solved structures and elucidate the
dominant dimer form (Appendix A)96. To accomplish this task, we used the REMD
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enhanced sampling technique (section 1.3.2). The conformational ensemble generated
from REMD agreed well with available X-ray structures, but not with the NMR models.
Network analysis (section 2.2) and a free energy surface show that closed and semi-open
dimers similar to the wild type apo and PSQ form 2 X-ray structures, respectively,
dominate the solution ensemble, which supported a novel conformational selection
mechanism97 for Cro-DNA binding. These two states are separated by a modest ~1
kcal/mol free energy barrier and the transition between them appears to be controlled by
intersubunit salt bridging. Fully open conformations similar to the DNA-bound and PSQ
form 1 dimers lie higher in free energy, indicating that additional energetic contribution is
needed to stabilize such conformations. Additional REMD simulation examined the Cro
dimer NMR ensemble and showed that the models do not represent stable dimer states in
solution (Appendix B)98. The global conformation of the models was likely affected by
insufficient intersubunit distance information, which would have made the models
especially sensitive to the details of the structure calculation (e.g., the absence of an
electrostatic term in the potential function) (Appendix B).
To investigate why the unstable fully open dimer was observed in the crystal
without DNA (i.e., the PSQ form 1 mutant X-ray structure), we performed REMD
simulation of mutant Cro as well as simulation of both wild type and mutant protein in
different crystal environments (Appendix C). The trajectory of the mutant dimer sampled
a similar region of conformational space as did the trajectories of the wild type protein –
closed and semi-open states dominated the ensemble, while fully open dimers were rarely
sampled. This indicated that the mutations did not significantly affect the conformational
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preference of the dimer. Instead, crystal packing may have stabilized a fully open
conformation in the X-ray structure. To investigate this hypothesis, the crystal lattices
corresponding to closed and fully open Cro were simulated. We used the MM-PBSA
method to quantitatively compare the strength of packing interfaces in the wild type and
mutant lattices. Mutation strengthens packing interfaces by as much as ~5 kcal/mol
regardless of the crystal environment. Thus, in the case of Cro, mutation provides an
additional energetic contribution in the lattice that could stabilize a different crystal form
unrepresentative of the dominant solution state of the protein. Our findings for Cro not
only help to reconcile the differences observed among its various experimentally solved
structures, but also provide a framework from which to propose competing models for
how crystallization affects protein conformational dynamics.

2.1.2

Local conformation: Cyanovirin-N
Cyanovirin-N (CVN) is a small sugar-binding protein currently under investigation

as an HIV microbicide99. CVN binds to mannose-rich moieties on the viral envelope to
prevent attachment of the virus to the host cell surface, and a high-resolution X-ray
structure was solved in order to better understand its anti-HIV activity100. Of particular
interest in this structure is an arginine residue (Arg76) located near the binding site and
observed in three different conformations in two independent chains (A and B; two
conformations in chain B and one in chain A). In chain B, Arg76 is relatively free from
the ligand and does not participate in crystal packing. On the other hand, in chain A
Arg76 helps to hold the mannose moiety in the binding pocket, which motivated its
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functional importance. Arg76 in chain A also participates in crystal packing, indicating
that its conformation may be stabilized by interactions with the neighboring chain and
bringing into question its role in ligand binding. Subsequent solution and crystal MD
simulation of CVN by a former post-doctoral researcher in our laboratory (Dr. Ivan I.
Vorontsov)68 showed that Arg76 samples several different conformations in solution as
well as in chain B in the crystal. The two X-ray conformations observed in chain B
correspond to the two most populated solution states. However, in chain A, Arg76 was
trapped in its single conformation during crystal simulation, which represented a less
populated state in solution. These results led to a new model for ligand binding and
prompted a more general question – how broadly and strongly can the crystal
environment affect the conformational dynamics of side-chains? To address this question,
we ran additional simulation of CVN to analyze differences in side-chain dynamical
ensembles in solution and in the crystal (Appendix D).
As a measure of side-chain dynamics, we calculated the conformational entropy per
residue and used the Penultimate Rotamer Library101 (PRL) to define conformational
states available to each side-chain. Although smaller than or of similar size as previously
developed rotamer libraries102,103, the side-chain conformations included in the PRL are
of higher resolution (e.g., 1.7 Å versus 2.0 Å102) and meet several other quality criteria
(e.g., removal of side-chains with van der Waals overlaps or high thermal factors). An
advantage of the PRL is its use of the mode instead of the mean of torsion angle space to
define side-chain conformations. This renders the library particularly useful if the
distributions are to be converted to an energetic representation since it is the mode instead
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of the mean that reports on the lowest energy conformation101. In crystal MD, most
residues show a slight loss or no change in conformational entropy in comparison to
solution simulation. The most significant decreases in dynamics in the crystal occur for a
handful of long and polar contacting residues on the protein surface and approach –1
kcal/mol, which matches well with the average loss in entropy per residue that occurs
during protein folding104. Thus, the effect of crystal packing on side-chain conformational
dynamics can be quite strong and supports the use of the surface entropy reduction
method105,106 to facilitate protein crystallization. The reduction in conformational entropy
for these most affected cases may be accompanied by a change in dominant conformation
in the crystal or occur while maintaining a dominant solution state, which supports
multiple models for the effect of crystallization on side-chains. This study provides a
basis for predicting how the protein surface should be modified in order to enhance
crystal growth.

2.2

Network visualization of protein conformational ensembles generated by MD

simulation
With increases in computing power, molecular dynamics (MD) trajectories
regularly reach longer time scales and accumulate a large amount of data to be analyzed.
Thus, methods for efficient data reduction are necessary for uncovering the inherent
relationships in a conformational ensemble generated from simulation. Clustering
algorithms offer a way to interpret the conformational sampling of a molecule during
simulation107, yet the relationships between the individual clusters may not be readily
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understood. We show that network analysis108 can be used to visualize not only the
dominant conformational substates visited during a trajectory, but also the connectivity
between them (Appendix E). Such visualizations may provide a more robust description
of conformational space than the disconnected populations obtained from traditional
clustering techniques.
In addition to outlining a general protocol for constructing a network from an MD
trajectory using the program Cytoscape109, we compared network visualization to 11
different clustering algorithms107,110. We showed that the number of conformational
populations identified by network visualization informs the choice of clustering algorithm.
The algorithm that yields the most natural distribution of clusters when mapped onto the
network should be the most suitable for calculating representative structures from the
simulated ensemble. To highlight the utility of network visualization, we show how the
method was successfully applied to study distinct types of conformational changes in four
different proteins: 1) side-chain dynamics of a residue near the active site of CyanovirinN68, 2) loop motion about the binding pocket of Luciferase111, 3) large-scale motion
between domains in a heat shock protein, and 4) the open/closed transition in the λ Cro
dimer96. This work supports the general application of network visualization as an
effective tool to uncover inherent relationships in conformational ensembles generated
from MD simulation.

2.3

Conclusions and outlook
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The MD simulations presented in this dissertation provide a quantitative description of
protein conformational dynamics and crystal packing energetics that improves our
understanding of X-ray structures. Currently, there is no general consensus for how
strongly crystal packing can affect protein conformational dynamics and our studies of
Cro and Cyanovirin address this issue. In the case of Cro, we used enhanced sampling
methodology to generate a quantitative description of conformational space that shows
X-ray structures may represent both stable and unstable solution states. The observation
of an unstable state in the X-ray image emphasizes the notion that crystal packing selects
the conformation. The relative stabilities between conformational substates in solution
allowed us to propose a novel Cro DNA-binding mechanism. Moreover, the combination
crystal MD and MM-PBSA calculations is a practical approach that can be applied to
other protein systems to quantitatively evaluate crystal packing energetics. For
Cyanovirin, we developed a framework by which to compare local conformational
dynamics in solution and crystal simulation as well as to X-ray data. Our method
permitted the change in conformational entropy per residue upon crystallization to be
calculated. While most residues were unaffected, the reduction in entropy of long, polar
residues on the protein surface due to crystal packing can be as strong as the average loss
in dynamics per residue that occurs upon protein folding. This result supports the
application of surface engineering techniques to facilitate protein crystallization. Overall,
we anticipate that our conclusions from the studies of Cro and Cyanovirin will enhance
the interpretation of X-ray data in establishing protein structure-function relationships. In
addition to these case studies, we established a general protocol by which to perform
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network visualization of conformational ensembles obtained from MD simulation.
Constructing networks permits a visual representation of the relationship between
experimentally solved structures and simulation that will further our comprehension of
how X-ray structures relate to the solution ensemble.

Finally, it should be noted that the field of structural biology is accustomed to
considering cases in which protein interaction with ligands or other biological substrates
may induce conformational changes relevant for function. We argue that protein crystal
structures should be considered in the same manner. An X-ray image of a protein does
not merely represent a single, isolated molecule. Rather we must be aware that the image
arises from a crystal in which a protein interacts with many neighboring molecules. Our
results clearly support the notion that these interactions can influence protein
conformational dynamics and we must carefully consider structural features when
interpreting X-ray structures. We acknowledge that our conclusions from simulation
would undoubtedly benefit from validation against experimental data. Finally, a more
general argument should be kept in mind, which hopefully by now is well accepted
within the biochemical community – although structure and function are inherently
linked, biology occurs through the change in structure. Thus, to gain a robust
understanding of biological processes, we must go beyond the static picture by taking
into account dynamics.
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Molecular Simulation Uncovers the Conformational Space of the l Cro
Dimer in Solution
Logan S. Ahlstrom and Osamu Miyashita*
Department of Chemistry and Biochemistry, University of Arizona, Tucson, Arizona

ABSTRACT The significant variation among solved structures of the l Cro dimer suggests its flexibility. However, contacts in
the crystal lattice could have stabilized a conformation which is unrepresentative of its dominant solution form. Here we report on
the conformational space of the Cro dimer in solution using replica exchange molecular dynamics in explicit solvent. The simulated ensemble shows remarkable correlation with available x-ray structures. Network analysis and a free energy surface reveal
the predominance of closed and semi-open dimers, with a modest barrier separating these two states. The fully open conformation lies higher in free energy, indicating that it requires stabilization by DNA or crystal contacts. Most NMR models are found
to be unstable conformations in solution. Intersubunit salt bridging between Arg4 and Glu53 during simulation stabilizes closed
conformations. Because a semi-open state is among the low-energy conformations sampled in simulation, we propose that CroDNA binding may not entail a large conformational change relative to the dominant dimer forms in solution.

INTRODUCTION
The Cro transcription factor found in bacteriophage l was
the first specific DNA repressor protein to have its structure
solved (1). Ever since, Cro has served as a prototypical
system for studies ranging from gene regulation (2,3) to
protein fold evolution (4–6), protein dimerization (7,8),
and DNA-protein interactions (9–11). Cro and another
repressor protein, cI, exhibit variable affinity for multiple
binding sites within two operator regions of bacteriophage
l DNA to control switching between the lysogenic and lytic
cycles during host infection (2,12).
Cro establishes its functional protein-DNA complex as a
dimer. Each monomer consists of 66 amino acids and an
aþb fold with three a-helices and three b-strands. Helices
a2 and a3 participate in a helix-turn-helix (HTH) motif
responsible for DNA recognition. In its dimeric state, the
b-strands form a pliable network connecting the two
a-helical domains (Fig. 1 A). The most C-terminal b-strand
(b3) of one monomer inserts into the hydrophobic core of an
adjacent monomer and, together with hydrogen bonding
between residues 54–56, forms the homodimer interface.
The intrinsic mobility of the b2b3-hairpin of each subunit,
along with a ball-and-socket joint formed about F58 at the
dimer interface (Fig. 1 B), permit a hinge motion and a relative rotation between the two domains, respectively (13).
Indeed, significant conformational rearrangement appears
to be crucial for Cro-DNA binding (14–16), indicating
that the dynamics of the b-hairpin region may result in
varying the distance between the DNA recognition helices
(RHs; a3 and a30 ).
The variation in global conformation observed in the
solved Cro dimer crystal structures supports the notion of
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flexibility. Although the individual subunits of the apo
(17) and bound (14) structures are relatively similar, the
apo dimer displays a noticeably bent b-hairpin motif (representing a closed dimer structure; Fig. 1 A) in comparison
with the DNA-complexed conformation, which has a relatively flat appearance in this region (i.e., an open structure;
Fig. 1 B). This appears to be a textbook example of induced
conformational transition. Recently, however, two crystal
structures were solved for the same Cro dimer mutant
(Q27P, A29S and K32Q; PSQ). They were crystallized unbound to DNA, although cognate DNA was present in the
crystallization mixture (13). One crystal structure of the
mutant (PSQ1) resembles the fully open DNA-bound form,
whereas the other (PSQ2) displays a semi-open conformation intermediate between the apo and bound crystal structures. The mutations were located in the DNA RHs, far
from the b-hairpin region, and are unlikely to be the cause
of conformational differences. Instead, they may have resulted in a structural change by forming new crystal contacts.
These x-ray images capture just a snapshot of the Cro
dimer conformational ensemble in solution, and, from the
standpoint of dimer flexibility, crystal packing could have
selected a structure unrepresentative of its dominant solution
conformation.
As suggested by the crystal structures, the NMR
ensemble also emphasizes the notion of dimer flexibility
through significant structural variation (18). The models display a 0.7–5.3 Å Ca root mean-square deviation (RMSD)
with respect to one another. Compared with the x-ray
images, the NMR models are more similar to open Cro
than to closed Cro (2.7–4.8 Å and 2.0–6.7 Å RMSD to the
open and closed dimers, respectively). However, the NMR
dimer conformation is not well defined and must be interpreted with caution (18). Thus, further studies are needed
to elucidate the true nature of the solution structure.
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recognition in which the partially populated semi-open
conformation initiates DNA contact before undergoing
a residual degree of conformational adjustment to form
the fully open state in the functional complex.
MATERIALS AND METHODS
Setup and general MD

FIGURE 1 WT (A) apo (closed) and (B) DNA-bound (open) l Cro dimer
structures were the starting coordinates for REMD. Secondary structure
motifs are labeled on the apo form, with b-strands shown in yellow and
the DNA RHs (a3 and a30 ) shown in blue. For clarity, termini added for
simulation are not shown. The reaction coordinates defined as the distance
between the b2b3-hairpin and RH of each subunit are labeled on the bound
crystal structure in B and, along with RMSD measurements, were used to
distinguish open/closed conformational transitions of the dimer throughout
simulation. F58 of both subunits is shown in orange to highlight the location
of the ball-and-socket joint in B.

Here, we add dynamical information to the static x-ray
images. We used replica exchange molecular dynamics
(REMD) in an attempt to uncover the dominant forms and
extent of accessible conformations of the dimer in solution.
Simulations were performed starting from the wild-type
(WT) apo (closed) and DNA-bound (open) x-ray structures.
The x-ray images show remarkable consistency with the
conformational space sampled by REMD, whereas the
NMR structures are inconsistent with the simulated ensemble. Network analysis and a free energy profile show
that two major conformational states exist in solution.
One is a closed conformation similar to the apo Cro crystal
structure. The other is a stable form that is similar to the
DNA-bound structure, but is not fully open. Instead, this
semi-open conformation closely resembles the recent
PSQ2 mutant x-ray structure, for which no biological context was previously identified. The closed and semi-open
states reside relatively close in energy, such that crystal
contacts could easily stabilize one conformation over the
other. Intersubunit salt bridging between Arg4 and Glu53
contributes to the stability of closed conformations. The
fully open DNA-bound state lies higher in free energy, indicating that it requires the presence of DNA to be stable in
solution. This also suggests that the PSQ1 mutant closely
resembling the DNA-bound form was likely stabilized by
crystal contacts. These results support an extension of the
conformational selection model (19,20) for Cro-DNA

We performed REMD simulations starting from two x-ray structures: DNAfree (closed) and DNA-bound (open) dimeric l Cro (Protein Data Bank
(PDB) ID: 5CRO (17) and 6CRO (14), respectively; Fig. 1). These simulations were used for subsequent analyses. The term ‘‘combined trajectory’’
refers to a set of coordinates from both of these simulations. The asymmetric unit of 5CRO consists of a tetramer of two dimers (chains A-C
and chains B-O). Both dimers are relatively similar (0.4 Å Ca RMSD for
residues 4–56 of each subunit), and chains A-C were chosen. The missing
terminal residues of the x-ray structures were added by alignment with an
NMR model (PDB ID: 1COP) (18). Based on the observations from the
trajectories started from the x-ray coordinates, a third REMD simulation
was run from an NMR model as a control. The seventh reported model
was chosen as the starting coordinates for this simulation because it corresponds to the centroid of the largest population from average linkage clustering of the NMR ensemble. Thus, we ran three independent simulations
from three sets of initial coordinates (two x-ray structures and one NMR
model) to ensure that our conclusions would not depend on the initial
conditions.
Simulations were run using the Amber10 package (21,22). Each simulated dimer had one neutral histidine (protonated at the epsilon position
of the imidazole ring) per subunit and an overall þ6 charge. The structures
were aligned at the origin in VMD (23) and solvated in a cube of length
77 Å with TIP3P water molecules such that the longest direction of the
dimer would always have at least ~14 Å minimum padding. The systems
were neutralized and protonated using tleap (24). The systems with x-ray
coordinates contained 14,715 waters and 46,259 total atoms. The system
with the NMR model had 14,702 waters and 46,220 total atoms. The
FF99SB force field parameter set (25) was used. Energy minimization
was performed as previously described (26). An additional minimization
step relaxed backbone torsion angles of the added termini, with 500/500
steepest descent/conjugate gradient cycles with harmonic restraints applied
to the rest of the protein backbone (500 kcal/(mol $ Å2) force constant). The
systems were then heated in the NPT ensemble to 300K over 20 ps with
nonterminal main chain atoms still fixed. An initial equilibration with no
positional restraints was run in the NPT ensemble at 300 K for 200 ps for
each system.

REMD
REMD embodies the principles of MD as well as Monte Carlo methods to
efficiently sample the conformational space of biomolecules (27,28). The
method combines frequent barrier crossing at higher temperatures with
proper Boltzmann statistics at each temperature state. Thus, REMD significantly increases conformational sampling and has shown exceptional
capability in studying protein dynamics in implicit (29,30) and explicit
(31–33) solvent. The algorithm independently runs several identical copies
of a system, each of which exists in a unique temperature state. After a short
interval of MD, a Monte Carlo step is performed to determine whether
neighboring replicas may exchange their temperature states based on
a Boltzmann-weighted probability.
Here, we applied REMD to a relatively large system, a dimer consisting
of 66 amino acids per subunit solvated with >14,000 waters. Because both
dimer dissociation and backbone denaturation of the l Cro dimer are
observed experimentally at 318 K (34), we were limited in choosing an
adequate temperature range for REMD. Placement of a covalent bond at
Biophysical Journal 101(10) 2516–2524
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the dimer interface diminished the dynamics between the two subunits (16),
so no restraints were placed at the interface during simulation. The presence
of explicit water dramatically increases the energy of the system in comparison with dielectric continuum models, necessitating sufficiently small gaps
between replica temperatures to achieve acceptance ratios that do not
vanish to zero. Furthermore, the number of replicas required for REMD
increases as O(f1/2), where f represents the total number of degrees of
freedom in the system (35), which is large for an explicit solvent simulation.
Thus, we chose an exchange ratio of 0.15 to ensure proper potential energy
distributions while covering a sufficient temperature range with 24 replicas
between 287.9 and 338.7 K. Because we chose a moderate temperature
range and explicit solvent, we did not use chirality restraints typically
employed during REMD. Other than SHAKE constraints (36) applied to
bonds involving hydrogen atoms, no other constraints were placed on the
system. The velocity Verlet algorithm was used. An 8 Å nonbonded cutoff
was employed in direct calculations of electrostatic and van der Waals interactions. Periodic boundary conditions were used, and the particle mesh
Ewald method with a grid spacing of 1 Å was used to calculate long-range
electrostatics. A Langevin thermostat with a collision frequency parameter
of 1 ps!1 maintained the temperature at each state. The minimized and
NPT-equilibrated dimers served as the input coordinates for heating and
equilibration at each of the 24 temperatures. The total equilibration time
at each temperature was 500 ps. For all three simulations, each replica
was run in the NVT ensemble for a total of 30 ns (720 ns when considering
all 24 replicas). Exchanges were attempted every 1 ps. This corresponds to
500 integration steps (2 fs each), which has been estimated to be a suitable
time between exchanges to properly construct a canonical ensemble at each
temperature state (27). Each replica traversed from the lowest to the highest
temperatures (see Fig. S1 in the Supporting Material). Coordinates were
saved every 2 ps. The trajectories were analyzed at 300 K and processed
with the use of ptraj (24), VMD (23), and PyMOL (37).

Network analysis and clustering
We constructed a network representation of the combined trajectory based
on pairwise Ca RMSD measurements of trajectory frames to visualize the
conformational ensemble of the Cro dimer (26,38,39). The unweighted
force-directed layout algorithm that is part of Cytoscape (40) was used.
This method considers a conformation from simulation as a node and
connects two nodes by an edge if the RMSD calculated between them in
the pairwise matrix falls below a defined cutoff (26) (see Fig. S2 for details).
The algorithm treats the resulting graph as a heuristic physical system in
which the edges act as springs, and all nodes feel a repulsive Coulombtype interaction with respect to each other. The final layout is generated
by minimization of the potential energy of the system. An RMSD cutoff
of 1.7 Å was used to create the layout, which comprises 500 frames from
15–30 ns of the simulations started from the x-ray coordinates (250 frames
from both trajectories, corresponding to every 60 ps). Networks comprising
500, 1000, and 1500 frames were nearly identical (data not shown). We
used 500 frames for computational efficiency. After constructing the
network, we performed clustering using the average linkage algorithm
that is part of ptraj (41). We calculated five representative structures for
3750 frames from the combined and individual trajectories, and subsequently included the ones from the combined trajectory (as well as the
TABLE 1

x-ray and NMR structures) in the pairwise RMSD calculation to embed
them in the network layout. The relationship between the network layout
and clustering by the average linkage algorithm is shown in Fig. S3.

Reaction coordinate measurements
To report on Cro conformational transitions, we used the open and closed
crystal structures as reference points in conformational space. RMSD
values were calculated for Ca atoms of residues 4–56 and 40 –560 of the
dimer and used to define a DRMSD (42) as

!
"
!
"
DRMSD ¼ RMSD qtraj ; qopen ! RMSD qtraj ; qclosed ;

where qtraj is the trajectory coordinates, and qopen and qclosed are the bound
and apo crystal structure coordinates, respectively. We also defined backbone center-of-mass distances between the DNA RHs (residues 27–36
(a3) to 270 –360 (a30 )) and between the b-hairpins of each subunit (residues
41–43 (b2), 51–53 (b3) to 410 –430 (b20 ), 510 –530 (b30 ); Fig. 1 B) to characterize open/closed transitions. The free-energy surface was constructed in
the plane of these intersubunit distances. The probability distributions of
the b-hairpin and RH distances sampled in the combined 300 K REMD
trajectory (3750 frames from 15 to 30 ns) were measured and used to
calculate the free energy. The reaction coordinate values for the Cro dimer
structures are listed in Table 1.

RESULTS
Trajectories show conformational transitions
The enhanced sampling of the REMD trajectories started
from the x-ray structures yielded a large number of conformational transitions, and the simulations sampled the same
magnitude of DRMSD values and distances encompassing
the coordinates corresponding to the open and closed dimer
crystal structures (Fig. 2). (Reaction coordinate values for
experimentally solved Cro dimers are listed in Table 1.)
Transitions along the DRMSD coordinate show that conformations similar to the fully open dimer crystal structure
(~ !4 Å) are rarely sampled by either trajectory (Fig. 2 A).
Rather, semi-open dimer structures (between !1 Å and
!2.5 Å) are frequently reached (discussed in further detail
below). The trajectory from closed Cro shows several transitions from closed-like conformations to semi-open conformations throughout the simulation (Fig. 2, A–C). The
trajectory from open Cro primarily samples intermediate
and semi-open conformations during the first half of the
simulation before showing transitions to closed dimer coordinates after 15 ns (Fig. 2, A–C), which indicates that the first
half of the simulation (0–15 ns) is not fully equilibrated.

Reaction coordinates for experimentally solved and representative REMD Cro dimers

DRMSD
RH distance
b-hairpin distance

R1

R2

R3

WT-apo

WT-bound

PSQ1

PSQ2

NMR

3.0
33.5
16.3

!2.5
31.0
20.3

0.7
32.3
18.3

4.1
32.9/32.8*
16.5/16.4*

!4.1
28.9
20.4

!3.0
29.3
20.0

!1.3
32.0
19.3

!2.8–1.0
18.1–30.7
18.1–21.1

All values are reported in Angstroms.
*The asymmetric unit of the WT apo dimer is a tetramer with chains A, B, C, and O, where A-C and B-O are the biological dimers. The RH distances for
chains A-C and B-O are 32.9 Å and 32.8 Å, respectively. Similarly, the b-hairpin distances for chains A-C and B-O are 16.5 Å and 16.4 Å, respectively.
Biophysical Journal 101(10) 2516–2524

81

Simulated Cro Dimer Solution Ensemble

FIGURE 2 The (A) DRMSD, (B) RH distance, and (C) b-hairpin distance
were the reaction coordinates of interest. In panel A, the maximum and
minimum DRMSD values (þ4.1 Å and "4.1 Å) correspond to the closed
and open x-ray structure coordinates, respectively. Similarly, in B and C,
the letters C and O respectively correspond to the coordinates for the closed
and open dimer crystal structures. 15–30 ns of both trajectories was used for
network analysis and constructing the free energy surface.

Thus, we subsequently analyzed the last half of both simulations (15–30 ns) to describe the Cro dimer conformational
space. We projected this portion of each trajectory onto
the plane of RMSD-to-open and RMSD-to-closed Cro to
further examine the conformational sampling (Fig. S4).
Both simulations explored a comparable region of conformational space and visited closed and semi-open dimer
structures despite starting from notably different sets of
initial coordinates.
Network analysis illustrates the conformational
ensemble
Network analysis permits visualization of the region of
phase space sampled by the REMD trajectories (Fig. 3).
The resulting interaction network defines similarity between
the conformational substates visited during the simulation
and shows how the experimentally solved Cro dimer structures relate to this space. The network layout comprises
frames from both trajectories started from the crystal structures and was constructed with a 1.7 Å pairwise Ca RMSD
cutoff. Four main clusters are evident, one of which belongs
solely to NMR ensemble members. Both trajectories sample
within the two largest populations, whereas only the trajectory from the closed dimer visits the smallest collection of
nodes from simulation. Overall, the conformational space
sampled by the REMD trajectories agrees exceptionally
well with the x-ray images since all four of the crystal structures fall within the two major clusters of the layout. This is
not the case for the NMR models: only two of the nodes of
the NMR ensemble are connected to the nodes from the
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FIGURE 3 Network analysis highlights the conformational space of the
Cro dimer. The force-directed layout algorithm and a 1.7 Å Ca pairwise
RMSD cutoff for 500 frames from the combined REMD trajectory were
used. Structures from the simulations started from the closed and open
WT Cro dimer crystal structures are represented by blue triangles and red
circles, respectively. The location of the closed (C), open (O), PSQ1 mutant
(P1), and PSQ2 mutant (P2) dimer crystal structures within the layout are
shown by black hexagons. The NMR ensemble is represented by green diamonds. The five representative structures calculated by clustering with the
average linkage algorithm are shown in cartoon representation and depicted
as large yellow squares in the network (R1 (47.6%), R2 (20.3%), R3
(17.3%), R4 (10.2%), and R5 (4.6%), where the percentages refer to the
proportion of the combined REMD ensemble in each cluster.

simulation, whereas the others only show connections
among themselves. This is reasonable when considering
that none of the NMR models yield an RMSD < 2 Å
when aligned to either the closed or open x-ray structures
(Table 2). The difference between the NMR ensemble and
the conformational space sampled by REMD is further highlighted by the free energy surface as well as an additional
REMD simulation begun from an NMR model (both discussed below).
Representative conformations were calculated for the
combined REMD trajectory. These structures show a high
degree of similarity to those calculated for the individual
REMD trajectories (Fig. S5 and Table S1), indicating that
sufficient REMD sampling was achieved for our discussion. The highest-ranking representative structure from the
average linkage algorithm (R1) denotes the centroid of the
population that includes the closed (free) Cro crystal structure and represents 47.6% of the ensemble (Fig. 4 A and
Table 2). The most notable differences between these two
structures occur in the displacement of the N-terminal
b1-strands and the increased rotation of one b-hairpin of
R1. In the crystal of the DNA-free dimer, b1-b10 strand
interaction forms a closed ring between dimer structures,
resulting in a tetrameric arrangement of the asymmetric
Biophysical Journal 101(10) 2516–2524
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Pairwise RMSD comparison of Cro dimer structures
R1

R2

R3 WT-apo WT-bound PSQ1 PSQ2

R1
N.A. 4.2 2.4
1.7
R2
N.A. 2.5
4.0
R3
N.A.
2.1
WT-apo
(0.4)*
WT-bound
PSQ1
PSQ2
NMR

4.6
1.5
2.8
4.1
N.A.

4.3
1.2
2.6
4.0
1.0
N.A.

3.9
1.9
2.3
3.7
2.4
1.9
N.A.

NMR
3.0–7.4
3.0–5.6
2.1–6.2
2.0–6.7
2.7–4.8
2.9–5.3
3.2–6.6
(0.7–5.3)

All RMSD values are reported in Angstroms and were calculated for residues 4–56 and 40 –560 for the dimer. R1, R2, and R3 are the top three ranked
representative structures as calculated by the average linkage algorithm for
the combined REMD trajectory. WT-apo, WT-bound, PSQ1, and PSQ2 are
the four Cro dimer crystal structures, and NMR is the experimentally solved
solution structure.
*A 0.4 Å difference exists between dimers A-C and B-O for the WT-apo
x-ray structure. Dimer A-C was used for the pairwise calculations.

unit that could have distorted the dimer in the lattice.
For R1, the RH distance is 0.6 Å greater and the termini
of these helices show a less tight helical geometry than
the closed crystal structure. The b-hairpin distance is similar
between the two structures. Appended to the largest population on the layout is the smallest cluster, corresponding to
the lowest-ranked centroid (R5, 4.6%; Fig. 3). This structure
shows an overall closed conformation, but differs from R1
in the noticeable asymmetry about the b-hairpin region.
The second-ranked representative conformation, R2
(20.3%), falls in the next-largest collection of nodes, and
is an open-like dimer conformation (Fig. 4 B and Table 2).
R2 displays roughly the same b-hairpin distance as the
open crystal structure, and there is no notable difference
in the rotation of either of the b-hairpins when the two structures are aligned. The RH distance of the open Cro x-ray
image is 2.1 Å greater than R2, although the orientation of
the helices is similar. R2 yields comparable RMSD values
when aligned with either the fully open or semi-open x-ray
structures (Table 2). The population comprising open-like
dimer conformations is more disperse than the collection
of nodes containing the closed crystal structure. As a result,
it was split into two clusters (centroids R2 and R4) before the
centroid for the smallest population (R5) could be determined. R2 and R4 display comparable overall conformations
(1.9 Å RMSD) and together represent 30.5% of the ensemble. R4 is a semi-open dimer, displaying a 2.6 Å and
1.2 Å RMSD to the fully open DNA-bound and the semiopen PSQ2 mutant x-ray structures, respectively.
Between the two largest populations are structures that
are intermediate of the open and closed dimer crystal
structures. The third-ranked representative structure (R3,
17.3%) is located in this region (Fig. 3 and Table 2). In close
proximity to R3 are the two NMR ensemble members that
fall within the body of the network (the ninth and 18th
reported structures). Alignment of R3 with the ninth and
18th reported NMR models yields a 2.1 Å and 2.3 Å
Biophysical Journal 101(10) 2516–2524

FIGURE 4 (A) The most representative closed dimer conformation from
REMD (R1, blue) aligned with the closed Cro x-ray image (yellow; 1.7 Å
RMSD). (B) The most representative open dimer from simulation (R2, red)
overlaid with the DNA-bound open Cro crystal structure (cyan; 1.5 Å
RMSD). (C) The representative intermediate structure from REMD (R3,
purple) aligned with the ninth reported NMR model (gray; 2.1 Å RMSD).

RMSD, respectively. Fig. 4 C compares R3 and the ninth
reported NMR model. The b3-b30 portion of the dimer interface appears flatter in the NMR structure than in R3, and the
b1 strands differ in conformation. The NMR model also
displays a shorter RH distance than R3 by 2.2 Å. No significant difference due to b-hairpin rotation is present.
Free energy surface of Cro dimer conformations
in solution
We calculated a two-dimensional free energy surface spanning the plane of the b-hairpin and RH distances for a set of
coordinates from both REMD trajectories started from the
x-ray structures after equilibration (Fig. 5). The landscape
displays a topology similar to that of the network layout,
and shows a moderate free energy range of 0–2.25 kcal/mol
and two minima separated by a ~1 kcal/mol barrier. An
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FIGURE 5 Free-energy surface in the plane of the b-hairpin and RH
distances. The landscape was calculated for the combined REMD trajectory. Experimentally solved Cro dimer structures are plotted on the surface
for comparison with the simulated ensemble. The representative and x-ray
structures are labeled as in Fig. 3. The NMR structures that fall within the
histogram bin windows are shown as open circles.

overall trend for decreasing RH distances with increasing
b-hairpin distances (similar to the plotted crystal structures
and NMR models) is evident as well. The most prominent
basin falls within a 32–34.5 Å RH and 15–17.5 Å b-hairpin
distance range. The coordinates of the closed crystal structure
and R1 are located in this minimum. The other basin occurs at
shorter RH (30.5–32.5 Å) and longer b-hairpin distances
(19–20 Å), and most closely coincides with the PSQ2 mutant
x-ray structure and R2, indicating that these structures represent semi-open conformations that are stable in solution.
Such agreement is noteworthy because both of the two
partially stable conformations observed in MD simulations
are indeed observed as x-ray crystallographic structures.
Small differences in the crystal packing interfaces would
explain why different conformations were selected during
the crystallization process. The DNA-bound and PSQ1
mutant crystal structures (the fully open forms) are located
~1.25 and 1.0 kcal/mol from this minimum, respectively,
and thus lie higher in free energy than the closed crystal structure. This indicates that the WT bound conformation was due
to DNA binding, and the similar open form of the PSQ1
mutant was most likely stabilized by crystal contacts. The
R3 structure falls at ~0.75 kcal/mol and corresponds to coordinates intermediate of the open and closed basins.
Perhaps the most striking feature of the landscape, given
its functional relevance, is that the RH coordinate corresponding to the DNA-bound Cro x-ray structure (29 Å) is
accessible only when the b-hairpins are in an open conformation (>19 Å). The RH distance for the DNA-free crystal
structure (33 Å) is roughly <1 kcal/mol from the minimum over almost the entire range of b-hairpin coordinates.
Despite the large population differences of the RH distances
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corresponding to the closed and open crystal structures,
the b-hairpin coordinates corresponding to both of these
structures are significantly sampled by the trajectories.
This implies that the dynamics of the b-hairpins govern
the transition to open dimer states with shorter RH distances
(<30 Å) as displayed by the DNA-bound x-ray structure.
Most of the open-like dimer conformations observed during
the simulation display RH distances that are more in agreement with the PSQ2 mutant dimer.
The NMR ensemble was also plotted onto the free-energy
surface. The NMR structures are notably biased toward large
b-hairpin and small RH distances (Fig. 5 and Table 1)—just
two of the 20 reported structures (the ninth and 18th) fall
within ~1 kcal/mol of the minimum. These are the only
two NMR models that display an RH distance > 28 Å and
a b-hairpin distance < 19.5 Å, and most display coordinates
beyond the range of the conformational space sampled by
the REMD simulation (RH and b-hairpin distances ranging
from 18 Å to 26 Å and 19.5 Å to 21 Å, respectively). Consequently, all but four NMR models lie >2.25 kcal/mol.
To ensure that this observation was not the result of insufficient sampling, we started an additional REMD simulation
from the NMR model that is the centroid of the separate
NMR population shown in the network layout. This is the
seventh reported model, which displays RH and b-hairpin
distances of 24.0 Å and 20.4 Å, respectively. This trajectory
immediately drifts from its initial coordinates within 10 ns,
and over the course of 30 ns samples a range of conformational space similar to that sampled by the REMD simulations started from the x-ray structures (Fig. S6). This
indicates no free-energy barrier separates the x-ray and
NMR models, and that most of the conformations depicted
by the NMR ensemble are not stable dimer states in solution.
Inter- and intrasubunit salt bridging
Given the predominance of both closed and semi-open
dimer conformations, we searched for specific structural
underpinnings that might stabilize these two states in solution. The REMD trajectories show significant inter- and intrasubunit interactions between Arg4 and Glu53 in the form
of salt bridges. Due to the symmetric nature of the dimer,
either intersubunit salt bridge may form (Arg4-Glu530 or
Arg40 -Glu53), and both appear to stabilize closed dimer conformations (Fig. 6, A–C). This salt bridge is shown to be
a characteristic of the conformations comprising the largest population (closed-like dimers) of the network layout
(Fig. 6 G). It is present throughout the entire simulation
from the closed dimer and begins to form after approximately the first half of the simulation from open Cro, after
which significant sampling of positive DRMSD values in
this trajectory is observed (data not shown). At least one intrasubunit salt bridge (Arg4-Glu53 or Arg40 -Glu530 ) is present
throughout both simulations. The dimer does not show a
preference for open or closed conformations upon formation
Biophysical Journal 101(10) 2516–2524
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FIGURE 6 (A and B) Correlation between the intersubunit salt bridge
distance (Arg4-Glu530 and Arg40 -Glu53) and the RMSD to the closed crystal
structure. (C) The structure from the combined REMD trajectory closest to
the closed Cro x-ray image (1.0 Å RMSD) displays the intersubunit salt
bridge between R4 and E530 . (D and E) Correlation between the intrasubunit
salt bridge distance (Arg4-Glu53 and Arg40 -Glu530 ) and the RMSD to closed
Cro. (F) The conformation most like open Cro (1.0 Å RMSD) shows the
intrasubunit salt bridges between these residues. (G) Intersubunit salt bridging as highlighted by the network layout. The Arg4-Glu530 and Arg40 -Glu53
distances are represented as a color gradient in the network; black corresponds to shorter distances, and gray-white indicates larger distances. All
data shown are for the last half of simulation (15–30 ns). Distances were
measured between the centers-of-mass of Nh1 and Nh2 of arginine, and
Oε1 and Oε2 of glutamate.

of this interaction (Fig. 6, D–F). Salt bridging between Arg4
and Glu53 would contribute to the stability of both open and
closed dimers in simulation without DNA, which is not
obvious from the crystal structures, and the breaking of
the intersubunit interaction may be a prerequisite for the
transition from closed to open states.
DISCUSSION
Comparison of the REMD trajectories with x-ray
and NMR
Despite a wealth of information from x-ray structures and
NMR, the nature of the Cro dimer conformational equilibBiophysical Journal 101(10) 2516–2524
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rium in solution has remained unknown. Our REMD-derived
ensemble comprises both closed and open dimer structures
separated by a modest energy barrier, such that different
contacts in the crystal lattice could select either of these energetically close conformations. This would explain why one
recently solved DNA-free mutant x-ray structure (PSQ1)
displays remarkable resemblance to its DNA-bound conformation (13). The mutations, each within the DNA RHs,
play a role in crystal packing and the new contacts may
have stabilized a fully open conformation. This mutant
was also solved in another crystal form (PSQ2). In addition
to mutation, the extended b-sheet structure in this lattice may
have shifted the conformational equilibrium of the dimer
toward a semi-open state. Yet both mutant structures are
accessible in solution and appear within the population of
open-like dimers in the network layout. The free-energy
surface clearly shows that semi-open conformations similar
to that of PSQ2 are more stable than fully open ones.
A key structural feature revealed by the REMD simulations is intersubunit salt bridging, which is also a characteristic of the WT free Cro asymmetric unit. Crystal contacts
between b1 strands in this lattice result in a dimer-dimer
interface that satisfies salt bridging similarly to what is observed in simulation. Specifically, Arg4 of each monomer
salt bridges with Glu2 of a neighboring chain (in contrast
to the Arg4 and Glu53 interaction seen in simulation), likely
stabilizing a closed dimer conformation similar to the most
representative structure from the REMD trajectories. In fact,
the WT DNA-free crystal form is the only Cro dimer x-ray
structure that displays an intersubunit salt bridge. The presence of DNA or new crystal contacts due to mutation could
have prevented the formation of this interaction in the bound
and mutant Cro lattices. This appears to be a case in which
x-ray crystallography revealed a crucial structural feature,
but where the dynamical insight unique to simulation was
needed to uncover the nature of this interaction in the
context of the solution ensemble.
Unlike the x-ray structures, the Cro dimer NMR models
differ markedly from the REMD-derived ensemble. The
b-hairpin and RH distances are significantly over- and underestimated, respectively, in comparison with our simulations. Furthermore, no NMR ensemble member displays a
conformation similar to the WT free crystal structure,
whereas our simulations clearly show the predominance of
such conformations. Matsuo et al. (18) stated, ‘‘In general,
it is difficult to determine a dimer conformation precisely
by means of NMR, since rather small numbers of intersubunit constraints are obtained.’’ Because of their shortrange nature, very few intersubunit nuclear Overhauser
enhancement restraints (just 40 out of 1576 total) near the
hinge region were available for constructing the models.
Without sufficient distance information between subunits,
the resulting model would strongly depend on the structure
determination protocol, and inaccuracy in the energy function (which did not contain an electrostatic term) may be
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a source of the disagreement in conformational space. Additional information from residual dipolar couplings may help
to refine the relative subunit orientations, perhaps yielding
NMR models in better agreement with x-ray crystallography
and simulation. In addition to the disparity in global conformation, none of the NMR models include the critical
intersubunit salt bridge observed in simulation.
Biological implication
The REMD trajectories not only permit comparison with
experimentally solved structures, but also provide new
insight into Cro-DNA binding. Previous work suggested
an induced-fit mechanism in which Cro may first bind
nonspecifically to DNA in a form resembling its apo conformation (43). A structural transition may then take place as
the protein diffuses to its cognate operator site, resulting
in an open dimer structure that maximizes favorable contacts with DNA basepairs. In contrast to this view, Hall
et al. (13), after solving the PSQ mutant structures, proposed
that the dimer may instead undergo a significant conformational change upon initial DNA binding before transitioning
to a structure similar to its dominant solution form in the
specific complex.
A tentative model for Cro-DNA binding may be accrued
from the free-energy surface obtained from REMD.
Although conformations similar to the bound dimer are
accessible during simulation, the RH distance of this structure is infrequently sampled. Instead, the stable open-like
conformations from simulation, which closely resemble
the PSQ2 mutant, display RH distances >2 Å longer than
that of the bound crystal structure, indicating that the transition from the semi-open to the fully open form requires
additional energetic contribution. Moreover, the intersubunit salt bridge observed during simulation appears to
stabilize closed conformations. On the basis of these observations, we propose that closed conformations represent
the main dimeric form of Cro in solution. Upon breakage
of the intersubunit salt bridge, the dimer may adopt semiopen conformations similar to the PSQ2 mutant structure.
Such conformations may bind initially to DNA before transitioning to the fully open state as the protein diffuses to its
operator site. Thus, sequence-specific Cro-DNA binding
may not necessitate large dimer distortions relative to
the protein’s dominant solution conformations (13), supporting an extension of the original conformational selection model in which initial binding is followed by a
degree of residual conformational adjustment (19,20).
Because only a modest free-energy barrier separates dimer
states in simulation, a significant portion of the energetic
payoff from complex formation could be directed toward
driving local conformational change in DNA. This would
contribute to the bending of DNA as seen in the crystal
structure of the specific complex between Cro and its operator sequence (14).
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CONCLUSION
The REMD-derived ensemble describes the Cro dimer
conformational equilibrium in solution. The x-ray images
show remarkable consistency with the conformational space
sampled by REMD. Closed and semi-open dimer states
dominate the solution ensemble and are only separated by
a modest free energy barrier such that crystal contacts can
select either form. Closed conformations may be slightly
more stable than semi-open forms in solution due to intersubunit salt bridging. The fully open conformation appears to
be stabilized by DNA-binding or contacts in the crystal
lattice since it lies higher in free energy in solution. On
the other hand, the NMR structures are inconsistent with
the global conformations sampled during REMD, probably
due to the conditions under which the structure calculation
was performed. The prevalence of semi-open states in simulation supports an extension of the conformational selection
model in which such conformations similar to the PSQ2
mutant crystal structure may initially recognize DNA, and
subsequent dimer distortions needed to achieve the specific
complex may be relatively minor.
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Comparison of a Simulated k Cro Dimer Conformational
Ensemble to Its NMR Models
Logan S. Ahlstrom and Osamu Miyashita*
Several solved X-ray structures and an NMR ensemble of the
dimeric k Cro protein markedly differ from one another,
leaving its dominant solution conformation in question.
Recently performed replica exchange molecular dynamics
simulations starting from crystal structure coordinates sample
a range of conformational space that correlates well with the
X-ray structures but differs notably from the NMR models. To
further investigate the latter observation, this study focuses on
additional simulation beginning from an NMR model. Network
analysis and a free energy surface show that the trajectory

immediately converges to a region of conformational space in
agreement with the previously run simulations and the crystal
structures, but they suggest that the NMR models are not
stable solution conformations. Insufficient intersubunit nuclear
Overhauser enhancement restraints and the absence of
electrostatics in the structure calculation may have
C
compromised the global conformation of the NMR models. V
2012 Wiley Periodicals, Inc.

Introduction

dimer crystal structure displays a bent b2b3-hairpin motif or a
‘ closed’’ conformation (Fig. 1A).[11,12] The DNA-bound X-ray
structure notably differs from the apo dimer (4.1 Å root meansquare deviation, RMSD, of Ca atoms), displaying a relatively
flat b-hairpin region (an ‘ open’’ conformation, Fig. 1B).[13,14]
This suggests a significant induced structural transition upon
specific DNA binding. However, two new DNA-free crystal
structures of a Cro dimer mutant (Q27P, A29S, and K32Q; PSQ;
Fig. 1C and 1D) were recently solved.[15] One mutant crystal
structure (PSQ1) bears close resemblance to the fully open
DNA-bound form in the absence of DNA in the crystal (Fig.
1D), challenging the ‘ induced fit’’ binding mechanism, whereas
the other (PSQ2) displays a semi-open conformation intermediate of the wild-type (WT) apo and bound X-ray structures
(Fig. 1C). The mutations were located far from the b-hairpin
region and unlikely to influence the global conformation of
the dimer. Rather, the mutated residues formed new crystal
contacts that may have selected a structure inconsistent with
the major solution conformation (Ahlstrom and Miyashita,
unpublished data).

Proteins are dynamic and change conformations to perform
their biological functions,[1,2] yet structures solved by X-ray
crystallography and NMR represent just a snapshot of the conformational ensemble. Moreover, X-ray images depict a protein
conformation selected by artificial packing forces in the crystal
lattice, and NMR can be limited by the size of a protein. There
are also many cases in which multiple conformations have
been solved for the same protein experimentally.[3] Although
X-ray and NMR structures typically agree in global conformation,[4] the difference between a crystal structure and the NMR
average structure is consistently larger than the difference
among the NMR ensemble of structures,[5,6] and it is not
always clear how these structures correlate with the conformational ensemble. Which is the dominant conformation? Is each
of the observed structures indeed accessible in solution? Thus,
the interpretation of protein structures solved by X-ray and
NMR can be nontrivial, and methods to quantitatively evaluate
these models are needed. The dynamical information achievable through molecular dynamics (MD) simulation can enhance
our knowledge of experimentally solved structures by reconstructing the protein conformational ensemble in solution.
As a model system, we consider the dimeric Cro repressor
protein from bacteriophage k, which has several solved X-ray
structures as well as a heterogeneous NMR ensemble. Given
its role in a well-understood genetic switch,[7] Cro has served
as a prototypical system for studying the molecular details of
protein–DNA recognition.[8–10] Yet, significant variation among
its solved structures has complicated these efforts, and the nature of Cro conformational space in solution has been unclear.
Cro functions as a dimer and has a global conformation
analogous to a flexible ‘ dumbbell,’’ displaying a plastic b-sheet
region joining two rigid a-helical domains (Fig. 1A). Each subunit contains a DNA recognition helix (RH, a3) that fits into the
major groove of DNA upon specific binding. The apo Cro
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The Cro dimer NMR ensemble adds to the view of dimer
flexibility through substantial structural variation among the
models (0.7–5.3 Å pairwise Ca RMSD; Fig. 1E).[16] Although the
individual subunits of the NMR models are similar to the X-ray
structures, the models display dimer conformations quite different than any of the crystal structures. This disparity in dimer
conformation may be due to the determination of relatively
few intersubunit distance restraints during the NMR experiment. Thus, the NMR Cro dimer models are not well defined
and must be considered with caution.[16]
L. S. Ahlstrom, O. Miyashita
Department of Chemistry and Biochemistry, University of Arizona, Tucson,
Arizona 85721
E-mail: omiyashita@arizona.edu
C 2012 Wiley Periodicals, Inc.
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function used for the NMR structure calculation may have influenced the global conformation
of the NMR models.

Methods
Initial coordinates
REMD simulation was run from
the seventh reported NMR
model, which corresponds to the
centroid from average linkage
clustering of the NMR ensemble.
For analysis, data from this trajectory were compared to and
combined with two previously
run REMD simulations that were
started from the open and
closed X-ray structures.[17] Three
independent simulations from
three sets of initial coordinates
(one NMR model and two X-ray
structures) ensure that our conclusions do not depend on the
initial conditions.
Simulation was run using the
Amber10 package.[18,19] The
simulated dimer had one neutral
histidine (protonated at Ne) per
subunit and an overall þ6
Figure 1. Experimentally solved Cro dimer structures. (A)–(D) display the X-ray structures: (A) WT apo
charge. The structure was
(closed),[12] (B) WT DNA-bound (fully open),[13] (C) PSQ2 mutant (semi-open), and (D) PSQ1 mutant (fully
aligned at the origin in VMD[20]
open).[15] The 20 NMR models are superimposed in (E).[16] The three REMD simulations were started from the
and solvated in a cube of length
closed (A) and fully open (B without DNA) WT crystal structures and the seventh reported NMR model (black
ribbon in (E). Secondary structure elements and the interdomain b-hairpin and RH distances used as reaction
77 Å with TIP3P water molecules
coordinates during simulation are labeled in (A) and (D), respectively.
such that the longest direction
of the dimer would always have
at least "14 Å minimum padding. The system was neutralWe recently performed replica exchange MD (REMD) simulaized and protonated using tleap[19] and had 14,702 waters
tion starting from the closed and fully open Cro dimer X-ray
and 46,220 total atoms. The FF99SB force field parameter
coordinates to examine the available crystal structures.[17] Netset was used.[21] Energy minimization was performed as prework analysis and a free energy surface showed that the simuviously described.[22] An additional minimization step relaxed
lated ensemble agrees exceptionally well with the crystal
backbone torsion angles of the termini with 500/500 steepstructures and that closed and semi-open dimers dominate
est descent/conjugate gradient cycles with harmonic
the solution ensemble, while the fully open conformation lies
restraints applied to the rest of the protein backbone (500
higher in free energy. Surprisingly, most of the NMR models
kcal/(mol Å2) force constant). The system was then heated
in the NPT ensemble to 300 K over 20 ps with nonterminal
display coordinates beyond the range of conformational space
main chain atoms still fixed. An initial equilibration with no
sampled by the REMD trajectories. Thus, we performed addipositional restraints was run in the NPT ensemble at 300 K
tional REMD simulation from an NMR model to investigate this
for 200 ps.
observation, which is the focus of this study. The trajectory
quickly converges to a region of conformational space that is
in agreement with the REMD simulations begun from the
X-ray coordinates, indicating that the majority of the NMR
models do not represent stable conformations in solution.
Subsequent analysis shows that the intersubunit nuclear Overhauser enhancement (NOE) restraints reported for NMR structure determination agree well with REMD simulation, which
demonstrates that this set of distance restraints is not sufficient for properly defining the relative subunit orientation of
the dimer. We predict additional intersubunit NOE atom pairs
and show that the lack of an electrostatic term in the energy
2

REMD
REMD embodies the principles of MD as well as Monte Carlo
(MC) methods to efficiently sample the conformational space
of biomolecules.[23,24] The algorithm independently runs several identical copies of a system, each existing in a unique
temperature state. After a short interval of MD, a MC step is
performed to determine whether neighboring replicas may
exchange their temperature states based on a Boltzmannweighted probability. The method combines frequent barrier
crossing at higher temperatures with proper Boltzmann
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statistics at each temperature state. Thus, REMD significantly
increases conformational sampling and has shown exceptional
capability in studying protein dynamics in implicit[25,26] and
explicit solvent.[27–29]
Here, we apply REMD to a relatively large system, a dimer
consisting of 66 amino acids per subunit solvated with over
14,000 waters. Since dimer dissociation as well as backbone
denaturation of the k Cro dimer is observed experimentally at
318 K,[30] we were limited in choosing an adequate temperature range for REMD. Placement of a covalent bond at the
dimer interface diminished the dynamics between the two
subunits,[31] and thus no restraints were placed at the interface
during simulation. The presence of explicit water dramatically
increases the total energy of the system in comparison to
implicit solvent models, requiring sufficiently small gaps
between replica temperatures to achieve acceptance ratios
that do not vanish to zero. Furthermore, the number of replicas required for REMD increases as O(f1/2), where f represents
the total number of degrees of freedom in the system,[32]
which is large for an explicit solvent simulation. Thus, an
exchange ratio of 0.15 was chosen to ensure proper potential
energy distributions while covering a sufficient temperature
range with 24 replicas between 287.9 and 338.7 K. Since a
moderate temperature range and explicit solvent were chosen,
chirality restraints typically used during REMD were not
employed. Other than SHAKE constraints[33] applied to bonds
involving hydrogen atoms, no other constraints were placed
on the system. The velocity Verlet algorithm was used. An 8 Å
nonbonded cutoff was used in direct calculations of electrostatic and van der Waals interactions. Periodic boundary conditions were used, and the particle mesh Ewald method with a
grid spacing of 1 Å was used to calculate long-range electrostatics. A Langevin thermostat with a collision frequency parameter of 1 ps!1 maintained the temperature at each state.
The minimized and NPT-equilibrated dimers served as the
input coordinates for heating and equilibration at each of the
24 temperatures. The total equilibration time at each temperature was 500 ps. For all three simulations, each replica was run
in the NVT ensemble for a total of 30 ns (720 ns when considering all 24 replicas). Exchanges were attempted every 1 ps.
This corresponds to 500 integration steps (2 fs each), which
has been estimated to be a suitable time between exchanges
to properly construct a canonical ensemble at each temperature state.[23] Each replica traverses from the lowest to the
highest temperatures (data not shown). Coordinates were
saved every 2 ps. The trajectories were analyzed at 300 K and
processed with ptraj[19] and VMD.[20]
Network analysis
A network representation of the trajectories based on pairwise
Ca RMSD measurements of trajectory frames was constructed
to visualize the conformational ensemble of the Cro
dimer.[17,22,34] This method considers a conformation from simulation as a node and connects two nodes by an edge if the
RMSD calculated between them in the pairwise matrix falls
below a defined cutoff. This was done using the unweighted
force-directed layout algorithm that is part of Cytoscape.[35]
The algorithm treats the resulting graph as a heuristic physical
system in which the edges act as springs and all nodes feel a
repulsive Coulomb-type interaction with respect to one
another. The final layout is generated by minimization of the

potential energy of the system. An RMSD cutoff of 1.7 Å was
used to create the layout, which comprises 250 frames from
15 to 30 ns for both of the simulations started from the X-ray
coordinates (corresponding to every 60 ps) and another 500
frames extracted every 8 ps from 0 to 4 ns of the trajectory
begun from the NMR model. We also included the X-ray and
NMR structures in the pairwise RMSD calculation to embed
them in the network layout.
Reaction coordinates
To report on open/closed conformational transitions of the
Cro dimer, we defined backbone center-of-mass distances
between the DNA RHs—residues 27–36 (a3) to 270 –360 (a30 )—
and between the b-hairpins of each subunit—residues 41–43
(b2), 51–53 (b3) to 410 –430 (b20 ), 510 –530 (b30 ) (Fig. 1D). The
free energy surface was constructed in the plane of these
intersubunit distances. Probability distributions of the b-hairpin
and RH distances sampled at 300 K from 15 to 30 ns in the
REMD trajectory started from the NMR model as well as in
two previously run REMD trajectories begun from the closed
and fully open X-ray coordinates[17] were measured and used
to calculate the free energy. Reaction coordinate values for
Cro dimer structures that served as starting configurations for
simulation are indicated in Figure 2.

Figure 2. Conformational transitions along the (A) RH and (B) b-hairpin
interdomain distances. The RH/b-hairpin coordinates corresponding to the
starting configurations for simulation are indicated by arrows at right:
closed X-ray (C, 32.9/16.5 Å), fully open X-ray (O, 28.9/20.4 Å), and NMR
(N, 24.0/20.4 Å).

Intersubunit NOE restraint estimates
Thirty-seven unique intersubunit NOE restraints are reported
for the NMR models (BMRD ID: 1743).[16] (Eight additional
intersubunit hydrogen-bond restraints determined from NOE
and amide proton exchange data are also listed.) Although
NOE crosspeak intensities also depend on the timescale and
orientational correlations of the interproton vectors, in general
an NOE signal indicates an r–6 averaged pair distance \5–6 Å
(where r is the distance between the two protons).[36] Thus, to
assess the consistency between reported intersubunit NOE signals and the conformational ensemble from simulation, we calculated r–6 averaged interproton distances for each reported
intersubunit NOE atom pair during REMD and in the NMR ensemble. All degenerate methyl and aromatic ring protons were
considered in the calculations. For comparison to the X-ray
structures, the r–6 averaged distances were calculated between
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the corresponding heavy atoms. To search for additional intersubunit proton pairs that may yield an NOE not observed
experimentally, a distance of !5 Å in 95% of the snapshots
extracted from the last half (15–30 ns) of all three REMD simulations was identified.

Results
Conformational space sampled during REMD
A large number of conformational transitions along the b-hairpin and RH intersubunit distances are evident during REMD,
encompassing the coordinates corresponding to the closed
and fully open crystal structures (Fig. 2). Within the first few
nanoseconds of simulation, the trajectory begins to sample RH
distances [24 Å (‘‘N,’’ the coordinate of the starting NMR
model; Fig. 2A). RH distances similar to that of the closed crystal structure (‘‘C’’) predominate throughout the rest of the simulation. The RH distance of the NMR model is no longer
sampled, which indicates that the helices are closer together
in the NMR models than in stable dimer conformations. The
trajectory reaches shorter b-hairpin distances (\17 Å) after the
initial stage of REMD, and the b-hairpin distances of both Xray structures and the NMR model are sampled over the
course of simulation (Fig. 2B).
The conformational sampling of the REMD trajectory started
from the NMR model was characterized in the context of two
previously performed REMD simulations begun from the
closed and fully open X-ray structures. The network in Figure 3
incorporates data from all three trajectories and was constructed with a 1.7 Å RMSD cutoff. To analyze the initial equilibration stage of the trajectory started from the NMR coordinates, conformational snapshots were extracted over the first
4 ns of simulation and included in a pairwise RMSD calculation
with structures from the production phase (15–30 ns) of the
simulations started from the X-ray coordinates. The size of the
nodes depicting the simulation begun from the NMR coordinates corresponds to time, with the largest nodes representing
frames extracted from the earliest portion of the trajectory.
(The largest circle, cyan ‘ 7’’, represents the NMR model that
served as the starting configuration for simulation.) Two main
populations were sampled by the trajectories started from the
crystal structure coordinates and correspond to closed-like and
open-like dimers. Even within just the first few nanoseconds of
simulation, the trajectory begun from the NMR structure immediately moves away from its initial configuration toward the
region of conformational space sampled by the other two simulations. Consistent with this trend, dimers similar to the NMR
models are not sampled after minimization and early equilibration. Only two NMR models (green diamonds) are located in
the main body of the network and represent structures intermediate of the major open and closed dimer forms sampled
during simulation.
To examine the behavior of the simulation begun from the
NMR model over the full 30 ns of simulation, trajectory coordinates were compared to a two-dimensional free energy
surface constructed in the plane of the b-hairpin and RH distances for the simulations run from the two X-ray structures
4

Figure 3. Network analysis emphasizes conformational sampling during
the beginning stage of the REMD trajectory started from the NMR model.
Five hundred snapshots extracted over the first 4 ns of this trajectory are
depicted by yellow circles, which decrease in size as a function of time.
(The largest circle —cyan, labeled ‘ 7’’— corresponds to the seventh NMR
model from which simulation was begun.) These structures were combined
with 500 snapshots extracted from the last half (15–30 ns) of the trajectories started from the closed and fully open WT Cro dimer crystal structures
(250 frames from each, represented by blue triangles and red squares,
respectively) and the coordinates of the experimentally solved dimers for
the pairwise RMSD calculation. The WT closed (C), WT DNA-bound fully
open (O), fully open PSQ1 mutant (P1), and semi-open PSQ2 mutant (P2)
dimer crystal structures are denoted by black hexagons in the layout. The
NMR ensemble is represented by green diamonds. A 1.7 Å Ca pairwise
RMSD cutoff and the force-directed layout algorithm were used. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

(Fig. 4A). The landscape displays a similar topology as the network, with two minima that correspond to closed (RH: 32–34.5
Å, b-hairpin: 15–17.5 Å) and semi-open (RH: 30.5–32.5 Å,
b-hairpin: 19–20 Å) dimers akin to the WT apo and PSQ2 mutant crystal structures, respectively. These two states are separated by a modest free energy barrier of "1 kcal/mol. In comparison to the surface, the coordinates corresponding to the
majority of the NMR models (the black circles) do not overlap
with the conformational space sampled during simulation—
they are markedly shifted toward larger b-hairpin and shorter
RH distances; the RH axis is extended down to 18 Å to show
all NMR coordinates. (The filled circle corresponds to the NMR
model used as the starting structure for simulation.) Similar to
the network, the trajectory from the NMR model immediately
drifts from its initial coordinates and converges into the conformational space sampled by the other two simulations. Semiopen and closed dimers are sampled equally during the middle
portion of the trajectory, and coordinates representing closedlike conformations are more populated over the last third of
simulation. This pattern of conformational sampling indicates
that the inconsistency in conformational space depicted by simulation and NMR is not the result of insufficient sampling of the
REMD trajectories started from the X-ray coordinates.
Given the agreement in conformational sampling shown in
Figure 4A, coordinates over the last half (15–30 ns) of all three
trajectories were combined to create a new free energy
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Figure 4. (A) Two-dimensional free energy surface in the plane of the b-hairpin and RH interdomain distances using data from the REMD simulations
started from the closed and fully open X-ray structures. The RH distance axis is extended to 18 Å to display the coordinates of all NMR models, which are
shown as circles. Blue, orange, and green points represent coordinates sampled from 0 to10 ns, 10 to 20 ns, and 20 to 30 ns, respectively, by the trajectory
started from the seventh NMR model (the filled circle). (B) Free energy surface calculated using coordinates sampled by all three REMD trajectories. The
coordinates of the crystal structures are labeled as in Figure 3. The NMR models that fall within the histogram bin windows are denoted as in (A). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

surface (Fig. 4B). This surface is nearly identical to the one calculated using data from the REMD simulations started from
the crystal structures (Fig. 5 in Ahlstrom and Miyashita[17]). The
coordinates of the X-ray and NMR structures were plotted on
this surface for comparison. In agreement with the experimentally solved structures, a tendency for decreasing b-hairpin distances with increasing RH distances is apparent. The free
energy minimum comprises the coordinates of the closed crystal structure (C), indicating that such dimer conformations
dominate the solution ensemble. A second minimum corre-

Figure 5. r"6 averaged distances of (A) experimentally observed and (B)
predicted intersubunit NOE proton pairs calculated from a combined set of
coordinates from the three REMD trajectories (15–30 ns) and for the NMR
models. Prime symbols (0 ) denote residues from the partner subunit, and
‘ X"s designate degenerate protons.

sponds to the semi-open PSQ2 (P2) dimer, whereas the fully
open conformations (O and P1) lie higher in free energy on
the shoulder of the surface. This observation demonstrates
that additional energetic input is needed to stabilize the fully
open form of the dimer, which may be provided by DNA or
crystal contacts.[17]
Comparison of simulation to NMR structure determination
During the NMR experiment for the Cro dimer, relatively few
intersubunit NOE restraints could be determined,[16] which may
be a source of the difference in conformational space represented by the NMR ensemble in comparison to the REMD simulations and the crystal structures. We compared r–6 averaged
interproton distances calculated for a combined set of coordinates from all three REMD trajectories and for the NMR models
for each of the 37 unique intersubunit NOE restraint pairs
reported for NMR structure determination.[16] The majority of
the calculated interproton distances from simulation and NMR
are in excellent agreement and all are \5–6 Å, which supports
the observation of an NOE (Fig. 5A). No atom pair distances are
on average significantly longer ([0.7 Å) in simulation compared to the NMR ensemble. The distances of four proton pairs
(L23:HD1X-F58:HDX, V25:HG2X-P59:HBX, A33:HBX-F58:HEX, and
I40:HDX-F58:HDX; X signifies degenerate protons) are 1.25–2.5
Å shorter in simulation than in the NMR ensemble. The distances between the heavy atoms of the experimentally observed
intersubunit NOE pairs calculated from REMD show similar
agreement to the WT closed and fully open crystal structures
as with the NMR models (Fig. S1A, Supporting Information).
Given the difficulty in determining intersubunit NOEs during
NMR,[16] we searched for additional intersubunit proton pairs
in close proximity throughout simulation that were not
observed experimentally. Eighteen additional pairs about the
hinge region of the dimer interface were found, and most display r–6 averaged distances !1.5 Å shorter in REMD than in
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the NMR ensemble (Fig. 5B). The corresponding heavy atom
pair distances calculated from simulation are in better agreement with the WT X-ray structures than with the NMR models
(Fig. S1B, Supporting Information).
Without adequate intersubunit information, the global conformation of the dimer would have been especially sensitive
to the energy function used for the NMR structure calculation.
The authors reported that the energy function did not include
an electrostatic term.[16] Analysis of the initial equilibration
phase of all three REMD simulations shows that the electrostatic energy of the trajectories started from the NMR model
and the fully open X-ray conformation is higher than that of
the simulation started from the closed crystal structure (Fig. 6).
This implies that electrostatic interactions are not optimal in
the NMR model or the fully open X-ray structure used as the
starting coordinates for simulation, in agreement with the observation that neither structure lies near the free energy minimum (which corresponds to the closed crystal structure) on
the surface in Figure 4.

Figure 6. Electrostatic energy over time for the three REMD trajectories
during the initial MD equilibration phase at 300 K (NPT, 0–0.2 ns; NVT, 0.2–
0.7 ns). Data from 0.7 to 1.0 ns were calculated from snapshots extracted
from the beginning of REMD. The average electrostatic energy of all three
REMD trajectories (15–30 ns) is indicated by the black arrow at left
(!2933.6 " 126.5 kcal/mol). A running average over 10 ps was used.

Discussion
Simulation enhances the interpretation of experimentally
solved Cro dimer structures
Significant variation between Cro dimer X-ray and NMR structures has left the nature of its conformational equilibrium in
solution unclear. Using REMD simulation, we reconstructed the
conformational ensemble of the dimer to reconcile the differences observed in the experimentally solved structures. Separate simulations were started from three notably different sets
of initial coordinates, yet each converges to the same region
of conformational space. The simulated ensemble shows remarkable agreement to the crystal structures, with closed and
semi-open dimers similar to the WT apo and mutant PSQ2
X-ray structures, respectively, representing the two major solution conformations. A modest free energy barrier separates
these states, such that the crystal could have favored the
formation of either conformation. The fully open dimer is accessible but lies higher in free energy, suggesting it requires
stabilization by DNA binding or crystal contacts.[17]
In contrast to the agreement with the X-ray structures, the
majority of Cro dimer NMR models do not lie within in the
6
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boundaries of the free energy surface. Precisely resolving a
dimer structure by NMR can be quite difficult due to the challenge of detecting and assigning intersubunit NOEs.[16]
(It should be noted that the NMR models were determined
three years before the higher resolution X-ray structures.) This
presents a serious obstacle in structure determination and can
even lead to errors in the final dimer models, which in some
cases have been replaced with improved models in the
PDB.[37–39] In the case of the Cro dimer, the reported intersubunit NOEs are consistent with the REMD trajectories, indicating that this set of NOEs (which are short-range in nature) is
not sufficient to define relative subunit positions of the dimer.
The newly proposed NOE proton pairs would provide additional restraints at the subunit interface. Moreover, the early
equilibration phase of simulation suggests that including an
electrostatic term in the energy function used for the NMR
structure calculation may help to refine the global conformation of the resulting models. The absence of an electrostatic
term would have precluded the formation in the NMR models
of a previously observed intersubunit salt bridge between
Arg4 and Glu53, which correlates with the sampling of closed
dimers similar to the WT apo crystal structure during simulation (Fig. S2, Supporting Information).[17] Distance information
between the salt bridge residues and the predicted intersubunit NOE proton pairs could help to improve the relative orientation of the dimer subunits, perhaps yielding Cro dimer models more similar to the crystal structures and the
conformational ensemble obtained from REMD. Residual dipolar coupling measurements would further contribute toward
this aim.

Conclusions
We used enhanced sampling MD simulation to investigate
differences in global conformation observed in the experimentally solved structures of the Cro dimer. In particular, we
focused on evaluating the NMR models. Network analysis
and a free energy surface show that the trajectory started
from an NMR model immediately moves away from its initial
configuration to sample a region of conformational space in
agreement with the crystal structures and two previously run
simulations starting from X-ray coordinates. Closed and semiopen conformations similar to two solved crystal structures
dominate the simulated solution ensemble. Further analyses
suggest that insufficient intersubunit distance information as
well as the absence of an electrostatic term in the energy
function used for the structure calculation may have compromised the global conformation of the NMR models. Collectively, these data provide substantial evidence that the NMR
ensemble is not representative of Cro dimer conformational
equilibrium in solution.
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ABSTRACT
Variation in wild type and mutant λ Cro dimer X-ray structures ranges from a closed to a
fully open conformation and highlights dimer flexibility. Yet it is unclear if each X-ray
conformation indeed represents a stable solution state, or if one may be the result of
crystal packing. In this study, replica exchange molecular dynamics of mutant Cro in
solution shows that the conformational differences are not the direct consequence of
mutation. Instead, simulation of wild type and mutant Cro in two different crystal
environments reveals that mutation affects the stability of crystal forms. As indicated by
using the Molecular Mechanics Poisson-Boltzmann Surface Area approach to calculate
the relative strength of crystal packing interfaces, mutation strengthens packing interfaces
by as much as ~5 kcal/mol independent of the crystal environment. Thus, in the case of
Cro, mutation provides an additional energetic contribution in the lattice that can shift the
conformational ensemble toward a higher energy fully open state. Moreover, extended βsheet structure in the crystal of closed Cro satisfies a critical pattern of intersubunit salt
bridging similar to that observed in solution simulation and is weakened when the mutant
sequence is incorporated into the lattice. Further analysis indicates that packing interfaces
involving mutation sites may have non-local effects. Our results provide insight into
possible crystallization models for Cro and emphasize the careful consideration of protein
crystal structures.
INTRODUCTION
Protein X-ray images capture just a single snapshot of the dynamic solution ensemble,
which is selected by crystal packing. Although there are many cases for which multiple
structures of the same protein in different conformations have been solved by X-ray
crystallography,1 it may be unclear how each structure relates to the solution ensemble.
Thus, the functional interpretation of protein X-ray data can be non-trivial and methods to
aid in this process should be explored. Molecular dynamics (MD) simulation offers one
such avenue as it adds detailed dynamic information to static crystal structures.
We consider the Cro transcription factor from bacteriophage λ as a model system to study
the influence of the crystal environment on protein conformation. λ Cro functions as a
homodimer and has served as a paradigm system for studying protein-DNA interactions,24
gene regulation,5,6 and protein fold evolution.7,8 In the dimer, the relatively rigid
subunits display an α+β fold and are connected by a plastic β-sheet region that permits a
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hinge-like motion between the two domains (Fig. 1A). Several solved crystal structures in
different conformations are available for Cro and range from a wild type (WT) closed
conformation in the apo state9 (Fig. 1A) to an open form when bound to DNA10 (Fig.
1B), representing a 4.1 Å Cα structural difference. This observation initially indicated a
textbook example of induced conformational transition. However, two new DNA-free
crystal structures of the same Cro dimer mutant (Q27P, A29S, and K32Q; “PSQ”)
challenge this mechanism and bring into question the dominant solution form (Fig. 1C
and D).11 Both of the mutant structures were solved in the apo state, yet neither resembles
the previously solved DNA-free conformation (Fig 1A). One of them (PSQ form 1, Fig.
1D) closely resembles the DNA-bound open conformation, while the other (PSQ form 2,
Fig. 1C) displays a structure intermediate of the WT closed and open dimer forms
(“semi-open”). The mutations are located on the surface of the DNA recognition helix
(RH, Fig. 1E) and there is no clear reason why they would have resulted in dimer
structures different from the original DNA-free closed conformation.11 An NMR
ensemble is also available for the Cro dimer, but the models display a significant degree
of conformational heterogeneity among one another and differ from the X-ray
structures.12 Thus, the nature of the Cro dimer solution ensemble as well as its DNA
binding mechanism remained in question.
We recently examined the various Cro dimer X-ray and NMR models by reconstructing
the solution ensemble using Replica Exchange Molecular Dynamics (REMD).13,14 The
conformational space sampled by REMD agreed remarkably well with the X-ray
structures, whereas the NMR models were shown to represent unstable solution states.
Closed and semi-open dimers similar to the WT DNA-free and PSQ form 2 crystal
structures, respectively, dominate the solution ensemble, which supported a
conformational selection model for DNA binding. Although accessible, the fully open
conformation displayed by the WT DNA-bound and PSQ form 1 dimers lies higher in
free energy, indicating that additional energetic input is needed to stabilize this dimer
form. In the case of bound Cro, DNA-protein interactions would stabilize the fully open
state. However, in DNA-free PSQ form 1, mutations participate in crystal packing and
may have affected the resulting crystal form.
In this study, additional REMD simulation of mutant Cro reveals that the RH mutations
do not significantly change the conformational preference of the dimer in solution.
Subsequent MD simulation in the crystal environments of DNA-free fully open and
closed Cro with both WT and mutant residue composition was performed to determine if
mutation affected the stability of crystal forms. The relative strength of chain-to-chain
crystal packing interfaces in the WT and mutant trajectories was estimated using the
Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) approach.15,16
Mutation can strengthen a single packing interface by as much as ~5 kcal/mol regardless
of the crystal environment, supplying an additional energetic source that may act to shift
the distribution of conformational states toward a higher energy fully open dimer
unrepresentative of Cro’s dominant solution form. While crystal packing interfaces
involving the RH mutations are strengthened in the case of mutant Cro, interfaces
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involving extended β-sheet interaction are stronger during simulation of the WT dimer
and support the importance of a previously observed intersubunit salt bridge in stabilizing
closed dimer conformations. Analysis of the relative motion of crystal packing interface
chains suggests that interfaces with mutations can indirectly influence interfaces that do
not involve mutation sites.
METHODS
REMD
REMD17,18 combines principles from traditional MD and Monte Carlo (MC) simulation
to improve sampling of the conformational energy landscape of biomolecules. Several
identical copies of the system, each existing at a unique temperature, are simulated by
MD and allowed to exchange temperature states at regular intervals through an MC
exchange move. The result is a walk through temperature space that permits barrier
crossing and sampling within conformational minima at higher and lower temperatures,
respectively. The initial configuration for REMD in this study was the fully open PSQ
form1 mutant dimer X-ray structure.11 A detailed description of set-up, equilibration, and
production runs for REMD can be found in a prior publication.13 In brief, 24 total replicas
were simulated (2 fs time step, NVT ensemble) within an exponentially distributed
temperature range between 287.9 and 338.7 K and with an MC exchange acceptance
probability of 0.15. The trajectories were analyzed at 300 K using ptraj19 and VMD.20
Crystal set-up and simulation
The WT closed Cro dimer X-ray structure (PDB ID: 5CRO,9 2.3 Å) was solved in a
trigonal unit cell in the space group R32 with unit cell parameters a = b = 91.6 Å, c =
268.5 Å, and γ = 120°. The asymmetric unit is a tetramer (chains A, B, C, and O).
Eighteen asymmetric units (AUs) – 72 total chains – are present in the unit cell (Fig. 2A).
The DNA-free fully open mutant Cro dimer crystal structure (PDB ID: 2OVG,11 1.35 Å)
was crystallized in a trigonal unit cell in the space group P3221 with parameters a = b =
50.5 Å, c = 48.1 Å, and γ = 120°. The AU corresponds to one protein chain, and six total
chains are present in the unit cell (Fig. 2B). The 5CRO and 2OVG Cro dimer structures
were crystallized at the same pH (7.5) and in both lattices the biological dimer is formed
between two neighboring chains that share the largest crystal interface. The protein
coordinates of the unit cells were constructed by applying the appropriate symmetry
operations to the AU using the UnitCell program that is part of AmberTools1.5.21,22
Unobserved terminal residues of the X-ray structures were added by alignment with an
NMR model (PDB ID: 1COP).12
The fully open dimer form in the 2OVG lattice was solved with three mutations in the
RH helix: Q27P, A29S, and K32Q (Fig. 1E). The 5CRO and 2OVG Cro lattices were
constructed with both WT and mutant residue composition. Computational mutagenesis
was performed on the AUs using the SCWRL4 program.23 The WT (Gln27/Ala29/Lys32)
and mutant (Pro27/Ser29/Gln32) monomers have overall +5 and +4 charges,
respectively, and one neutral histidine (His35, protonated at Nε). The AddToBox
program21,22 was used to add solvent molecules to the interstices of the unit cell. TIP3P
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water molecules and neutralizing Cl– counterions were added at a distance of 4 Å and 1.5
Å from each other, respectively. All solvent atoms were at least 3 Å away from any
protein atom.22 The solvated and neutralized unit cells were the input coordinates for
simulation. The equilibrated unit cells served as the input coordinates for test runs in the
NPT ensemble, which indicated that the unit cells had the correct density (Fig. S1). The
2OVG WT and mutant unit cells had a density of 1.17 g/mL and contained ~1,650 waters
and ~11,280 total atoms. The 5CRO unit cells had a density of 1.11 g/mL and contained
~42,100 waters and ~202,100 total atoms. (A summary of the simulations performed is
presented in Table S1). Implementation of periodic boundary conditions created
neighboring unit cells to form the crystal.
Simulations were performed using the Amber10 package21,24 and the FF99SB parameter
set,25 which has performed well in previous crystal MD simulations.22,26-28 Energy
minimization and equilibration was performed in several stages for the 5CRO and 2OVG
lattices. Unfavorable contacts between solvent coordinates were first relaxed during
40,000/20,000 (5CRO) and 4,000/2,000 (2OVG) steepest descent/conjugate gradient
cycles with harmonic restraints applied to all protein atoms (500 kcal mol–1 Å–2 force
constant). Contacts between solvent atoms and protein side-chains were then minimized
during 40,000/20,000 (5CRO) and 7,000/4,000 (2OVG) steepest descent/conjugate
gradient cycles with the same restraints applied to protein backbone atoms. A final
minimization stage of 20,000/10,000 (5CRO) and 4,000/2,000 (2OVG) steepest
descent/conjugate gradient steps was performed to initially relax the unobserved termini
that were added for simulation. Positional restraints were then applied to all protein atoms
and the system was heated to 600 K and dynamics were performed for 400 ps with a 0.5
ps time step to rigorously sample configurations of the added termini. The system was
then cooled back down to 300 K and restraints were removed from side-chain atoms. The
main-chain atoms of the unit cell were gradually relaxed by decreasing the restraints over
several equilibration steps.22 One hundred picoseconds of dynamics with 500 kcal mol–1
Å–2 restraints were run. The restraints were then reduced to 250, 125, and 64 kcal mol–1
Å–2 during 100 ps increments of dynamics. From this point, the restraints were reduced in
half in 50 ps increments until 0.125 kcal mol–1 Å–2 was reached. Another 150 ps of
dynamics with 0.0625 kcal mol–1 Å–2 restraints still on all protein backbone atoms was
run. The total time for this initial equilibration phase at 300 K was 1 ns. The equilibrated
unit cell served as the input coordinates for production dynamics.
Production runs for the 2OVG and 5CRO unit cells were performed for 30 ns and 12 ns,
respectively, in the NVT ensemble at 300 K (which corresponds closely to the
crystallization temperature of both lattices9,11) and with a 2 fs time step. Several other
studies have performed crystal MD in the NVT ensemble.29-33 Other than SHAKE
restraints34 applied to bonds involving hydrogen atoms, no other positional restraints
were placed on the system during the production phase. The velocity Verlet algorithm
was used. A 10 Å non-bonded cutoff was employed in direct calculations of electrostatic
and van der Waals interactions. Periodic boundary conditions were used and the particle
mesh Ewald (PME) method with a grid spacing of 1 Å was used to calculate long-range
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electrostatics. A Langevin thermostat with a collision frequency parameter of 1 ps-1
maintained the temperature. Coordinates were saved every 1 ps and the trajectories were
analyzed with ptraj21 and VMD.20
Evaluation of packing interface energetics using the MM-PBSA approach
The MM-PBSA method15,16 as implemented in Amber1021 was used to make relative
comparisons between the energetics of crystal packing interfaces in the simulated WT
and mutant lattices. Packing interfaces were defined between any two protein monomers
with a pair of non-hydrogen atoms within 4 Å using the ncont program that is part of
CCP4.35 All residues within this distance of the neighboring chain were considered part
of the interface. Fourteen unique interfaces were identified in the 5CRO lattice and four
involve a mutation site (Figs. S2 and 6A-D). Six unique interfaces were identified in the
2OVG lattice, one of which involves a mutation site (Figs. S3 and 6E). For two chains (A
and B) forming an interface in the crystal, the MM-PBSA method calculates the free
energy of interaction (ΔGinteract) as
ΔGinteract = GAB – (GA + GB),
where GAB is the free energy of the AB complex and GA and GB are free energies of the
individual chains. Each G value can be decomposed as
G = Gnp + GPB + EMM – TSsolute
Gnp is the nonpolar contribution to the free energy of solvation, which is described by an
empirical term proportional to the solvent accessible surface area (SASA). SASA was
determined with the LCPO algorithm and a constant of proportionality of 0.0072 kcal
mol–1 Å–2 was used.36-38 GPB is the electrostatic solvation free energy, calculated with the
Poisson-Boltzmann (PB) equation;39 dielectric constants of 80.0 and 1.0 were used for
solvent and solute, respectively. For all interfaces, the Generalized Born40 counterpart to
the PB equation was also used to calculate the electrostatic contribution to the solvation
free energy and yielded the same trend in interaction energies (Tables S2 and S3). EMM is
the gas-phase energy of the protein, calculated with the molecular mechanics (MM)
potential, and TSsolute is the solute configurational entropy, which is typically calculated
with normal mode analysis.
For each MM-PBSA calculation, the individual protein chains as well as the complex
formed by the interface were extracted from a single trajectory since no significant
conformational changes were observed in the constrained crystal lattice (Figs. S4 and
S5). In this approach, the bonded terms of EMM cancel one another during the calculation.
Significant computational cost and uncertainty are associated with calculating the
contribution of TΔSsolute to ΔGinteract and this term is commonly ignored when the goal is
to determine the relative stability between similar complexes,15 as is the case for each
pair of crystal interfaces considered. Thus, TΔSsolute was not calculated.
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Energies calculated by the MM-PBSA approach were averaged over snapshots extracted
every 10 ps from 15–30 ns and from 2–12 ns for the trajectories of the 2OVG and 5CRO
lattices, respectively. MM-(PB/GB)SA calculations were also performed for equal-length
non-overlapping trajectory segments and yielded essentially the same results (Tables S4
and S5). The energies were then averaged over each instance of an interface in the unit
cell. The number of instances of an interface in the unit cell depends on whether the
interface is heterotypic (different surface patches from two monomers form the crystal
interface) or homotypic (identical surface patches from two chains interact across an
interface). Heterotypic interfaces have as many instances as the number of AUs in the
unit cell, whereas homotypic ones have half as many occurrences. Tables 1 and 2 list
which class each interface in the two lattices belongs to as well as the symmetry
relationships between the chains forming the interfaces.
RESULTS
Conformational energy landscape of mutant Cro
To examine whether the RH mutations altered the conformational preference of the dimer
in solution, REMD simulation was performed starting from the fully open PSQ form 1
mutant. Conformational sampling was analyzed by measuring two intersubunit distances
between the β-hairpins and the RHs (Fig. 1D) to allow for comparison to a free energy
surface previously constructed from REMD of the WT protein.13 The reaction
coordinates for the mutant simulation are plotted over this free energy surface in Figure
3. The coordinates corresponding to the fully open structure that served as the initial
configuration for simulation are indicated by the filled upside-down triangle, “P1”. Over
the course of 30 ns, the mutant trajectory progressively samples a region of
conformational space in good agreement with previous simulation of WT Cro. The RH
distance of closed-like dimers is, on average, ~1 Å longer than in simulation of the WT
protein, but closed-like (C) and semi-open (P2) dimers still dominate the ensemble, while
fully open dimers (P1 and O) are rarely sampled. These observations support the notion
that the conformational differences observed between WT and mutant Cro X-ray
structures do not directly arise from mutation. Instead, the observation of the fully open
conformation in the PSQ form 1 crystal structure may be attributed to crystal packing. To
investigate this hypothesis, we performed simulation of WT and mutant Cro in different
crystal environments (Fig. 2).
Local dynamics in solution and the crystal
Local protein dynamics of Cro during solution and crystal simulation were assessed by
calculating Cα root mean square fluctuations (RMSFs, Fig. 4). (A previously reported
REMD trajectory13 beginning from the closed dimer was used to calculate RMSFs for the
WT protein in solution). In solution simulation, the highest RMSF peak is observed in the
flexible turn of the β2β3-hairpin (residues 46-48). Residues 23-29 and 35-38 encompass
short random coil stretches and show slightly higher RMSFs in the WT than in the
mutant trajectory. The RMSFs from solution simulation are higher in magnitude than
those calculated from the NMR models, but show a similar overall trend (Fig. S6).
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As expected, the fluctuations in the crystal trajectories are dampened in comparison to
solution simulation. The pattern of per residue dynamics for each unique chain in the
crystal trajectories correlates well with the location of crystal contacts and shows a
similar trend as the RMSFs determined from experimental B-factors. Within both lattices,
relatively minor differences in WT and mutant RMSFs are observed. The chains in the
5CRO crystal simulation show a similar RMSF trend as the solution trajectories, with the
highest fluctuations occurring in the β2β3-hairpin region. However, the RMSFs about the
β-hairpin in the crystal trajectories of the 2OVG lattice are notably diminished to values
comparable to those observed for residues in the more rigid α-helical region. This
indicates that the extensive crystal contacts in the 2OVG lattice (which was originally
solved with mutant protein) affect not only the overall magnitude of fluctuations, but also
the local dynamics relative to other regions of the molecule.
Comparison of crystal packing energetics of WT and mutant Cro in different crystal
environments
MM-PBSA calculations were performed to quantitatively assess the relative binding
strength of crystal packing interfaces in the WT and mutant lattices. The energy
contributions for all interfaces in the simulated 5CRO and 2OVG lattices are listed in
Tables 1 and 2, respectively. In all tables, energy values for interfaces in the WT and
mutant trajectories are shown in normal and italicized font, respectively. Although we list
the total MM-PBSA energy as ΔGtot, the crystal simulations were run in the NVT
ensemble and the configurational entropy contribution was not calculated, so this term
more properly represents the enthalpic component. Thus, we refer to the total value as a
general “interaction energy”. (Images of all crystal packing interfaces are presented in
Figs. S2 and S3). It should be emphasized that we make energetic comparisons within
and not between the different crystal forms, as the latter involves several factors that are
difficult to estimate.
As is shown in Figure 5, the MM-PBSA interaction energy decreases approximately
linearly as the interface surface area increases. The largest interfaces in both lattices form
the biological dimer (interfaces 1 and 2 in the 5CRO lattice and interface 1 in the 2OVG
lattice) and exhibit an interaction energy near –50 kcal/mol. Except for interfaces 5 and 6
in the 5CRO lattice, all other interfaces in both lattices are roughly equal to or less than
the average size of a crystal packing interface (the vertical dashed line at 570 Å2)41 and
exhibit interaction energies between –5 and –30 kcal/mol.
The WT interfaces show higher values of MM electrostatic energies (ΔEelec) than those of
the mutant lattices (Tables 1 and 2). This observation may be attributed to the K32Q
mutation, which results in an overall charge closer to neutral for the mutant compared to
the WT monomer (+4 and +5, respectively). Thus, the polar contribution to the free
energy of solvation (ΔGPB) plays a more significant role in offsetting the positive ΔEelec
values in the WT lattices. The net electrostatic contribution to complex formation is
determined by the interplay of ΔEelec and ΔGPB. While the individual terms are large in
most cases, the net electrostatic energy (ΔEelec + ΔGPB) is generally smaller in magnitude
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(+5-40 kcal/mol, Tables 1 and 2). This contribution is only negative (~ –5 kcal/mol) for
interfaces 3 and 4 in the WT 5CRO simulation and is roughly zero for these interfaces in
the corresponding mutant trajectory, indicating that the overall electrostatic energy
disfavors the association of protein chains in the crystal. On the other hand, the MM van
der Waals energies (Evdw) and, to a lesser degree, the non-polar solvation term (ΔGnp)
favor complex formation and together outweigh the net electrostatics. The contributions
from the net electrostatics and van der Waals energy are in agreement with previous MMPBSA studies of protein-protein complexes.42-45
Table 3 presents the total MM-PBSA interaction energies for different sets of interfaces
in the 5CRO and 2OVG lattices as well as the difference between these sets in the WT
and mutant simulations performed in both environments. For the differences between the
interaction energies (bottom row, in bold), negative and positive values correspond to
greater stability for the WT and mutant sequence, respectively. When considering all
interfaces (“All”), WT and mutant Cro appear to be more stable in the lattices in which
they were originally solved, although the difference in interaction energy is smaller in
magnitude than the standard error in the calculation. This trend holds for the subset of
interfaces that do not involve a mutation site (“No site”). Interestingly, in both lattices the
subset of interfaces with a mutation site (“With site”) yields a more favorable binding
energy in the mutant trajectories, and the difference in binding energy for this subset is
almost twice as large as the standard error. This indicates that packing interfaces
containing a mutation site are stronger in the mutant simulations regardless of the crystal
environment. This effect stems from just one interface in the 2OVG lattice (interface 3,
Table 2), whereas it becomes more evident by collectively considering the four packing
interfaces involving a mutation site in the 5CRO lattice (interfaces 9, 11, 13, and 14,
Table 1).
Energetics of interfaces involving RH mutations
In the 5CRO lattice, the RH mutation sites are located within the four smallest interfaces
(237-355 Å2, Fig. 6A-D). Interfaces 9 and 13 contain the Q27P mutation site and exhibit
a stronger binding energy by 2.1 and 5.6 kcal/mol during the mutant trajectory compared
to the WT simulation. More favorable net electrostatics and van der Waals energy appear
to account for the stabilization for the mutant protein at interfaces 9 and 13, respectively
(Table 1). Interface 11 also incorporates the Q27P mutation, but does not exhibit a
difference in interaction energy in the WT and mutant sequences. Interface 14 involves
the K32Q mutation and is stabilized by 3.2 kcal/mol in the mutant simulation relative to
the WT sequence, in large part due to a decrease in the net electrostatic energy by ~2
kcal/mol that likely arises from a decrease in charge repulsion between interface chains
(Table 1). On the other hand, in the 2OVG lattice mutation participates in crystal packing
in the largest interface other than the biological dimer (interface 3, 597 Å2 – twice as
large as the interfaces with a mutation site in the 5CRO lattice) (Fig. 6E). Interface 3
involves the Q27P mutation site and replacing the mutant residues with their WT
counterparts weakens this interface by ~5 kcal/mol. ΔEvdw for this interface is ~5
kcal/mol more favorable in the mutant versus the WT trajectory (–31.7 versus –26.1
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kcal/mol, respectively; Table 2), presumably because the smaller cyclic side-chain of
Pro27 allows for better packing against Tyr51 of the neighboring chain compared to the
longer and polar side-chain of Gln27 in the WT protein (Fig. 6E). These observations
along with the sum of MM-PBSA interaction energies presented in Table 3 clearly
indicate that mutation strengthens crystal packing interfaces in either lattice.
Energetics of interfaces without mutation sites
Several interfaces without mutation sites have similar interaction energies during WT and
mutant simulation: interfaces 7, 8, and 10 in the 5CRO lattice and interfaces 1, 4, and 5 in
the 2OVG lattice. Other interfaces show differences in MM-PBSA energy in the WT and
mutant simulations even though they do not involve mutations.
The most notable differences in interaction energies for interfaces without mutation sites
occur in the 5CRO unit cell and represent interactions within the tetrameric AU
(interfaces 1-6, Figs. 7A-C and S3). Interfaces 1 and 2 comprise the two biological
dimers in the AU (A/C and B/O in Fig. 7A), and appear to be affected by the neighboring
interfaces 3-6. (The stability of the dimer interface is further considered in the
Discussion). Interfaces 3 (chains A/O) and 4 (chains B/C) involve an intersubunit salt
bridge between Arg4 and Glu2 of a neighboring chain (Fig. 7B), and differences in the
energetics for these two interfaces in the WT and mutant trajectories may be dictated by
the strength of this interaction. In the simulation of the WT 5CRO lattice, the salt bridge
is maintained for all four possible Arg4-Glu2’ pairs at interfaces 3 and 4 throughout
simulation and contributes to a favorable interaction energy of –17.9-19.8 kcal/mol. In
contrast, the trajectory of the mutant 5CRO lattice maintains the salt bridge for just one of
the four Arg4-Glu2’ pairs (at interface 3) and the interfaces are destabilized by ~4-6.5
kcal/mol relative to the WT simulation. Interestingly, the number of Arg4-Glu2’ pairs
that form the intersubunit salt bridge (two, one, or zero) corresponds to the magnitude of
the net electrostatics and interaction energies for interfaces 3 and 4 – the energies
decrease as the number of interacting Arg4-Glu2’ pairs increases (compare the plots in
Fig. 7B with the last two columns for interfaces 3 and 4 in Table 1). Intersubunit salt
bridging between Arg4 and Glu2’ at interfaces 3 and 4 is a likely explanation for why
these interfaces are the only ones for which the net electrostatic contribution to complex
formation is negative (Table 1).
Interfaces 5 and 6 form the two largest non-biological dimer interfaces in the 5CRO
lattice and figure prominently in the tetrameric AU through interaction between β1strands (Fig. 7C). These interfaces are actually stronger than the dimer interface in the
WT 5CRO simulation, whereas they exhibit a destabilization of ~7-8 kcal/mol in the
mutant relative to the WT trajectory (Table 2). Throughout simulation, a key main-chain
hydrogen bond between Arg4N and Arg4O’ in the β1-strands of the participating chains
is 0.1-0.2 Å longer for the mutant compared to the WT protein, indicating that the strands
move farther apart in the mutant lattice. No new backbone hydrogen bonds between the
β1-strands was observed. Overall, this observation, along with those at interfaces 3 and 4,
indicate a loosening of the tetrameric AU in the mutant simulation of the 5CRO lattice.
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Interface 12 also exhibits a difference in binding energy (>4 kcal/mol) in the WT and
mutant simulations, which may be due to the effect of mutation on the relative motion of
packing interfaces in the lattice (discussed below).
In the 2OVG lattice, differences in the interaction energy for corresponding interfaces
without mutation sites occur for the first and third smallest interfaces in the 2OVG lattice
(2 and 6) and the effect is compensatory – interface 2 is ~3 kcal/mol more stable in the
mutant trajectory and interface 6 is stronger by approximately an equal amount in the WT
simulation. Evdw accounts for this difference at interface 2 and, to a lesser degree, at
interface 6 (Table 2). The flexibility of the turn-to-turn interaction between β-hairpins
likely plays a role at interface 6 (Fig. S2). Interface 4 involves the RH of one monomer,
but no mutation sites, and is isoenergetic in the WT and mutant 2OVG trajectories.
Interface 5 is also isoenergetic and represents perhaps a more interesting case: although
ΔEvdw is 6.5 kcal/mol more negative in the WT trajectory, this effect is cancelled by an
equally favorable net electrostatic contribution in the mutant trajectory. The stability of
the dimer interface (1) is essentially the same in the WT and mutant 2OVG lattice
simulations and is considered further in the Discussion.
Relative motion of interfaces in the lattice
To further understand the effect of mutation in the crystal, we analyzed the relative
motion of interfaces in the simulated unit cells. A pairwise correlation analysis was
performed for the time series of the average distances between monomer centers of mass
for each interface (Fig. 8). Comparison of correlations in the WT and mutant unit cells
report on differences in the global rearrangement of monomer positions in the lattice.
In the simulations of the 5CRO unit cell (originally solved as WT), incorporating the
mutant sequence into the lattice clearly results in a different and more pronounced pattern
of interface motion than does the corresponding WT lattice (Fig. 8 A and B). For
example, the central region of positive correlation (blue) becomes larger in the mutant
lattice, expanding from interface 5 out to interface 11. Interface 11 is a homotypic
interface containing the Q27P mutation site and is isoenergetic in the WT and mutant
simulations (Table 1), yet it has a notably different influence on interface motion in the
two simulations. Interfaces 5 and 6 become more positively correlated to interface 11 in
the mutant 5CRO simulation, which could contribute to the loosening of the interaction
between β1 strands in tetrametic AU. Interface 4 – involving the Arg4-Glu2’ intersubunit
salt bridge in the 5CRO AU – becomes negatively correlated to all but two interfaces in
the mutant trajectory, especially to interface 11. This change in relative motion about
interface 4 may explain the lack of intersubunit salt bridge formation at this interface,
thus leading to its destabilization as indicated by the MM-PBSA energies. Furthermore,
most interfaces in the 5CRO lattice show a slightly positive or no correlation to interface
14 in the WT trajectory, whereas in the mutant simulation most interfaces become
negatively correlated to this interface. Interface 12, which does not contain a mutation
site and yet exhibits a notable difference in interaction energy in the WT and mutant
trajectories, shows the opposite trend with respect to interface 14. Interface 14 contains
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the K32Q mutation site, and thus it appears that the loss of a positive charge per subunit
in the mutant causes a readjustment in the relative monomer positions that propagates
throughout the entire 5CRO lattice.
In contrast to the 5CRO unit cell, most correlations in the 2OVG lattice (originally solved
as mutant) are smaller in magnitude or are roughly the same for the mutant compared to
those of the WT trajectory (Fig. 8 C and D), although these differences are less
pronounced than in the case for 5CRO. Exceptions to this trend occur for the correlations
of interface 4 with interfaces 3, 5, and 6. Overall, the differences in the correlation plots
for the WT and mutant trajectories of the 5CRO and 2OVG unit cells indicate that the
effect of mutation in the crystal lattice has non-local effects where mutation at one
interface appears to influence the motions about other packing interfaces.
DISCUSSION
Variation among Cro crystal structures ranges from a closed to an open global
conformation and suggests its flexibility. Although these structures agreed well with a
simulated solution ensemble,13,14 the fully open X-ray conformation was shown to be
accessible but not stable. The fully open dimer is observed both bound and unbound to
DNA (compare Fig. 1 B and D). In the case of DNA-bound Cro, interaction with DNA
would provide additional energetic contribution to stabilize the fully open state. The
DNA-free fully open X-ray structure was solved as a mutant (PSQ form 1), which could
have altered the conformational preference of the dimer. However, the mutated residues
in the RH are located relatively far away from the flexible β-hairpin hinge region and it is
not obvious why they would be the direct cause of conformational change. In this study,
simulation of mutant Cro in solution reveals that the mutations do not alter the dominant
conformational states of the dimer in solution – closed and semi-open dimers are well
populated, while fully open states are still rarely visited. Instead, simulation of WT and
mutant Cro in the crystal environment supports the notion that mutation affects crystal
packing energetics. Comparison of MM-PBSA energies for packing interfaces involving
a mutation site shows that incorporating the mutant sequence into the originally solved
WT lattice strengthens the interfaces, while replacing the mutant residues with their WT
counterparts in the originally solved mutant lattice destabilizes crystal packing.
Moreover, mutation can stabilize a single packing interface by as much as ~5 kcal/mol in
either of the two crystal environments. Thus, even though the mutations do not
significantly affect the dominant dimer states in solution, they provide an additional
energy source (a “biasing energy”) in the crystal lattice that could shift the
conformational ensemble toward a higher energy state (i.e., a more open conformation).
Finally, packing interfaces involving the mutations appear to have non-local effects on
the stability of interfaces without mutation sites.
Crystal simulation also yields insight to the previously discussed β-sheet superstructure in
Cro crystals.11 In the apo WT (5CRO) and PSQ form 2 crystal structures, interaction
between β1 strands of neighboring dimers results in a pseudo-symmetric anti-parallel βsheet (see Fig. 7A for the case of 5CRO), and it was proposed that this interaction may
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distort Cro conformation away from its dominant solution form.11 Such β-sheet
superstructure is not present in the crystals of fully open Cro, i.e., DNA-bound Cro and
the DNA-free PSQ form 1 dimer. The MM-PBSA calculations show that the β-sheet
interaction in the 5CRO lattice is as strong (if not stronger) than the dimer interface, yet it
does not appear to distort protein conformation since recent simulation of the dimer in
solution revealed that the closed 5CRO X-ray structure corresponds to the global
conformational free energy minimum.13,14 A second minimum on this surface
encompasses semi-open dimers similar to the crystal structure of PSQ form 2, which
exhibits “infinite cork-screw” β-sheet superstructure along a crystal axis.11 The fact that
the two X-ray structures exhibiting this β-sheet interaction, which was noted to “lack any
known biological significance,”11 correspond to the two stable dimer states in solution
indicates that extensive contacts between protein molecules in the crystal does not
necessarily distort protein conformation. Comparison of crystal packing energetics in the
two crystal environments of mutant Cro (PSQ forms 1 and 2) would provide insight as to
why β-sheet superstructure was favored in one mutant X-ray structure (form 2) but not in
another (form 1). PSQ forms 1 and 2 were solved at different pHs (7.5 and 5.5,
respectively) and such a comparison is perhaps well suited for a combination of crystal
and constant pH46,47 simulation methods.
Finally, the packing interface energetics in the simulated Cro crystal environments offers
insight into the stability of the biological dimer. In the 5CRO environment of closed Cro,
the interaction energies of the dimer interfaces in the tetrameric AU are either similar
(interface 1) or destabilized (interface 2) with respect to the fully open dimer in the
2OVG lattice. This is in contrast to our previous solution simulations that showed the
closed dimer conformation to be more stable than the fully open form.13,14 This apparent
discrepancy can be explained in terms of intersubunit salt bridging, which was shown to
stabilize closed-like dimers during the solution simulations through the interaction of
Arg4 and Glu53 of the adjacent chain. In both the 5CRO and 2OVG lattices, the dimer
interface lacks this key intersubunit salt bridge. However, the tetrameric AU of the 5CRO
lattice satisfies a similar pattern of intersubunit salt bridging between Arg4 and Glu2 of a
neighboring chain at interfaces 3 and 4 (Fig. 7B). Both Arg4 and Glu2 are located within
the β1 strand, further stating the importance of β-strand interaction in the 5CRO crystal
environment. Despite differences in the strength of the salt bridge in the WT and mutant
5CRO crystal simulations, interfaces 3 and 4 still exhibit favorable interaction energies of
–11-20 kcal/mol and act across the dimer interface. No such intersubunit salt bridge near
the dimer interface is present in the 2OVG crystal. Taking into account the intersubunit
salt bridging as part of the dimer interface, the closed dimer conformation observed in the
5CRO crystal environment becomes more favorable than the fully open form observed in
the 2OVG lattice, consistent with previous observations from solution simulation. Indeed,
it would be insightful to experimentally mutate either Glu2 or Arg4 to a neutral residue
(e.g. Ala), while preserving the WT composition of all other residues, and then crystallize
Cro to determine if a closed conformation is still achieved.
CONCLUSIONS
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This study builds on our previous efforts to characterize the conformational equilibrium
of the WT Cro dimer.13,14 Additional solution REMD simulation revealed that the
conformational difference between the DNA-free fully open crystal structure and the
dominant dimer solution states is not the direct consequence of mutation. Rather a
combination of crystal MD and MM-PBSA calculations showed that mutation
strengthens crystal packing relative to the WT protein, which could have stabilized a
different crystal form. These observations provide allow us to propose models for the
effect of crystallization of Cro conformational dynamics.
Two dominant interconverting states (closed and semi-open) exist in solution and
crystallization may nucleate from either conformer. Since closed (“C”) and semi-open
(“P2”) X-ray structures matching the free energy minima are observed, these conformers
appear to fit “as is” to the lattice during crystallization without significant structural
rearrangement. This scenario represents a “population shift” model48,49 for the effect of
crystallization on Cro conformational dynamics. In the case of WT Cro, the lattice selects
the closed dimer, while for mutant Cro, due to a new set of packing interfaces, the lattice
can take the semi-open conformer. However, such a model does not explain why an
unstable, yet accessible, DNA-free fully open dimer state is observed by X-ray
crystallography. Instead, packing interactions involving the mutated residues provide an
additional energetic contribution in the crystal of the mutant protein (a “biasing energy”).
Upon interaction of a dominant solution form with the lattice, this biasing energy could
deform the dimer structure away from a conformational basin toward a higher energy
state (e.g., semi-open P2 to fully open P1 in Figure 3). Given that the biasing energy can
be quite strong (~5 kcal/mol) in comparison to the modest ~1 kcal/mol barrier between
closed and open-like states on the Cro conformational free energy landscape, such a
deformation may proceed all the way from the closed basin (C), through a semi-open
state (P2), and up to the shoulder of the surface to reach a fully open form (P1). Lattice
stabilization of a higher energy solution conformer is consistent with an “induced fit”
model49,50 for Cro crystallization. The possibility of both population shift and induced fit
crystallization models for crystallization underscores the complexity of the influence of
the crystal environment on protein conformational dynamics and the need to carefully
consider X-ray structures. Finally, it should be emphasized that although the fully open
crystal structure does not reflect the dominant solution form of Cro, it still represents a
functionally relevant conformation and further emphasizes the protein’s flexibility, which
is undoubtedly essential for its DNA-binding mechanism.
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FIGURES

Figure 1. Crystal structures of the λ Cro dimer. (A) WT apo, closed; (B) WT DNAbound, fully open; (C) PSQ mutant form 2, semi-open; and (D) PSQ mutant form 1, fully
open (PDB IDs 5CRO9, 6CRO10, 2ECS11, and 2OVG11, respectively). Both mutant
crystal forms were solved in the apo state. For each dimer, the flexible β-hairpin region is
colored yellow and the RHs are shown in blue. “Open” and “closed” dimers are defined
based on the intersubunit distance between the hairpins as shown in (D). (E) Location of
the RH mutations: Gln27Pro, Ala29Ser, and Lys32Gln, with the side-chains of the WT
and mutant residues shown in gray and orange, respectively. The side-chain coordinates
of the WT apo (5CRO) and PSQ form 1 (2OVG) X-ray structures as well as the mainchain of 5CRO are shown. For clarity, termini added for simulation are not shown.
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Figure 2. Simulated unit cells: (A) 5CRO (closed Cro, originally solved as WT)9 and (B)
2OVG (fully open Cro, originally solved as mutant).11 The 5CRO unit cell contains 18
tetrameric AUs (72 total monomers). Six monomeric AUs are present in the 2OVG unit
cell. In both lattices, each AU is shown as a different color and the functional dimer is
formed between adjacent monomers with the largest packing interface (e.g., between the
blue and red monomers in the 2OVG unit cell).
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Figure 3. Two-dimensional free energy surface calculated in the plane of the β-hairpin
and RH distances (see Fig. 1D) for REMD simulation started from the WT Cro dimer.13
Blue, orange, and green points represent the coordinates of snapshots extracted from 0-10,
10-20, and 20-30 ns, respectively, from the REMD trajectory begun from mutant Cro.
The coordinates of the four X-ray structures are denoted on the surface: WT apo (C,
closed), WT DNA-bound (O, fully open), PSQ mutant form 1 (P1, fully open) and form 2
(P2, semi-open). Simulation of the mutant dimer was begun from the coordinates of P1.
The NMR models are indicated by circles. Details of the construction of the free energy
surface can be found in a previous publication.13
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Figure 4. Root mean square atomic fluctuations calculated for Cro monomers during the
WT (black) and mutant (red) solution and crystal simulations and in the 5CRO and
2OVG X-ray structures. RMSFs were calculated for the Cα atoms of each residue
observed in the crystal structures with the relationship RMSF = (3B/8π2)1/2, where B is
the isotropic B-factor. Results were averaged over both dimer subunits for solution
simulation and over all instances of the protein chains in the unit cell for the crystal
simulations. The RMSFs calculated from the B-factors reported for the 5CRO lattice are
higher than those of the 2OVG lattice, as data collection for the 5CRO and 2OVG X-ray
structures was performed at 290 K9 and cryogenic temperature,11 respectively. Residues
participating in a crystal contact are denoted by blue dots on the horizontal. Secondary
structure elements are indicated below the residue numbers: bold lines are α-helices, thin
lines are β-strands, and “T” denotes the flexible turn in the β2β3-hairpin region. The
mutation sites in the α3 helix (RH) are marked with vertical red hashes.
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Figure 5. MM-PBSA binding energies versus the size of each interface in the (A) 5CRO
and (B) 2OVG simulated lattices. Data points are denoted by their corresponding
interface number for both WT (black) and mutant (red) simulations. Interfaces involving
a mutation site are indicated by yellow circles. The dashed line designates the average
area of a crystal packing interface (570 Å2)41. The inset in (A) expands the region for the
smallest interfaces in the 5CRO lattice. The largest interfaces - interfaces 1 and 2 in the
5CRO lattice and interface 1 in the 2OVG lattice - form the biological dimer. Interface
surface area was calculated using AREAIMOL.35,51
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Figure 6. Crystal packing interfaces in the 5CRO and 2OVG lattices involving mutation
sites: 5CRO interfaces (A) 9, (B) 11, (C) 13, and (D) 14 and (E) 2OVG interface 3.
Residues are labeled with one-letter/number designations and the mutation sites are
indicated with bold red labels. In the ribbon representation, purple, yellow, and teal/white
represent α-helix, β-strand, and turn/coil secondary structure elements, respectively. At
the mutation sites, the residue composition for which the lattices were originally solved is
shown, i.e., 5CRO was solved as WT (Q27 and K32) and 2OVG as mutant (P27 and
Q32). The A29S mutation does not participate in crystal packing. As in Fig. 1, termini
added for simulation are not shown.
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Figure 7. Packing interfaces in the 5CRO tetrameric AU (A). In the bottom image in (A),
the tetramer is rotated about the vertical axis by ~90°. Chains A/C and B/O (interfaces 1
and 2, respectively) form the biological dimer interface. (B) Interfaces 3 (chains A/O)
and 4 (chains B/C) involve salt bridging between Arg4 and Glu2 of a neighboring subunit.
Interface 3 is shown with all contacting side-chains (within 4 Å of the adjacent chain).
The over-time inter-residue distance between Glu2 and Arg4 at interfaces 3 and 4 in the
WT and mutant 5CRO crystal simulations is plotted below the interface. (The center of
mass distance between Arg4 Nη1/Nη2 and Glu2 Oε1/Oε2 of was measured). (C)
Interfaces 5 (chains A/B) and 6 (chains C/O) comprise interaction between β1 strands.
Interface 5 with all contacting side-chains is shown; a close-up of the β1-β1 strand region
is presented to the right of the interface highlights the backbone hydrogen bonding
between Arg4 of each subunit. The distance between the backbone nitrogen and oxygen
of Arg4 in the neighboring subunits at interfaces 5 and 6 throughout the course of the WT
and mutant simulations is plotted. For all plots, a running average over 50 ps was used.
(Images of these interfaces with all contacting side-chains labeled are presented in Figs.
S2 and S3). Secondary structure designations follow as in Figure 6.
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Figure 8. Pairwise correlation coefficients for the center of mass distance time series of
the interfaces in the (A) 5CRO and (B) 2OVG crystal simulations. Correlation
coefficients were calculated with the relation c.c.(i,j) = C(i,j)/((C(i,i)C(j,j))1/2, where C is
the covariance of the distance time series for interfaces i and j, over the same time period
for which the MM-PBSA calculations were performed. The diagonal elements are equal
to 1.
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TABLES

Table 1. 5CRO lattice: MM-PBSA energies of crystal packing interfacesa
Interfaceb
ΔEvdwc
ΔEele
ΔGPB
ΔGnp

ΔEele + ΔGPB

ΔGtot

1

-73.46 ± 0.74d
-76.19 ± 1.46

191.26 ± 11.45
44.54 ± 11.73

-154.64 ± 10.70
-8.43 ± 11.32

-12.35 ± 0.22
-12.50 ± 0.23

36.62 ± 2.08
36.11 ± 1.94

-49.19 ± 1.60
-52.57 ± 1.76

2

-73.47 ± 0.86
-73.94 ± 1.02

241.91 ± 8.42
73.65 ± 9.42

-200.73 ± 8.17
-38.54 ± 9.09

-12.09 ± 0.16
-11.74 ± 0.19

41.18 ± 1.27
35.11 ± 1.18

-44.37 ± 0.98
-50.57 ± 1.13

3

-10.49 ± 0.77
-10.07 ± 0.91

8.98 ± 3.72
-30.12 ± 5.43

-14.05 ± 2.85
28.26 ± 4.34

-4.22 ± 0.08
-4.00 ± 0.13

-5.07 ± 1.52
-1.85 ± 1.97

-19.78 ± 1.62
-15.92 ± 1.75

4

-8.99 ± 0.66
-8.89 ± 0.54

7.07 ± 5.07
-15.55 ± 9.73

-11.74 ± 4.85
16.85 ± 8.03

-4.28 ± 0.08
-3.66 ± 0.17

-4.67 ± 1.35
1.30 ± 2.24

-17.94 ± 1.18
-11.25 ± 2.14

5

-47.27 ± 0.66
-45.61 ± 0.87

62.35 ± 4.26
31.83 ±11.04

-58.61 ± 3.83
-22.16 ± 9.49

-9.04 ± 0.10
-8.35 ± 0.12

3.73 ± 1.22
9.67 ± 2.22

-52.58 ± 1.35
-44.29 ± 2.20

6

-48.18 ± 0.58
-46.38 ± 0.75

64.25 ± 4.99
21.16 ± 6.03

-59.78 ± 3.64
-11.81 ± 4.57

-9.02 ± 0.06
-8.53 ± 0.11

4.46 ± 1.59
9.35 ± 1.94

-52.73 ± 1.71
-45.56 ± 1.94

7

-23.18 ± 1.71
-23.00 ± 1.13

92.14 ±10.72
18.69 ± 7.24

-83.71 ± 9.95
-9.84 ± 6.70

-4.87 ± 0.28
-4.83 ± 0.17

8.43 ± 1.38
8.84 ± 0.99

-19.62 ± 1.64
-18.98 ± 1.07

8

-20.72 ± 1.91
-15.86 ± 1.47
-21.12 ± 0.80
-19.53 ± 1.19

80.54 ± 6.38
29.45 ± 4.91
272.41 ± 3.23
143.22 ± 2.86

-66.41 ± 6.89
-18.79 ± 5.32
-255.45 ± 2.78
-130.26 ± 2.80

-4.06 ± 0.27
-3.33 ± 0.26
-3.68 ± 0.13
-3.35 ± 0.14

14.13 ± 1.20
10.66 ± 1.04
16.95 ± 0.92
12.96 ± 0.58

-10.65 ± 1.08
-8.53 ± 0.89
-7.85 ± 0.53
-9.92 ± 1.08

10

-46.28 ± 0.39
-42.00 ± 0.82

340.35 ± 4.75
217.03 ± 3.83

-314.26 ± 4.63
-195.29 ± 3.43

-5.71 ± 0.05
-5.39 ± 0.06

26.09 ± 0.79
21.74 ± 0.73

-25.89 ± 0.70
-25.65 ± 0.90

11

-23.43 ± 0.73
-21.09 ± 0.84

232.25 ± 3.01
137.38 ± 3.42

-214.38 ± 2.98
-122.20 ± 3.52

-4.21 ± 0.09
-3.65 ± 0.10

17.87 ± 0.31
15.18 ± 0.62

-9.76 ± 0.68
-9.56 ± 0.45

12

-44.91 ± 0.55
-42.76 ± 0.40

266.81 ± 3.21
199.12 ± 3.12

-246.05 ± 3.11
-176.17 ± 2.80

-5.81 ± 0.05
-5.50 ± 0.05

20.76 ± 0.55
22.95 ± 0.41

-29.97 ± 0.58
-25.31 ± 0.67

13

-16.78 ± 0.96
-21.09 ± 0.89

273.33 ± 2.65
159.84 ± 2.80

-258.94 ± 2.35
-146.14 ± 2.68

-2.85 ± 0.12
-3.49 ± 0.11

14.39 ± 0.60
13.71 ± 0.72

-5.24 ± 0.67
-10.87 ± 0.62

14

-15.45 ± 0.85
-16.56 ± 0.66

346.50 ± 3.59
174.10 ± 2.24

-333.35 ± 3.51
-162.91 ± 2.16

-2.64 ± 0.13
-2.77 ± 0.11

13.15 ± 0.46
11.19 ± 0.39

-4.94 ± 0.61
-8.14 ± 0.55

9e

a

For each packing interface, MM-PBSA energies calculated from the WT (rows with normal font) and mutant (rows
with italicized font) crystal simulations are presented.
b
The source and target chains for each interface are the following: 1: A(x,y,z), C(x,y,z); 2: B(x,y,z), O(x,y,z); 3:
A(x,y,z), O(x,y,z); 4: B(x,y,z), C(x,y,z); 5: A(x,y,z), B(x,y,z); 6: C(x,y,z), O(x,y,z); 7: C(x,y,z), A(-y-1,x-y-1,z); 8:
B(x,y,z), A(-y-1,x-y-1,z); 9: B(x,y,z), A(-x-2/3,-x+y-1/3,-z-1/3); 10: B(x,y,z), B(-x-2/3,-x+y-1/3,-z-1/3); 11: B(x,y,z),
B(x-y-2/3,-y-4/3,-z-1/3); 12: C(x,y,z), C(y,x,-z); 13: O(x,y,z), C(y,x,-z); 14: O(x,y,z), O(-y-1,x-y,z). For the
heterotypic interfaces (1, 2, 3, 4, 5, 6, 7, 8, 9, 13, and 14), each energy term was averaged over 18 unique copies
formed by the simulated unit cell. Energy terms for the homotypic interfaces (10, 11, and 12) were averaged over
nine unique copies.
c
ΔEvdw: van der Waals energy; ΔEele: MM electrostatic energy; ΔGPB: electrostatic solvation free energy, determined
using the PB equation; ΔGnp non-polar solvation free energy; ΔEele + ΔGPB: net electrostatic contribution; ΔGtot: total
MM-PBSA (“interaction”) energy.
c
Standard errors are reported and defined as σ/N1/2, where σ is the standard deviation of the averages over all copies
of an interface and N is the total number of copies (18 or 9, see footnote b).
d
Interfaces that contain mutation sites (9, 11, 13, and 14; Figs. 6A-D and S3) are denoted by bold and underlined
font.
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Table 2. 2OVG lattice: MM-PBSA energies of crystal packing interfacesa
Interfaceb
ΔEvdwc
ΔEele
ΔGPB
ΔGnp

ΔEele + ΔGPB

ΔGtot

1

-79.99 ± 5.31d
-77.03 ± 0.07

224.47 ± 19.94
79.47 ± 18.24

-181.39 ± 13.78
-42.33 ± 17.05

-12.64 ± 0.95
-12.24 ± 0.17

43.08 ± 7.56
37.14 ± 1.91

-49.56 ± 2.76
-52.13 ± 1.79

2

-10.35 ± 1.79
-14.26 ± 1.51

346.29 ± 8.50
244.82 ± 7.04

-334.91 ± 7.57
-232.38 ± 5.78

-1.75 ± 0.24
-2.13 ± 0.26

11.37 ± 2.05
12.43 ± 1.45

-0.73 ± 0.57
-3.96 ± 0.40

3e

-26.12 ± 2.04
-31.71 ± 0.66

119.31 ±11.94
46.24 ± 8.10

-101.06 ±12.15
-26.57 ± 7.68

-4.20 ± 0.32
-5.08 ± 0.13

18.25 ± 1.33
19.66 ± 1.41

-12.06 ± 1.82
-17.12 ± 1.11

4

-28.48 ± 1.18
-27.62 ± 1.82

261.88 ± 7.93
149.00 ± 5.87

-239.51 ± 7.67
-128.79 ± 4.68

-5.19 ± 0.27
-5.18 ± 0.31

22.37 ± 1.83
20.21 ± 1.82

-11.30 ± 0.96
-12.59 ± 0.94

5

-12.17 ± 1.12
-5.55 ± 0.61

267.78 ±11.33
134.99 ± 1.85

-254.43 ±11.22
-129.20 ± 1.74

-2.95 ± 0.23
-1.69 ± 0.17

13.35 ± 1.14
5.79 ± 0.55

-1.78 ± 0.89
-1.45 ± 0.22

6

-9.16 ± 1.41
-6.92 ± 1.78

92.96 ±16.55
63.46 ±17.88

-88.50 ±15.48
-57.91 ±17.42

-2.21 ± 0.21
-2.06 ± 0.37

4.47 ± 1.18
5.55 ± 1.43

-6.90 ± 2.14
-3.43 ± 0.87

a

For each packing interface, MM-PBSA energies calculated from the WT (rows with normal font) and mutant (rows
with italicized font) crystal simulations are presented.
b
The source and target chains for each interface are the following: 1: A(x,y,z), A(-x,-x+y,-z-1/3); 2: A(x,y,z), A(-x,x+y,-z+2/3); 3: A(x,y,z), A(-y+1,x-y+1,z-1/3); 4: A(x,y,z), A(x-y,-y+1,-z+1/3); 5: A(x,y,z), A(y-1,x,-z); 6: A(x,y,z),
A(y,x,-z).For the heterotypic interfaces (3, 4, and 5), each energy term was averaged over six unique copies formed
by the simulated unit cell. Energy terms for the homotypic interfaces (1, 2, and 6) were averaged over three unique
copies.
c
The energy term designations follow as in Table 1.
d
Standard errors are reported and defined as σ/N1/2, where σ is the standard deviation of the averages over all copies
of an interface and N is the total number of copies (6 or 3, see footnote b).
e
Interface 3 (Figs. 6E and S2) contains the Q27P mutation site.

Table 3. Total interaction energies for crystal packing interfaces in the simulated latticesa
5CRO lattice (originally solved as WT)b
2OVG lattice (originally solved as mutant)c
All
No site
With site
All
No site
With site
-350.51 ± 14.93d -322.72 ± 12.44
-27.79 ± 2.49
-82.33 ± 9.14
-70.27 ± 7.32
-12.06 ± 1.82
-337.12 ± 17.15
-298.63 ±14.45
-38.49 ± 2.70
-90.68 ± 5.33
-73.56 ± 4.22
-17.12 ± 1.11
-13.39 ± 32.08
-24.09 ± 26.89
10.70 ± 5.19
8.35 ± 14.47
3.29 ± 11.54
5.06 ± 2.93
a
The sum of MM-PBSA are presented for three different sets of crystal packing interfaces: all interfaces (“All”),
those without a mutation site (“No site”), and those that involve a mutation site (“With site”). Energies for packing
interfaces in the WT (normal font) and mutant (italicized font) crystal simulations are presented in the first and
second rows, respectively. Differences between interface energies in the WT and mutant simulations are defined as
(WT – mutant) and are shown in bold font (third row).
b
14 total interfaces are present in the 5CRO lattice, 4 of which involve a mutation site.
c
6 total interfaces are present in the 2OVG lattice, 1 of which involves a mutation site.
d
Standard errors were calculated as in Tables 1 and 2. For the difference in energy terms (bold numbers), the
standard errors of the packing interface energies from the WT and mutant simulations were summed.

121

APPENDIX D
INFLUENCE OF CRYSTAL PACKING ON SIDE-CHAIN CONFORMATIONAL
DYNAMICS REVEALED BY CRYSTAL AND SOLUTION MOLECULAR
DYNAMICS SIMULATION OF CYANOVIRIN-N
Logan S. Ahlstrom, Ivan I. Vorontsov, and Osamu Miyashita
In preparation (journal undecided)

122

Influence of Crystal Packing on Side-chain Conformational Dynamics Revealed by
Crystal and Solution Molecular Dynamics Simulation of Cyanovirin-N
Logan S. Ahlstrom, Ivan I. Vorontsov, and Osamu Miyashita
Department of Chemistry and Biochemistry, University of Arizona, 1041 East Lowell
Street, BSW446, Tucson, AZ 85721, USA.
ABSTRACT
Side-chains in protein X-ray structures are essential for understanding enzymatic
catalysis, ligand binding, and interactions between components in biological complexes.
However, X-ray structures are subject to crystal packing, which could influence local
conformation and dynamics, thus complicating functional interpretations. Here we extend
a previous study of Cyanovirin-N to investigate the effect of crystal packing on sidechain conformation and dynamics using crystal and solution molecular dynamics (MD)
simulation. We define side-chain conformations according to the Penultimate Rotamer
Library and show that the X-ray side-chain conformation agrees with the dominant
rotamer state from simulation for ~60% of residues. Conformational agreement improves
by 5-11% when comparing contacting residues in the X-ray data against crystal MD
relative to solution MD, indicating that the former more accurately reproduces local
features of the experimentally solved structure. To compare side-chain conformation and
dynamics in solution and crystal simulation, we calculate a rotamer histogram overlap
coefficient and conformational entropy, respectively. The overlap of rotamer space is
high and the change in side-chain conformational entropy is close to zero across all
residues, while significant effects are observed for individual side-chains. Most notably,
large decreases in dynamics are observed in the crystal for several long, polar contacting
residues on the protein surface and approach –1 kcal/mol, which is in good agreement
with the average loss in conformational entropy per residue upon protein folding and
supports the application of surface engineering to facilitate crystallization. The
relationship between side-chain conformation and dynamics from simulation supports
both induced fit and population shift models the effect of crystallization on protein sidechains. Considering the effects of cryocooling, the dynamical rotamer ensembles from
simulation may more closely resemble side-chains in the crystal before flash freezing.
INTRODUCTION
Protein side-chain conformations observed by X-ray crystallography are paramount for
understanding specific interactions involved in enzymatic catalysis, ligand binding, and
the formation of protein complexes as well as for identifying leads in drug design. Yet Xray structures depict the large majority of side-chains in a single conformational state,
whereas intercoversion between conformations is essential for protein function.
Additionally, crystal packing could affect protein structure, and thus care must be taken
in the functional interpretation of side-chains from X-ray data.
Side-chain conformation may vary across different crystal structures of the same protein.
Comparison of chemically identical proteins solved in different crystal environments
showed side-chain variability to be higher for residues close to crystal contact interfaces
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compared to residues farther way from these regions, especially for long, polar and
charged side-chains.1 Analysis of a larger dataset of proteins indicated that the crystal
environment has a strong effect on side-chain conformation for not only contacting, but
also for non-contacting residues.2 Modeling crystal neighbors in theoretical side-chain
predictions only moderately improved accuracy,3 whereas taking into account
electrostatics and solvation led to better performance, indicating that longer-range effects
also influence side-chain conformation.1,2 Moreover, side-chains are particularly sensitive
to refinement procedures1,4 and crystallization conditions, as a change in the latter may
result in a new set of packing interfaces.
The crystal environment can also affect side-chain conformational dynamics. Side-chains
participating in crystal contacts may undergo a loss in conformational entropy that
counteracts the formation of packing interfaces, which is the basis of the surface entropy
reduction (SER) method for protein crystallization pioneered by Derewenda and coworkers.5,6 Thermal factors from X-ray data directly report on dynamics in the crystal.
Side-chain thermal factors compared across all residues in 25 non-isomorphous crystal
structures of T4 Lysozyme showed a high level of agreement, suggesting that crystal
packing has only a limited influence on side-chain dynamics. Yet notable variation was
observed for individual residues.7 Moreover, considering the flexibility of side-chains on
the protein surface, it is surprising that they are most often modeled as a single
conformation in X-ray data and it would be valuable to assess other conformations that
may be accessible.
Taking into account the above considerations, methods to enhance our understanding of
side-chain conformation and dynamics observed in X-ray structures should be explored.
The combination of crystal and solution molecular dynamics (MD) simulation offers a
practical avenue toward this goal. Previous simulation of bovine pancreatic trypsin
inhibitor (BPTI) demonstrated that including non-bonded energetics between crystal
neighbors improved agreement between calculated side-chain dihedral potential energy
minima and experimentally observed torsion angles.8 Additional simulation of BPTI in
solution and in the crystal showed, notable variation in side-chain conformation for polar
residues.9 We recently simulated Cyanovirin-N (CVN) to examine a key binding site
residue (Arg76) in a high-resolution X-ray structure and showed that crystal contacts
affect both the conformation and dynamics of this residue in one of two independent
chains in the unit cell, which brought into question its putative function role.10
CVN is a small lectin currently under investigation as an HIV microbicide11 and Arg76 is
observed in three different conformations in two independent chains (A and B) in the
crystal of a CVN:di-mannose complex.12 In chain A, Arg76 has one conformation that
partially covers the ligand and also participates in crystal contacts (Fig. 1A), while Arg76
in chain B displays two different conformations and is relatively free from the ligand.
During simulation, the conformational space sampled by Arg76 in chain B in the crystal
agreed well with the solution ensemble, and the two most populated solution states
corresponded to the two X-ray conformations of chain B. However, Arg76 in chain A
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was trapped in a single conformation in the crystal, which represented a less populated
solution state. In the current study, we extend simulation of CVN to ask how general our
finding is for Arg76: How regularly do side-chains in the crystal represent the dominant
conformation in solution? And how broadly and strongly can crystal packing influence
side-chain conformational dynamics? CVN is a tractable model system to address these
questions due to its relatively small and rigid composition (102 amino acids with two
disulfide bonds) and availability of a high resolution (1.35 Å) X-ray structure. We
consider conformational states as statistically probable side-chain orientations, or
rotamers, as defined by the Penultimate Rotamer Library.13 For comparison to
experiment, the most populated rotamer for each residue from simulation is compared
against its X-ray side-chain conformation. The entire rotamer frequency histogram is then
used to compute the overlap of rotamer space sampled during crystal and solution MD as
well as the change in side-chain conformational entropy upon crystallization. The
relationship between side-chain conformation and dynamics in the crystal permits the
discussion of general models for the influence of crystallization on side-chains. Our
findings emphasize careful consideration of local features observed in X-ray structures as
well as the application of the SER approach6 to facilitate crystal growth.
METHODS
MD simulation
A summary of all MD simulations performed is presented in Supplemental Information.
Initial coordinates of the P51G-m4-CVN:di-mannose complex were obtained from a 1.35
Å resolution crystal structure (PDB ID: 2RDK)12 (Fig. 1). Residues 2-101 as well as a
His-tag linkage residue Leu102, all observed in the electron density map of the crystal
structure, were modeled. The complex was crystallized in the monoclinic unit cell with
the space group P21 and parameters a = 49.205, b = 38.452, c = 55.953 Å and β = 99.94°,
and these parameters defined the boundary conditions for crystal simulation. Two
independent chains (A and B) are present in the crystal, both of which have two copies in
the unit cell (i.e., four total chains: A1, A2, B1, and B2). A corresponding triclinic unit
cell contained four protein-ligand pairs. Residues were protonated to correspond to
neutral pH. The only histidine residue in the system was uncharged (protonated at Nε).
All five aspartic and five glutamic acid residues were negatively charged, and all three
arginine and four lysine residues were positively charged. A total negative charge of –3e
on the protein was neutralized by addition of three Na+ counter ions. Coordinate,
topology, and force field parameters files were created using tleap.14 Details of the
system setup procedures for explicit water solution and crystal MD simulations are
described in a previous publication.15
All simulations were performed using the Amber10 package.16,17 The Amber FF99SB18,19
and GLYCAM0620 force field parameters were used for proteins and ligand, respectively.
Solution and crystal production simulations were performed for 32 ns in the NPT and
NVT ensembles, respectively. The temperature was maintained at 300K (which closely
corresponds to the crystallization temperature of 298 K)12 by Langevin dynamics with a
collision frequency of 1 ps–1. The random number generator was reseeded at every
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simulation restart (every 200 ps).21 Periodic boundary conditions were employed and a
cutoff of 10 Å and the particle mesh Ewald method with a grid spacing of 1.0 Å were
used to calculate the long-range non-bonded interactions. The triclinic unit cell for crystal
simulations was solvated with 1,557 water molecules. For solution simulations, the
protein-ligand complex was placed in a periodic truncated octahedron box of ~11,000
water molecules (see Supplemental Information). Initial dimensions of the cube that
enclosed the octahedron were 79.445 Å on each side. Constant pressure simulations were
performed at an average pressure of 1 atm employing an isotropic position scaling
algorithm and a relaxation time of 2 ps. All simulations were performed using explicit
TIP3P water molecules. SHAKE constraints with a tolerance parameter of 10–5 Å were
applied to eliminate bond stretching freedom for all bonds involving hydrogen. The last
half of each trajectory (16-32 ns) was used for analysis. All trajectories were processed
with ptraj14 and visualized with VMD22 and PyMOL23.
Side-chain conformations
Side-chain conformations were defined by rotameric states, as listed in the Penultimate
Rotamer Library.13 The rotamer program of the CCP4 crystallographic software suite24
was used to measure side-chain torsion angles sampled during simulation. The rotamer
code is typically implemented to identify side-chains with torsion angles deviating by a
threshold from those of the rotamer library. For this study, the code was modified so as to
record the side-chain torsion angles of all residues (i.e., no threshold). For each residue,
the torsion angles were mapped to the rotamer library to identify the nearest rotameric
state. Conformations were defined for all rotameric residues (i.e., not Ala and Gly) for
snapshots extracted every 10 ps over the last half of solution and crystal simulation.
Disulfide-bonded cysteins were also excluded from analysis. Rotamer frequency
histograms were constructed and used to calculate the histogram overlap coefficient and
conformational entropy outlined below. In the case of the crystal simulations, rotameric
data was averaged over the identical chains in the unit cell (A1/A2 and B1/B2). In the
P51G-m4-CVN crystal structure, 81/101 residues in chain A and 80/100 residues in chain
B have rotamers. Leu102, which was modeled into chain B for simulation, was included
in the comparisons between solution and crystal MD such that both chains had 81
rotameric residues.
Rotamer histogram overlap
To assess the level of agreement between histograms obtained from solution and crystal
simulation for each residue, an overlap coefficient25,26 was calculated as

∑p

Sol

O.C. =

⋅ pXtal

j

∑ p2Sol ⋅ ∑ p2Xtal
j

j

(1)
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pSol and pXtal are the probability distributions from the solution and crystal trajectories,
respectively, and the sums are over all possible rotameric states j (the maximum of which
is 34 for arginine). O.C. values range from zero to one, with one representing perfect
histogram overlap.
Side-chain entropy
The total configurational entropy (Sconfig) of a side-chain comprises two components: Sconf
and Svib.27,28 Sconf represents the number of accessible conformers (e.g., rotameric states)
and Svib accounts for torsion angle vibrational degrees of freedom. Thus, the change in
ΔSconfig upon crystal formation can be written as ΔSconfig = ΔSconf + ΔSvib. Similar to
several studies focusing on protein folding,29-34 we calculate ΔSconf for each rotameric
residue as a result of crystallization by considering the fractional probabilities (pj) of
rotameric states (j) obtained from simulation:
ΔSconf = −kB ∑ p j ln p j (2)
j

crystal
solution
ΔSconf = ΔSconf
– ΔSconf
and kB is Boltzmann’s constant. TΔSconf (T = 300K) values
are reported. Previous work showed Svib for the unfolded and folded states of a protein to
be similar in magnitude, thus cancelling each other in their contribution to ΔSconfig.28
However, this is not the case for Svib when considering the folded state in solution versus
in the crystal. We do not calculate ΔSvib, but rather an overall decrease in this property is
reflected by the dampening of atomic fluctuations throughout the entire protein in the
crystal (Supplemental Information).

Definition of crystal contacts
To define residues participating in crystal contacts, crystal neighbors of the P51G-m4CVN:di-mannose complex (PDB ID: 2RDK)12 were generated and intermolecular heavy
atom pairs within 4 Å were identified using the ncont program that is part of CCP4.24
Under this criterion, chains A and B in CVN have 41 and 40 residues participating in a
crystal contact, respectively. Thirty-six of the contacting residues in each chain have
rotamers.
RESULTS
We first compared X-ray side-chain conformations against the dominant rotamer states
sampled for each residue during simulation (Table 1). It should be emphasized that our
criterion for conformational agreement is relatively stringent, especially for long, flexible
residues on the protein surface, as all chi angles must match to be considered in the same
state. Still, the dominant rotamer for well over half (~60%) of all residues in chains A and
B in both solution and crystal MD agrees with the X-ray data. In the solution MD vs. Xray comparison, the agreement is slightly higher for chain B due to better correspondence
by 0.08 in the set of non-contacting residues, while the contacting set shows the same
agreement in chains A and B. For crystal MD vs. X-ray, contacting residues in chains A
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and B show a 0.11 and 0.05 better agreement, respectively, with the X-ray data, and the
values for the non-contacting set remain roughly the same as for solution MD vs. X-ray.
This leads to a higher agreement of 0.06 across all residues in chain A, while this effect
in chain B is minimal (just 0.01).
Comparison of the most populated rotamers in solution MD vs. crystal MD shows the
same trend as does solution MD vs. X-ray. In chain A, although the agreement for each
set is ~0.20 higher than solution MD vs. X-ray, there are still just minor differences in the
agreements between sets. On the other hand, chain B yields essentially the same
magnitude of agreement for the set of all residues when comparing solution MD vs.
crystal MD as when either simulation is considered alone against the X-ray data.
Although more pronounced, chain B exhibits the same trend of lower and higher
agreement for the contacting and non-contacting sets, respectively. Dividing the data into
subsets of surface and core residues, considering fewer chi angles, and allowing the
simulation to match different alternate conformations all yielded essentially the same
results as are shown in Table 1 (Supplemental Information).
To more fully compare side-chain conformation in solution and in crystal MD, all
rotamer states (i.e., not just the dominant one) were taken into account by calculating the
overlap coefficient (O.C., equation 1) between the rotamer frequency histograms. As
shown on the left side of Table 2, the average O.C. (<O.C.>) across all residues is ~ 0.80.85, indicating that the majority of the side-chains sample a comparable region of
conformational space during solution and crystal MD. Consistent with the Solution MD
vs. X-ray and Solution MD vs. Crystal MD comparisons in Table 1, chain A shows a
modest decrease in <O.C.> for contacting residues and a slight increase for the noncontacting set, whereas this trend is more pronounced for chain B. Across the three sets,
the <O.C.> values are lower for chain B than for chain A, suggesting that side-chain
conformation in chain B is more affected relative to solution.
The rotamer histograms were also used to calculate the average change in residue
conformational entropy (<TΔSconf>) as a measure of side-chain dynamics (right side of
crystal
solution
Table 2). Since ΔSconf is defined as ΔSconf
– ΔSconf
, values less than zero represent a
decrease in side-chain dynamics in the crystal lattice compared to in solution. A loss in
conformational dynamics is observed for each of the three sets in chains A and B.
<TΔSconf> is roughly the same when considering all residues (–0.09 kcal/mol for chain A
and –0.08 kcal/mol for chain B). For contacting and non-contacting residues, lower and
higher entropy values are observed, respectively. This trend is more pronounced in chain
A compared to chain B, which indicates that crystal contacts have a greater effect on
dynamics in chain A than in chain B compared to solution. Dividing the residues into
surface and core subsets yields the same trends in <O.C.> and <TΔSconf> (Supplemental
Information).
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To understand the effect on conformation and dynamics for individual side-chains, the
O.C. and TΔSconf values for each residue were plotted against one another for chains A
and B (Fig. 2). The plots are divided into quadrants to emphasize the relationship
between side-chain conformation and dynamics in the crystal. The green box that is
bounded by an O.C. of 0.5-1 and a TΔSconf of –0.5 to +0.5 kcal/mol represents the region
in which the crystal has little or no effect on conformation and dynamics. (These
boundaries correspond to approximately twice the standard deviation of <TΔSconf> and
<O.C.> (Table 2) as well as largest uncertainties in the statistics calculated for the
individual residues (Supplemental Information).) The large majority of residues – even
contacting ones – falls within this region, exhibiting a TΔSconf of –0.2-0 kcal/mol and an
O.C. of 0.8-1. No residue exhibits a TΔSconf >0.3 kcal/mol.
The residues for which conformation and/or dynamics are significantly influenced by the
crystal environment are indicated by data points located outside of the green box and
represent to the following scenarios: large effect on conformation, small change in
dynamics (blue box); large effect on conformation and dynamics (red box); and large
change in dynamics, small effect on conformation (orange box). Most of the affected
side-chains fall into the first scenario (large effect on conformation, small change in
dynamics), and, interestingly, correspond to both contacting as well as non-contacting
residues. The other two regions incorporate side-chains that undergo a significant loss in
conformational degrees of freedom in the crystal (TΔSconf approaches –1 kcal/mol) and
correspond to long, polar and contacting surface residues (Fig. 3). The decrease in
dynamics for these cases can be accompanied by a significant change in conformation in
the crystal (red box) or occur while maintaining a dominant solution rotamer state
(orange box). The latter case does not occur in chain B, although two non-contacting
residues (open circles) fall on the border of this region and the largely unaffected area
(green box). Overall, the plots in Figure 2 show that the crystal environment of chain A
more strongly influences dynamics relative to chain B, whereas that of chain B has a
larger effect on conformation relative to chain A. Rotamer histograms and crystal
packing interactions of several of the most affected residues are highlighted in Figure 4.
DISCUSSION
Given the importance of side-chains in protein function, their conformation and dynamic
context as represented by X-ray structure models should be rigorously evaluated. Toward
this goal, we developed a framework by which to compare side-chain dynamical
ensembles in solution and crystal MD and applied our strategy to a high resolution X-ray
structure of Cyanovirin-N.
In this study, well over half (~60%) of the dominant rotamer states sampled during
simulation agree with the X-ray side-chain conformations. Although disagreements in
side-chain conformations in simulation and in the crystal structure may, at least to some
degree, be due to a rigorous definition of conformational similarity (especially for longer
surface residues), several other factors may contribute. Firstly, CVN was simulated near
the crystal growth temperature of 298 K instead of at the cryogenic data collection

129

temperature (100 K), as MD force fields are uncertain to be valid under the latter
condition. Moreover, cryocooling increases the extent of lattice contacts, especially for
the longest residues (Gln, Glu, Arg, and Lys),35 and may remodel over a third of all sidechains relative to structures solved at room temperature or even eliminate conformations
essential for function.36 Taking into account these considerations, it is possible that the
simulated side-chain ensembles more closely represent local conformation in the crystal
before flash freezing, which could account for a certain level of disagreement between
MD and X-ray. To achieve a more robust comparison of side-chain conformations in
experiment and simulation, we argue in favor of the deposition of an ensemble of X-ray
structure models,37 for which precedent exists from NMR.
Naturally, MD simulation allowed us to probe the change in conformational dynamics of
CVN side-chains upon crystallization. Whereas the average loss in conformational
entropy across all side-chains is minimal (even for contacting residues), significant
decreases in entropy occur at a handful of long and polar contacting side-chains on the
protein surface and approach –1 kcal/mol, which is in good agreement with the average
loss in conformational entropy per residue upon protein folding (–0.95 kcal/mol).27 Thus,
for long surface residues, the influence of crystal packing on side-chain conformational
dynamics can be as strong as the mean effect that occurs during folding. This observation
supports the application of the SER method to facilitate protein crystallization.5,6 The
SER method is centered on the idea that long, polar surface residues (e.g., Gln and Lys)
that become incorporated into a crystal contact must undergo a concurrent loss in
conformational degrees of freedom that interferes with crystal growth. By replacing long
surface side-chains with shorter ones (e.g. Ala), such losses in conformational entropy
may be avoided. Our approach of analyzing side-chain conformational dynamics in
solution and crystal MD simulation provides a platform for predicting specific surface
residues to mutate during protein crystallization trials using the SER technique. A
drawback of our method is that changes in conformational entropy upon crystallization
for relatively short residues (e.g., Ser) fall within the uncertainty of the calculation (green
box in Fig. 2). Collectively, a decrease in entropy for a few short residues could be just as
debilitating for nucleation and crystal growth as a loss in conformational degrees of
freedom of a single long side-chain.
Finally, our quantitative picture of the relationship between side-chain conformation and
dynamics supports multiple models for the effect of crystallization on side-chains,
consistent with previous observations of global protein structure.38 Most residues that
exhibit different behavior in crystal MD compared to in solution simulation show a large
effect on conformation, supporting an “induced fit” model39 in which the packing
interface shifts the side-chain ensemble toward a new dominant rotamer in order to
accommodate the residue (blue and red boxes in Fig. 2). Interestingly, the large majority
of residues that follow this scenario retain a similar degree of conformational dynamics in
the crystal, thus minimizing entropy loss upon crystallization (blue box). Several of these
cases correspond to non-contacting residues, indicating that longer-range effects (e.g.,
electrostatics and solvation) in addition to direct lattice contacts play a role in influencing
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side-chain conformation in the crystal.2 The “induced fit” can also be accompanied by a
strong decrease in dynamics for long, polar contacting residues, thus disfavoring crystal
formation (red box). Several other long, polar contacting residues provide evidence for a
“population shift” model40 (orange box for chain A in Fig. 2) in which a dominant sidechain solution conformation fits “as is” with the packing interface. Although their
conformation is not significantly affected, these residues undergo a decrease in dynamics
that counteracts crystallization. The observation that multiple mechanisms appear to be
influencing side-chain conformation and dynamics in a single crystal and that they may
have different relative effects within a single protein chain – or even on the same residue
in two different chains (e.g., Gln 6 in chains A and B, Fig. 2) – underscores the
complexity of the crystal environment. Our work here with CVN sets the groundwork for
a larger study to investigate whether these models are maintained across a large number
of X-ray structures.
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FIGURES

Figure 1. (A) Crystal packing interface involving CVN chains A (green) and B (gray).
Arg76 and the di-mannose ligand in chain A and nearby residues (yellow) in the
neighboring chain B are highlighted. (B) The simulated 2RDK unit cell.12 Four chains
(two chain A’s, blue and green, and two chain B’s, orange and yellow) are present in the
unit cell and are depicted in different colors. One A/B pair (e.g., the blue and orange
chains) forms the asymmetric unit.

133

Figure 2. Conformational entropy (TΔSconf) plotted against the overlap coefficient (O.C.)
for all rotameric residues in CVN chains A (left) and B (right). O.C. and TΔSconf were
crystal
solution
calculated with Equations 1 and 2, respectively. ΔSconf is defined as ΔSconf
– ΔSconf
,
such that negative values denote a loss in residue entropy in the crystal. For the entropy
term, the temperature is 300 K. The plots are divided into four quadrants: small effect on
conformation and dynamics (green); large effect on conformation, small change in
dynamics (blue); large effect on conformation and dynamics (red); large change in
dynamics, small effect on conformation (orange). Note that no residue in either chain
exhibits a significant increase in entropy.

Figure 3. TΔSconf plotted against the CVN sequence for chains A (top) and B (bottom).
Sconf and TΔSconf were calculated as in Figure 2. Contacting surface residues are denoted
by filled circles.

134

Figure 4. Crystal packing can notably diminish conformational dynamics of long, polar
and contacting residues on the protein surface, as highlighted here for three glutamine
residues (Gln6, Gln14, and Gln 79) in chain A of CVN. Notice that each of the three
glutamines is trapped in its X-ray conformation (red circle on the histograms) during
crystal MD (white bars), while the residues sample several different rotamers in solution
MD (black bars). TΔSconf values are listed under the residue name/number in each
histogram. At right, contact “patches” are depicted for the three glutamines.
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TABLES

Table 1: Agreement between dominant rotamer state from MD and X-ray conformationa
Solution MD vs. X-ray
Crystal MD vs. X-ray
Solution MD vs. Crystal MD
nonnonnonb
chain
all
cont.
cont.
all
cont.
cont.
all
cont.
cont.
A
0.57
0.56
0.58
0.63
0.67
0.60
0.77
0.75
0.78
B
0.61
0.56
0.66
0.62
0.61
0.64
0.62
0.47
0.75
a
Percent agreement was averaged over the subset of all rotameric residues (“all”) and for the subsets of
contacting (“cont.”) and non-contacting (“non-cont.”) residues. For residues with alternate conformations in
the crystal structure, conformation A was used.
b
In chains A/B, at total of 81/80 residues were analyzed, of which 36/36 are contacting and 45/44 are noncontacting.

Table 2. Average histogram overlap and entropy change in solution and crystal MDa
<O.C.>
<TΔSconf>
chainb
all
cont.
non-cont.
all
cont.
non-cont.
c
A
0.85 ± 0.25
0.81 ± 0.28 0.89 ± 0.21 -0.09 ± 0.24 -0.18 ± 0.31 -0.02 ± 0.13
B
0.78 ± 0.30
0.68 ± 0.35 0.86 ± 0.23 -0.08 ± 0.22 -0.12 ± 0.25 -0.04 ± 0.19
a
O.C. and TΔSconf values were averaged over the set of all rotameric residues (“all”) and for the
subsets of contacting (“cont.”) and non-contacting (“non-cont.”) residues.
b
In chain B, Leu 102, which was not observed in the X-ray structure but added for simulation, was
included in the calculation such that both chains had 81 total, 36 contacting, and 45 noncontacting rotameric residues.
c
Standard deviations are reported along with the average.
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Abstract
Effective data reduction methods are necessary for uncovering the inherent
conformational relationships present in large molecular dynamics (MD) trajectories.
Clustering algorithms provide a means to interpret the conformational sampling of
molecules during simulation by grouping trajectory snapshots into a few subgroups, or
clusters, but the relationships between the individual clusters may not be readily
understood. Here we show that network analysis can be used to visualize the dominant
conformational substates explored during simulation as well as the connectivity between
them, providing a more complete description of conformational space than traditional
clustering techniques alone. We compare the results of network visualization against 11
clustering algorithms and demonstrate the effectiveness of network annotations in
reaching key functional conclusions from several MD studies of proteins undergoing
different conformational changes.
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Introduction
Molecular dynamics (MD) simulation is a widely used approach for investigating the
dynamics of biomolecules.1 With increases in computer processing power and the advent
of enhanced sampling techniques, an extensive range of conformational changes
encompassing several timescales may be probed with MD simulation. As a result,
increasingly large data sets must be analyzed in order to elucidate the relevant
conformational substates of a particular system and the interpretation of a trajectory may
become exceedingly complex. Therefore, it is worthwhile to develop techniques that
permit efficient data reduction so as to accurately describe the conformational space
sampled in a given trajectory.

One commonly used approach for analyzing the conformational space sampled during
MD simulation is clustering.2,3 Clustering of large MD trajectories requires a criterion
that measures the similarity between ensemble members, such as the root-mean-square
deviation (RMSD) of atomic coordinates. Once such a measure has been selected, similar
structures can be clustered through a pairwise comparison of trajectory frames. In this
way, simulations with tens of thousands of frames can be reduced to just a handful of
representative snapshots associated with populations, uncovering information that may
not be easily discerned from the full set of trajectory frames. The data garnered from
traditional clustering methods includes fractional cluster populations, cluster dispersion,
and representative conformations. Yet potentially more information can be extracted by
means of visualizing the clustering of simulation data using network analysis.
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Network analysis is a form of graph theory that can be used to represent complex
systems as a collection of “nodes” connected to one another by links, or “edges”. The
structure of a network – its connectivity and topology – provides useful information for
revealing interactions and inherent relationships within the system. Such information has
been used to study a variety of systems such as the World Wide Web and metabolic
pathways.4 Protein structure can also be modeled as a network, with amino acids playing
the role of the nodes and an edge connecting two nodes if the residues are in contact. This
application of network analysis has been used to identify a subset of residues essential for
forming the transition state during protein folding5,6 as well as fundamental features that
may govern native protein folds.7 Networks have also been used to investigate
evolutionary relationships between protein domain structure.8

With respect to biomolecular dynamics simulation, networks have primarily been used
to study folding free energy landscapes of polypeptides9-11 (see Caflisch (2006)12 for a
review). In these studies, trajectory snapshots are grouped into “conformations,” or
structures that exhibit similar features (e.g., intramolecular contacts or secondary
structure), that define nodes. Links represent transitions between them. Given sufficient
folding/unfolding events within a trajectory, the probability of sampling each
conformation can be used to calculate the free energy. The network approach is
especially useful in this context because it circumvents the need to project the free energy
along an arbitrarily chosen reaction coordinate (e.g., radius of gyration or fraction of
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native contacts). Such projections may hide information about transition states as well as
the heterogeneity of the denatured state.12,13

In a study focusing on the folding landscape of a three-stranded anti-parallel β-sheet
peptide, network analysis revealed hierarchical organization of the free energy minimum
and identified conformations of the transition state ensemble.10 Similar studies
constructed graphical free energy surfaces for an alanine dipeptide9 and a 10-residue βhairpin polypeptide.11 Krivov and Karplus13,14 visualized folding free energy surfaces with
“disconnectivity graphs” by assigning states to free energy minima and determining the
barriers that join them. A similar approach constructed networks to characterize the
conformational dynamics during each stage of the catalytic cycle of the enzyme βSecretase.15 The application of network analysis has extended to other larger protein
systems16-19 and peptide aggregation.20 For example, networks constructed from the
clustering of contact maps permitted detailed examination of alternate folding pathways
of an outer membrane drug-target simulated with a Go model.16 Yang et al. (2009)18
constructed a connectivity map of transitions between major native-state conformations
sampled during a large number of all-atom simulations of a Src tyrosine kinase. Networks
have recently been used to identify hub-like protein folding behavior by characterizing
connectivity in the unfolded ensemble.21

In this article, we discuss the use of network visualization for the analysis of
conformational ensembles generated from MD simulations as an alternative approach to
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traditional clustering methods. In each of the aforementioned studies, the grouping of
similar conformations into a single node reduces the number of representative structures
in order to simplify the description of the ensemble and allow for discussion of transition
pathways between conformational substates. We have explored a different approach to
visualize the conformational ensemble about the native state of a protein as a network.
Instead of grouping several conformations, i.e. without making any presumption, each
frame from an MD trajectory represents one node. Nodes representing similar
conformations (e.g., as determined by the RMSD) are connected to one another by an
edge in the network. Once the connections between the nodes in the network have been
assigned, the graphical arrangement of nodes can be accomplished by employing a
variety of network layout algorithms, with the goal of properly reflecting the
conformational space sampled by a trajectory. This approach is not suitable for direct
inference of transition pathways per se since edges between nodes represent similarity
between conformations and the actual transitions between them are not guaranteed.
However, the network could be annotated to highlight actual transitions observed in
simulation (see the Cyanovirin-N example for details).

Here we outline a general methodology for utilizing network analysis in the
interpretation of conformational ensembles obtained from MD. Several open source
software packages are available for network visualization,22-27 and we use the program
Cytoscape24 to integrate simulation data into these representations. Network visualization
with Cytoscape is commonly used to study genetic interaction networks24 and its
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application to the interpretation of conformational ensembles obtained from MD
simulation has been more limited.16,17,20,28-31 We compare network visualization against 11
clustering algorithms and demonstrate through several MD examples of proteins
undergoing distinct conformational changes how networks can be used as an effective
tool to understand the conformational space explored by trajectories. Network
annotations increase the information content of the layout. Annotations are especially
useful in visualizing the relationships between representative structures from clustering,
experimentally solved structures, and the simulated ensemble so as to reach important
functional conclusions.

Characterizing Conformational Similarity in an MD Ensemble
A commonly used measure to characterize both global and local conformational change
during an MD simulation is the RMSD. Studies reporting on large-scale motions (e.g.,
relative domain movements) may use backbone or Cα pairwise RMSD measurements,
while those focusing on changes in local conformation (e.g., side-chain torsional
dynamics) may employ all heavy atom RMSD measurements. Capturing either type of
motion often necessitates alignment of rigid regions of a molecule before measuring the
RMSD of more flexible segments. A pairwise RMSD measurement between all
simulation frames provides a distance metric by which to determine conformational
similarity within the ensemble. The resulting pairwise matrix (N x N, where N is the
number of frames extracted from simulation) contains all of the information about how
the ensemble members are related to one another by the RMSD measure (Figure 1a).
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Traditional clustering algorithms group MD frames in a desired number of clusters
based upon a distance metric (e.g., RMSD). The main information from clustering
procedures includes relative population size, the spread of the individual clusters, as well
as a representative member for each population. The representative member for each
cluster corresponds to the MD structure that most closely resembles all of the other
trajectory snapshots within that cluster. Although the RMSD between representative
structures can be calculated, clustering algorithms do not give direct information about
how individual clusters are interconnected. Therefore, it would be valuable to show the
relationships between these separate populations.

Figure 1. Pairwise RMSD matrix for an MD trajectory represented as a (a) colormap and
(b) network layout.

Network visualization can be used to represent both the size of individual clusters as
well as the connectivity between them. Thus, the graph has the potential to yield
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additional information about the conformational space sampled during MD simulation
(Figure 1b). In a network, each simulation frame is treated as a node, and nodes can be
connected or disconnected from one another, depending on a similarity measure. In our
analysis, this similarity measure is the pairwise RMSD. We require the implementation
of an RMSD cutoff such that any two nodes related by an RMSD value less than or equal
to the cutoff in the pairwise matrix are connected by an edge in the network. The
information about the connectivity between all nodes is imported into Cytoscape to
generate a network layout, as shown in Figure 1b. (This representation was constructed
using data from the small heat shock protein simulation and the force-directed layout
algorithm, both of which are discussed below in more detail).

Practical Considerations for Constructing the Network Layout
One of the main considerations in constructing a suitable network layout for
representing the conformational space visited by an MD trajectory is selecting the value
of the RMSD cutoff from the pairwise distribution (Figure 2a). If the cutoff is too large,
almost all of the nodes are connected to one another and the network will appear mostly,
if not all, as one large cluster (Figure 2b and c). On the other hand, a cutoff that is too
small produces a layout in which most nodes are disconnected from every other node
(Figure 2e and f) and connectivity between the clusters cannot be retrieved. Even if the
number of nodes is significantly increased (e.g., by ten times) while employing a low
RMSD cutoff, the connectivity between populations is still not evident (Figure 3). In each
case, the major conformational substates can no longer be distinguished. The goal then is
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to choose a cutoff that allows for the sequestration of nodes into individual clusters, while
at the same time maintaining sufficient connectivity between clusters in the layout, so
that the layout reports on the major conformational substates present within the ensemble
as well as their relationships to one another (Figure 2d). We find that choosing a cutoff
within one standard deviation less than the mean of the pairwise RMSD distribution
generally works well (Figure 2a). This value may be refined through an iterative process
in which a cutoff is chosen, and then a network layout is generated and evaluated for its
ability to distinguish between different clusters. If the layout does not appear to clearly
distinguish between different populations, then a new RMSD cutoff may be chosen and
the process repeated.
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Figure 2. (a) Frequency distribution of pairwise RMSD values calculated from an MD
trajectory (500 frames), with the vertical dashed lines indicating the RMSD cutoffs used
to construct the networks in panels (b-f): (b) 13, (c) 10, (d) 7.4, (e) 5, and (f) 3 Å.
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Figure 3. Networks constructed by applying a 3 Å RMSD cutoff (as in Figure 2f) with
(a) 200, (b) 1000, and (c) 2000 nodes.

Network visualization becomes computationally demanding as the number of
simulation frames used to construct the layout increases due to the large amount of
graphical objects that need to be displayed (both nodes and edges). Thus, the number of
frames chosen to create the layout should be reasonably low (i.e., a few hundred). (See
Cline et al.24 for an overview of hardware requirements to construct a standard network
layout with Cytoscape.) This would be a problem if a large amount of simulation frames
was necessary to yield the proper topology of a layout. However, we observe that the
overall network topology and connectivity is conserved when the total number of frames
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is varied for the same trajectory (Figure 4). Thus, the number of nodes may be
maintained at a manageable amount without losing information.

Figure 4. Network visualizations constructed using (a) 500, (b) 1000 and (c) 1500
snapshots from an MD trajectory.

Cytoscape offers a variety of network layout algorithms. The algorithm we find to be
particularly useful for the purpose of visualizing networks produced from the pairwise
RMSD matrix of an MD trajectory is the force-directed layout algorithm.32 An example
of a network created with this algorithm is shown in Figure 1b. This algorithm treats a
network layout as a pseudo-physical system in which each node is assigned a like charge
and the edges connecting the nodes are modeled as springs with the same spring constant
and equilibrium length. The nodes are distributed in space by minimizing the energy of
charge repulsion and spring attraction between the nodes, yielding the intrinsic structure
of the network. When groups of nodes are highly connected to one another, the spring
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attractions are enough to overcome local charge repulsions, and the nodes combine into a
cluster. Separate clusters are observed when multiple groups of nodes each have a large
number of connections among one another, but a small number of connections between
the groups. While Cytoscape also implements an edge-weighted version of the forcedirected layout algorithm in which the springs can be assigned different equilibrium
lengths (e.g., the RMSD value for each edge), we find that the unweighted algorithm is
sufficient for producing network topology with distinct populations. Moreover, node
attributes, such as size, color, and shape, are easily adjustable in Cytoscape so as to
enhance the information content of the network, highlighting properties that may be
unique to a particular collection of nodes.

Correspondence Between Network Visualization and Traditional Clustering
Algorithms
We examined the agreement between conformational substates depicted by network
visualization and the results from traditional clustering algorithms. Eleven commonly
used clustering algorithms2,33 were compared to the force-directed layout to determine
which ones best match the network. The populations determined by the clustering
algorithms are mapped onto the network as different colors to assess the level of
agreement between the two approaches (Figure 5).

Visual inspection suggests four clusters are present in the network layout. Using the
Cytoscape plug-in ClusterViz34 to implement the fast agglomerate edge clustering (FAG-
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EC33) algorithm, which does not require prior knowledge about the number of clusters
present in the data, four clusters were assigned. Each of these clusters corresponds well
with the natural topology of the layout (Figure 5a). It should be noted that the FAG-EC
algorithm uses the network connectivity as clustering criteria and RMSDs between
frames are not taken into account.

The remaining 10 clustering algorithms2 were then queried for four clusters and the
results were mapped onto the network layout. The average linkage algorithm produced
the most natural distribution of the cluster members on the network (Figure 5b),
identifying one larger population and three smaller ones in agreement with the FAG-EC
method (Figure 5a). Each of the remaining nine algorithms identified the single detached
cluster, but either misses one of the other clusters in the core entirely or distributes their
cluster members over multiple populations within the network. Cluster members are
especially mixed throughout the core of the layout when using the Bayesian and SOM
algorithms (Figure 5c and k). Thus, for the case presented in Figure 5, all clustering
algorithms other than average linkage and FAG-EC lead to cluster assignments that
disagree with the force-directed layout algorithm. (For a review of the overall
performance of each clustering algorithm with respect to MD simulation, see Shao et
al.2).

Additionally, there is complete agreement between the members of each cluster
determined by the FAG-EC and average linkage algorithms for the case presented in
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Figure 5a and b. This observation indicates, at a given RMSD cutoff, that the FAG-EC
algorithm as implemented in Cytoscape can be quickly applied to determine the number
of clusters that should be specified as input for the average linkage algorithm. The
correspondence between FAG-EC and average linkage is upheld when mapping the
clustering algorithm to another network (Figure S1). However, depending on the samples,
the results from these two clustering algorithms are not always the best match with
network topology. For simulations of the Luciferase mobile loop (discussed below), the
FAG-EC and average linkage algorithms failed to delineate between major
conformational populations in the network. Instead, the k-means algorithm was needed to
yield a natural distribution of clusters onto the network (Figure S2). This observation
highlights an advantage of network analysis – the ensemble can be visualized directly
from the trajectory without the need to select a suitable clustering algorithm. In the next
section, we illustrate how network visualization can be used to aid in the interpretation of
MD simulation of several different proteins.
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Figure 5. Comparison of the results from 11 clustering algorithms with a network
constructed using 1000 frames from MD simulation and the force-directed layout
algorithm: (a) FAG-EC, (b) average linkage, (c) Bayesian, (d) centripetal, (e) centripetal
complete, (f) complete linkage, (g) edge, (h) hierarchical, (i) k-means, (j), single linkage,
and (k) self-organizing maps (SOM). A threshold parameter of one and minimum
complex size of two were used for the FAG-EC algorithm.

Examples of Network Visualization to Analyze MD Trajectories
In this section we present several examples of how network visualization can be used
as a tool to analyze large trajectories of MD data. In particular, we demonstrate how
multiple layers of information can be embedded in a network layout by annotation of the
nodes. Through the manipulation of node size, shape, color and labeling, as well as the
inclusion of experimental and representative structures into the network of MD data, a
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rich multi-dimensional view of functionally relevant conformational transitions within
the native state ensemble can be achieved.

Conformational dynamics of a binding site residue in Cyanovirin-N in solution versus the
crystal
Cyanovirin-N (CVN) prevents the attachment and fusion of HIV to host cell receptors
by binding with high affinity to mannose-rich moieties of glycoproteins on the viral
envelope.35 A recent X-ray structure of CVN in complex with di-mannose suggests the
functional role of Arg76 located near the binding site.36 Arg76 is observed in three
different conformations in two independent chains (A and B) in the crystal. The residue
partially covers the ligand in chain A and also participates in crystal packing, whereas in
chain B Arg76 is observed in two alternate conformations that are relatively free from the
ligand and does not participate in crystal contacts (Figure 6a). To investigate the observed
conformations of Arg76, solution and crystal MD were performed.30

For the network presented in Figure 6b, the three X-ray conformations of Arg76 as well
as six representative structures from average linkage clustering were combined with
frames from solution and crystal MD for the pairwise RMSD calculation (950 total
frames were considered). Node color, size, and shape were changed in order to easily
identify the X-ray (large yellow squares – a, b1, and b2) and representative (large white
circles) conformations. For the pairwise calculation, the backbone coordinates of Arg76
and the closest residue of the neighboring di-mannose were first aligned before
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measuring the RMSD of the side-chain heavy atoms. A cutoff of 0.75 Å and the forcedirected layout algorithm were used to construct the network. Arg76 samples several
conformations in solution simulation (blue circles), and the three largest populations are
in excellent agreement with the X-ray conformations and three of the representative
structures. The resulting network highlights differences in the MD ensembles generated
in solution and in the crystal. The conformational space sampled by Arg76 of chain B in
the crystal (cyan diamonds) agrees well with the solution ensemble, whereas Arg76 of
chain A was trapped in its single X-ray conformation during crystal MD (red triangles).
This indicated that the conformation of Arg76 was selected by crystal packing in chain A
and, taken together with the lack of a single conformation of the residue in solution, an
alternate mode for CVN-ligand binding was proposed.30,37

In addition to characterizing conformational similarity within an MD ensemble, the
network can also be utilized to examine the over-time conformational sampling by a
trajectory. To highlight this application, Figure 6c shows a network constructed from 500
solution MD snapshots of Arg76 (blue circular nodes in Figure 6b). The pairwise RMSD
calculation was performed in the same manner as described above. Any two snapshots
that are adjacent in time but related by an RMSD greater than the cutoff are also
connected in the layout. As a result, the spring coefficient for the force-directed layout
algorithm was lowered from its default value of 10–6 to 10–7 in order to obtain a similar
degree of separation as the network shown in Figure 6b. Only the edges representing
transitions between two time-consecutive MD frames are shown and are colored as a
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gradient, with blue and red denoting earlier and later transitions, respectively. Transitions
between conformational populations are observed throughout the course of simulation,
indicating that sufficient conformational sampling was achieved.

Figure 6. (a) Packing interface in the crystal of the CVN:di-mannose complex (PDB:
2RDK36) involving chains A (gray) and B (blue) with Arg76 (green) and the di-mannose
ligand (cyan) indicated in both chains. (b) Network constructed from snapshots of Arg76
from solution (circular blue nodes) and crystal MD30 (red triangles and cyan diamonds
correspond to snapshots from chains A and B, respectively) as well as the X-ray
conformations (a, b1, and b2; yellow squares) and six representative structures from
average linkage clustering (large white circles). (c) Over-time transitions for 500 frames
from solution simulation (blue nodes in b).

Dynamics of a mobile loop about the binding site of luciferase
Luciferase catalyzes a light emitting chemical reaction in bioluminescent bacteria and a
mobile loop about the active site appears to play an important role in substrate (flavin)
binding.38,39 The loop is observed in two different conformations of the heterodimeric
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flavin-bound crystal structure40 of luciferase (“open” and “closed,” defined by the
distance between the two anti-parallel loop regions, Figure 7a). Based on the available Xray data, the contributions of the loop conformations to the catalytic mechanism were
ambiguous. To examine the crystallographically observed loop conformations and to gain
insight into loop dynamics important for substrate binding, replica exchange molecular
dynamics (REMD) simulations of luciferase in the presence and absence of ligand were
performed.29

The network in Figure 7b depicts the conformational space sampled by the mobile loop
in the flavin-bound (red nodes) and flavin-free (blue nodes) Luciferase REMD
trajectories. The pairwise calculation was performed for 1000 frames from REMD (500
from both trajectories) by first aligning the Cα atoms of the globular region of the protein
and then taking the RMSD for the Cα atoms of the loop. A 2.75 Å RMSD cutoff and the
force-directed layout algorithm were employed. The topology of the layout shows a
relatively low level of distinction between populations due to the continuous motion of
the flexible loop. Average linkage clustering did not delineate between individual
populations within the core of the network, identifying the layout primarily as one cluster
(Figure S2b). K-means clustering was instead chosen to calculate representative
structures since it yielded clusters in better agreement with the topology of the core than
did other algorithms (Figure S2). The network indicates that flavin binding shifts the
conformational ensemble toward closed states – the fully closed representative
conformation lies among nodes only from the ligand-bound trajectory while the “semi-
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closed” conformation is located within a group of nodes unique to the ligand-free
trajectory. Ligand-free and ligand-bound nodes are mixed in other regions of the core of
the network, implying that the loop is inherently flexible since similar conformations are
sampled regardless of the presence or absence of substrate. Structures located in the
fringe of the network correspond to more open conformations. Based on network
connectivity, a model for loop opening and closure was proposed.29

Figure 7. (a) Location of the mobile loop in Luciferase (gray) with the flavin-distal
region (cyan) and the flavin-proximal region (yellow) indicated. The space between these
two regions (pink double-headed arrow) is used to denote closed and open loop
conformations. (b) Network layout created with snapshots from the ligand-bound (red
nodes) and ligand-free (blue nodes) REMD trajectories,29 with closed, semi-closed, and
open representative loop structures from k-means clustering shown against to the closed
complex (gray) from panel (a).
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Active conformation of a small heat shock protein
The small heat shock proteins (sHSPs) protect unfolded proteins from aggregation
during conditions that promote cellular stress.41 Under heat stress, the Ta16.9 sHSP
dissociates from an oligomeric state into functional dimers, exposing hydrophobic
regions of its highly disordered N-terminal arms that are implicated in substrate
recognition.42,43 REMD simulation of the Ta16.9 dimer was performed to report on the
functionally relevant conformations of the arms (unpublished data).

Networks were constructed for the REMD trajectories at multiple temperatures (293,
315, and 319 K) (Figure 8). For each network, 400 simulation frames and five
representative structures from average linkage clustering (larger circular nodes in the
layout) were considered for the pairwise RMSD calculation, which was performed for the
Cα atoms of the flexible N-terminal arms while aligning to the more rigid domains of the
protein. A 7.4 Å RMSD cutoff and the force-directed layout algorithm were then applied.
Distinct conformations of the N-terminal arms are observed during simulation. To
analyze the effect of temperature on the exposure of the hydrophobic surface of the arms,
the hydrophobic solvent accessible surface area (hSASA) for the N-terminal arm residues
is projected onto the layout as a color gradient. At elevated temperatures, the population
of N-terminal arm conformations with higher hydrophobic exposure (higher hSASA, red
nodes) increases relative to conformations in which the hydrophobic surface area of the
arms is largely unexposed (lower hSASA, blue nodes). This correlation between the
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temperature and exposure of the hydrophobic surface of the N-terminal arms may explain
the hydrophobic interaction between Ta16.9 sHSP and substrate under higher
temperature stress conditions.

Figure 8. Networks reporting on the conformation sampling of the Ta16.9 sHSP dimer
N-terminal arms (cyan and yellow in the cartoon representations) at 293, 315, and 319 K
during REMD simulation. Nodes are colored by the hSASA of the arms, which ranges
from ~1400 Å2 to 3100 Å2 (blue, white, and red nodes correspond to low, medium, and
high values of hSASA, respectively) and larger nodes denote representative structures
from average linkage clustering. N-terminal arm conformations with low and high
hSASA values are depicted to the left and right of the networks, respectively.
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Open-closed transitions of the lambda Cro dimer
The dimeric Cro transcription factor from bacteriophage lambda is a prototypical
system for studying gene regulation.44 Variation among the Cro crystal structures ranges
from an apo closed45 to a DNA-bound open46 global conformation. Two new open-like Xray structures were recently solved in the absence of DNA,47 bringing into question its
dominant solution form and DNA-binding mechanism. To address these issues, REMD
simulation was performed to elucidate the conformational space available to the protein
in solution.28

A network was constructed from Cro REMD simulation to report on the dominant
dimer solution states (Figure 9). Five hundred trajectory snapshots and the four X-ray
structures (“C”, “O1-3”) were included in the pairwise RMSD calculation for nonterminal Cα atoms, and a 1.7 Å cutoff along with the force-directed layout algorithm
were used. The network shows that both closed- and open-like dimers in good agreement
with the X-ray structures dominate the solution ensemble. Relatively little connectivity
between the two major populations in the network suggests a two-state open-closed
transition, which appears to be controlled by intersubunit salt-bridging between Arg4 and
Glu53 of the neighboring monomer. The inter-residue distance (as defined between the
centers of mass of Nη1/Nη2 of Arg4 and Oε1/Oε2 of Glu53’) was mapped as a color
gradient onto the network to highlight the relationship between the formation of the salt
bridge and conformational sampling. (Since Cro is a homodimer, the interaction between
Arg4’ and Glu53 may also form.) Black nodes correspond to the shortest inter-residue
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distances and are located almost exclusively in the population of closed-like dimers,
whereas gray and white nodes indicate larger distances and primarily correspond to openlike dimers. Thus, the network illustrates the correlation between the formation of the salt
bridge and the sampling of closed conformations. The role of the Arg4-Glu53
intersubunit salt bridge in the open-closed transition as well as the accessibility of openlike dimers supported a new conformational selection model for Cro-DNA binding.28

Figure 9. Network constructed from REMD simulation of the lambda Cro dimer28 with
the closed (“C”) and open (“O1,” “O2,” and “O3”) X-ray structures indicated on the
layout. Black and gray/white nodes denote conformations with shorter and longer
distances between the Arg4 and Glu53’ intersubunit salt bridge residues, which are
highlighted in the closed- and open-like structures shown below the network.
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Conclusions
Network visualization can serve as an effective tool for uncovering the major
conformational states sampled during MD simulation as well as the connectivity between
them, which offers a comprehensive picture of conformational space. Whereas the
application of networks in previous studies, particularly for protein folding, group
trajectory snapshots into conformations, the approach presented in this study constructs a
network representative of the native state ensemble without any presumptions of the
conformational space. The application of an RMSD cutoff in combination with the forcedirected layout algorithm results in a distinct network topology. Similar to the choice of
cluster count for clustering algorithms, network visualization is sensitive to the choice of
the RMSD cutoff. A reasonable estimate of the cutoff may be obtained from the pairwise
distribution of RMSD values and quickly refined by iteratively constructing the layout.
The number of major conformational substates can be gauged from the resulting network
topology and used to guide the choice of a clustering algorithm – specifying the number
of network populations as the initial cluster count for several clustering algorithms, the
algorithm that yields the most natural distribution of clusters onto the layout would be the
most suitable for calculating representative structures from the MD ensemble. For the
protein MD examples presented, not only did the networks report on the conformational
space of the native state ensemble and its relation to experimental and representative
structures, but also a variety of annotations were considered to visualize the trajectories
and arrive at important functional insights.
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