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Abstract
Understanding the mechanism of ligands binding to their protein targets and the
influence of various factors governing the binding thermodynamics is essential for rational drug design. The solution pH is one of the critical factors that can influence ligand
binding to a protein cavity, especially in enzymes whose function is sensitive to the pH.
Using computer simulations, we studied the pH effect on the binding of a guanidinium
ion (Gdm+ ) to the active site of hen-egg white lysozyme (HEWL). HEWL serves as a
model system for enzymes with two acidic residues in the active site and ligands with
Gdm+ moieties, which can bind to the active sites of such enzymes and are present in
several approved drugs treating various disorders. The computed free energy surface
(FES) shows that Gdm+ binds to the HEWL active site using two dominant binding
pathways populating multiple intermediates. We show that the residues close to the
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active site that can anchor the ligand could play a critical role in ligand binding. Using
a Markov state model, we quantified the lifetimes and kinetic pathways connecting the
different states in the FES. The protonation and deprotonation of the acidic residues
in the active site in response to the pH change strongly influence the Gdm+ binding.
There is a sharp jump in the ligand-binding rate constant when the pH approaches the
largest pKa of the acidic residue present in the active site. The simulations reveal that,
at most, three Gdm+ can bind at the active site, with the Gdm+ bound in the cavity
of the active site acting as a scaffold for the other two Gdm+ ions binding. This result
implies the possibility of designing single large molecules containing multiple Gdm+
moieties that can have high binding affinities to inhibit the function of enzymes with
two acidic residues in their active site.

Introduction
A protein’s biological activity is mediated through its interaction with other molecules, such
as polypeptides, nucleic acids, membrane lipids, ions, metabolites, etc., present in the cellular
medium. These interactions can be modulated to regulate protein activity, which is exploited
in drug discovery to treat disorders related to the protein. The therapeutic effect of a drug
molecule is due to its binding in a specific protein site and perturbing the protein’s activity by
interfering with its interaction with other molecules in the cell. Knowledge of the molecular
interactions between the drug and the protein and the underlying protein-ligand binding
thermodynamics and kinetics is essential for rational drug design.
External factors such as temperature, pressure, molecular crowding, pH, etc., strongly
influence drug binding kinetics. In biological systems, pH plays a critical role in dictating
the efficacy of a drug binding to a protein, especially enzymes. Generally, enzymes operate
optimally in a specific pH range, which must be considered while designing drugs targeting
them. For example, aspartic proteases such as β-secretase (pH = 3.5 - 5.5), 1 HIV-1 protease
(pH = 4 - 6), 2 and influenza neuraminidases (pH = 5.5 - 6.5) 3 operate in a narrow pH range.
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As the pKa values of the acidic residue side chains are dependent on their location in the
protein folded structure, the protonation/deprotonation of these side chains are sensitive to
pH and can significantly affect the drug binding. Large shifts in pKa values are observed
for at least one of the active site aspartates of β-secretase (pKa = 3.5 and 5.2) 4 and HIV-1
protease (pKa = 3.4 - 3.7 and 5.5 - 6.5) 5 compared to the free aspartic acid in water (pKa =
3.8). Experimental and computational studies on HIV-1 protease 6 and β-secretase 7,8 have
demonstrated that pH determines the efficacy of ligand binding to these proteins. Therefore,
understanding the pH role on ligand binding to a protein is essential for designing efficiently
binding drugs.
Biomolecular modeling 9 and molecular dynamics 10–12 (MD) simulations have proven to
be indispensable tools to probe and understand protein-drug interactions. Unbiased MD
binding simulations 13 accurately captured the final bound pose of drugs in the binding pocket
of the G-protein coupled receptors (GPCR) and identified the dominant binding pathways
and the associated barriers. Structure-activity studies and computer-aided drug design are
successful in developing commercially available drugs for treating cancers, neurodegenerative
diseases (Alzheimer’s, 14 Parkinson’s 15 ), viral diseases (Hepatitis A/C, 16,17 HIV, 18,19 avian
influenza 16,20,21 ) etc.
We used both conventional molecular dynamics (cMD) and constant pH molecular dynamics (cpHMD) simulations to study the unbiased and pH-dependent binding kinetics of
guanidinium (Gdm+ ) ions to the hen egg-white lysozyme (HEWL). The active site of HEWL
has two acidic residues - Glu35 and Asp52, where Glu35 displays a significant shift in pKa
value to 6.2 compared to the free Glu in water (pKa = 4.3). This shift in pKa makes the side
chain of Glu35 susceptible to protonation depending on the solution pH and would have a
marked effect on Gdm+ binding. These features makes HEWL an attractive model system
to study the pH effects on ligand binding kinetics.
Guanidinium and guanidine motifs can bind in the active sites of enzymes containing two
acidic residues 22,23 and are of particular interest in drug binding studies 24,25 as they are play-
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ing a critical role in various biological, pharmacological and biochemical processes. While the
protein denaturant properties of guanidinium salts in high concentrations (≈ M concentrations) are well documented, 26–31 submolar and lower concentrations of guanidinium salts are
shown to inhibit the activity of proteins such as pancreatic ribonuclease A, 32 pantetheine
hydrolase, 33 and hen egg-white lysozyme. 22,23 Besides the enzymatic inhibitory nature of
guanidine salts at low concentrations, guanidine and its analogs show chemical and physicochemical features, which are of interest in rational drug design. The resonance stabilized
structure of the cation makes Gdm+ one of the strongest organic bases with a pKa of 13.6.
The basicity of the guanidinium moiety can be readily tuned by modifying the accompanying
functional groups. 34 The tunability and the ability to strongly interact with a wide range
of anions such as carboxylates, 35 phosphates 36 etc. through hydrogen bond formation and
charge pairing, makes guanidine-based molecules excellent candidates for various medical
and pharmaceutical applications.
Many currently prescribed pharmaceutically active drugs contain guanidine groups. Antimicrobial drugs such as streptomycin, chlorhexidine, and the antimalarial drug proguanil
contain a guanidine moiety. 37 TAN-1057D, a bisguanidine isolated from Flexibacter sp. acts
as an effective antibiotic against methicillin-resistant strains of Staphylococcus aureus. 38
Ptilomycalin A- a tricyclic guanidine isolated from sea sponge shows cytotoxic, anti-fungal,
and anti-viral activities. 39 Guanidine based drugs have also shown considerable promise in inhibiting the activity of proteins implicated in (i) neurodegenerative diseases like Alzheimer’s
(β-secretase inhibitors), (ii) viral diseases (HIV-1 proteases, 40 avian flu neuraminidases 16 ),
(iii) angiogenesis in tumors (acid ceramidase). 41 The active site of these target proteins
comprises one or more acidic amino acids. Recent studies have shown that guanidinebased drugs specifically bind to acidic residues present at the active site of an enzyme
via hydrogen-bonded interactions. 40–42 Crystal structures of the avian flu neuraminidase
inhibitor zanamivir show the inhibitor molecule bridging the active site residues Asp152 and
Glu229. 43
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In this paper, we studied the pH effect on the binding of Gdm+ to the HEWL active
site using cMD and cpHMD simulations. The advantage of studying Gdm+ binding to the
HEWL active site is that the binding is fast and occurs on a nanosecond time scale making
it feasible to probe the binding mechanism using computer simulations exhaustively. The
binding free energy surface (FES) from cMD and cpHMD simulations reveals two dominant
Gdm+ binding pathways populating multiple intermediate states. We show that pH modulates the population of intermediates in the FES, resulting in strong pH-dependent binding
of Gdm+ to the active site. The computed association (binding) constant kon and the dissociation (unbinding) constant koff show a strong pH dependence and a sharp jump in their
values when the pH exceeds the pKa of Glu35 in the HEWL active site. Analysis of the
binding modes reveals the existence of multiple Gdm+ bound to the active site indicating
the possibility of designing large molecules with multiple guanidinium moieties that can efficiently bind to inhibit enzyme activity. These results provide insight into the pH-dependent
binding mechanism of ligands to proteins with acidic residues in the active site and aid in
understanding the binding of complex guanidine-based drug molecules to proteins.

Methods and Materials
Conventional Molecular Dynamics Simulations
The initial structure for both the conventional (cMD) and constant pH (cpHMD) molecular
dynamics simulations is taken from the crystal structure of HEWL (PDB ID: 1AKI). 44
To study the mechanism of Gdm+ binding to the protein, we placed 10 Gdm+ randomly
around the protein at a minimum cutoff distance of 15 Å from the protein center of mass.
The protein and Gdm+ are solvated with water molecules in a cubic box of length 80 Å.
The concentration of Gdm+ in the simulation box is ≈ 32 mM. The excess charge in the
simulation box is neutralized by adding 18 Cl− ions. To rule out concentration effects, a
second set of simulations with five Gdm+ in the simulation box ([Gdm+ ] ≈ 16 mM) were
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carried out.
We have used the explicit solvent CHARMM36m force field 45 for the protein. The parameters for Gdm+ are taken from the CGenFF. 46 Water molecules are modeled using the
TIP3P model. 47 Langevin dynamics simulations are carried out using the NAMD software
package (version 2.13) 48 with periodic boundary conditions applied in all directions. A 12 Å
cutoff is used for van der Waals and short-range electrostatic interactions. Long-range electrostatic interactions are calculated using the particle mesh Ewald algorithm. 49 The bonds
involving hydrogen atoms are constrained using the SHAKE algorithm. A 2 fs time step is
used to advance the simulation.
Before running the simulations, the system is energy minimized using the conjugate
gradient algorithm to remove high-energy contacts. The system is then subjected to a
three-step equilibration process: (i) equilibration of water in the N V T ensemble for 10 ns
with the positions of heavy atoms of the protein and all ions constrained using the fixed
atoms algorithm implemented in NAMD. (ii) equilibration of water and chloride ions in
the N P T ensemble for 10 ns with the positions of heavy atoms of the protein and Gdm+
constrained. (iii) In the final step, the positional constraints on heavy atoms of the protein
and Gdm+ are removed, and the whole system is allowed to equilibrate in the N P T ensemble.
The temperature T is maintained at 300 K using Langevin dynamics, while the pressure
P is maintained at 1 atm using a Nose-Hoover Langevin piston. We ran 10 independent
simulations each of length ≈ 200 ns, and 9 independent simulations each of length ≈ 80 ns
in the N P T ensemble. For each simulation, the initial configurations of Gdm+ are different
and are generated by randomly placing the Gdm+ in the simulation box. The velocities are
randomly generated from the Maxwell-Boltzmann distribution corresponding to T = 300 K.
We also ran 3 long simulations, each of length 1 µs in addition to the short simulations
described above. The extended simulations are carried out using the GROMACS simulation
package (version 2020.2). 50,51 The same forcefield and equilibration protocols described before
are used for these simulations as well. In the GROMACS runs, the heavy atoms of the ions
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and proteins are restrained by applying harmonic restraints using a force constant of 1000
kJ/mol/nm2 for the first two equilibration steps as described previously. The temperature is
maintained at 300 K using the stochastic velocity rescaling (modified Berendsen) algorithm 52
implemented in GROMACS with a coupling parameter τT = 0.1 ps, and the pressure is
maintained at 1 atm using the Parinello-Rahman barostat 53 with a coupling parameter τP
= 2.0 ps. The conformations are saved at every 10 ps and the cumulative simulation time
is ≈ 5.7 µs. We ran seven independent simulations with lower [Gdm+ ] (≈ 16 mM) using
the GROMACS-2020.2 package and CHARMM36m forcefield following the same protocols
as described above. The cumulative simulation time for lower [Gdm+ ] is 3.3 µs.
To check that the results are not forcefield dependent, we also ran simulations using the
Amber ff99sb-ildn 54 forcefield. Gdm+ forcefield parameters are obtained using the generalized Amber force field (GAFF) 55 (Table S1). The charges on atoms in Gdm+ are parameterized using the restrained electrostatic potential (RESP) implemented in the antechamber 56
tool of AmberTools18. 57 We ran the Amber force field simulations using the GROMACS2020.2 package following the above-mentioned protocols. We generated three independent
trajectories, each of length 600 ns for [Gdm+ ] = 32 mM.

Constant pH Molecular Dynamics (cpHMD) Simulations
The active site in HEWL consists of two negatively charged residues, Glu35 and Asp52
(Figure 1A). Experimental studies 58 show that HEWL is active over the pH range 6 to 9.
For HEWL to be in the active state, either one of the two acidic residues should be in a
protonated state. 59 Titration studies on HEWL reveal that the pKa values of Glu35 and
Asp52 are 6.2 and 3.6, respectively. 60 In the active pH range of HEWL, the pKa value
of Glu35 indicates that it exists in a dynamic equilibrium between the protonated and
deprotonated states, whereas Asp52 exists dominantly in its deprotonated form. As Gdm+
binds to the active site residues via hydrogen bond formation, the protonation of Glu35
should affect the binding rate of Gdm+ . To study the effects of Glu35 protonation on Gdm+
7
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binding, we setup cpHMD simulations over the pH range 5.0 to 7.0.
We performed cpHMD simulations in explicit solvent using the constant pH algorithm implemented in the NAMD software package (version 2.13). 48 For the explicit solvent cpHMD
simulations, we used the CHARMM36m force field 45 for the protein, CGenFF parameters 46
for Gdm+ , and TIP3P water model. 47 The forcefield also includes the topology and parameters of the protonated states of titratable residues. 45 In the cpHMD simulations of HEWL,
the pKa values of the titratable residues present in the protein are obtained from experiments 60 and are given as an input to the simulations. Cysteine residues involved in the
formation of four disulfide bonds in the protein are excluded from the protonation protocol.
The simulation protocol we followed for cpHMD is identical to the protocol followed for
the cMD simulations. Langevin dynamics simulations are carried out at T = 300 K with
a time step of 2 fs. Each protonation cycle of the cpHMD simulations comprises 15 ps of
non-equilibrium MD switching simulation with 100 ps of conventional MD. We performed
cpHMD simulations for [Gdm+ ] = 16 and 32 mM. For [Gdm+ ] ≈ 32 mM, we performed
simulations at pH values of 5.0, 5.5, 6.0, 6.5 and 7.0. For each pH value, we generated
3 independent trajectories each of length 500 ns and one longer trajectory of length 1 µs
resulting in a cumulative simulation time of 2.5 µs per pH value for [Gdm+ ] = 32 mM.
For [Gdm+ ] ≈ 16 mM, we performed simulations at pH values of 6.0, 6.5 and 7.0 with 3
independent trajectories each of length 400 ns resulting in a cumulative simulation time of
1.2 µs per pH value.

Coordination Number of Gdm+ Bound to the Active Site
Gdm+ binds to the active site of HEWL by forming a hydrogen-bonded bridge between the
carboxylic groups of the negatively charged residues, Glu35 and Asp52 (Figure 1A,B). To
monitor the interaction of Gdm+ with the active site residues, we calculated the distance
(dCOM ) between the center of mass of a Gdm+ and the center of mass of the active site
residues, Glu35 and Asp52. Gdm+ is considered bound to the active site, if dCOM ≤ 3
8
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Å. While dCOM can indicate that the ion has entered the binding site, it does not provide
information about the hydrogen-bonded interactions between Gdm+ and carboxylic groups.
To identify the binding pose of a single Gdm+ , we used the coordination number CNGdm+
between the carboxylic group O atoms of Glu35 and Asp52, and the N atoms of the Gdm+ .
The coordination number between the two sets of atoms is calculated using


CNGdm+ =



rij
R0

6 

XX 1 −


 12  ,
rij
i∈A j∈B
1 − R0

(1)

where group A consists of the N atoms of the single Gdm+ ion, and group B consists of the
carboxylic group O atoms of Glu35 and Asp52, R0 (= 5 Å) is the cutoff distance and rij is
∗
the distance between the atoms i and j. Another CV, CNGdm
+ , based on the coordination

number of all Gdm+ in the simulation box with respect to the active site is computed to
∗
identify the number of Gdm+ binding to the active site. In computing CNGdm
+ , group A

in eq. 1 consists of the N atoms of all the Gdm+ ions in the simulation box, while group B
is the same as in the previous definition. The coordination values are calculated using the
COORDINATION function of the PLUMED library. 61,62

Gdm+ Binding Free Energy Surface (FES)
We computed the FES associated with the Gdm+ binding/unbinding process using ∆G(s)
= -kB T ln(P (s)), where s is the set of collective variable(s) (CVs) describing the process.
The CVs used to project the FES are dCOM and CNGdm+ . The two-dimensional FES describing the binding process is constructed using the joint probability distribution of dCOM
and CNGdm+ , and is given by

P (dCOM , CNGdm+ ) =

N
con NX
Gdm+
X
i=1

ij
δ(dCOM − dij
COM , CNGdm+ − CNGdm+ ),

j=1

9
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ij
th
where dij
Gdm+ ion in
COM and CNGdm+ are the dCOM and CNGdm+ , respectively, of the j

the simulation box in the ith simulation snapshot, Ncon is the total number of simulation
snapshots, and NGdm+ is the total number of Gdm+ ions in the box. The one-dimensional
FES describing the higher order bound states of Gdm+ is constructed using the probability
∗
∗
distribution of CNGdm
).
+ , P (CN
Gdm+

Kinetics of Gdm+ Binding to the Active Site
A Gdm+ is considered bound in the active site if it satisfies: (i) dCOM < 3 Å and (ii)
CNGdm+ > 7.5. We observed multiple events in the simulations where a bound Gdm+
unbinds for a short period and returns to its bound state, or an unbound Gdm+ binds for
a shorter period and returns to the unbound state. In the analysis, we considered only
events where Gdm+ remained in the bound/unbound state for at least 0.5 ns as part of a
binding/unbinding event.
The Gdm+ binding/unbinding rate constants are calculated using the following equations, 63 which are based on Kramers’ reaction rate theory. 64 Assuming that Gdm+ unbinding
follows first-order kinetics, we estimated the unbinding rate constant koff using the equation

koff = ⟨tB ⟩−1 ,

(3)

where ⟨tB ⟩ is the average lifetime of the ligand bound state. Similarly, for the binding
process, we assume that the concentration of ligand is in excess over the protein and binding
does not significantly alter the ligand concentration. Under these assumptions, the binding
rate constant (kon ) is approximated as

kon = (⟨tUB ⟩ × [Gdm+ ])−1 ,

(4)

where ⟨tUB ⟩ is the average lifetime of the unbound state. ⟨tUB ⟩ and ⟨tB ⟩ are approximated
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as the mean first passage time (MFPT) associated with Gdm+ binding and unbinding,
respectively. In computing ⟨tUB ⟩ and ⟨tB ⟩, we ignored events in the simulations where a
Gdm+ binds or unbinds transiently for short time periods (≤ 0.5 ns).

Markov State Modeling (MSM)
Simulation data reveals that the HEWL active site can accommodate binding of up to three
Gdm+ ions in different poses. While the unbound Gdm+ in the simulation box undergo
diffusion without interacting with the protein’s active site, transient interactions are observed
with other acidic residues far away (> 15 Å) from the protein active site. To identify the
relevant kinetic processes associated with the binding of multiple Gdm+ to the HEWL active
site, we constructed a Markov State Model (MSM) using the PyEMMA software package. 65
To build the MSM, we used the distances between the following groups of atoms as the input
variable: i) heavy atoms of the Gdm+ ions, and ii) oxygen atoms of the active site residues Glu35 (Oϵ1 , Oϵ2 , O) and Asp52 (Oδ1 , Oδ2 , O), Oδ1 of Asn46 and backbone carbonyl oxygens
of Leu56 and Gln57, resulting in a total of 108 distances (Figure S1). MSM construction
requires careful consideration of the CVs that capture the dynamics of the relevant process
(in this case, binding/unbinding of Gdm+ ). Including the unbound Gdm+ in the analysis
increased the amount of input data and enhanced the complexity. Hence, we excluded the
unbound Gdm+ from the analysis and effectively reduced the system to just the protein
and three Gdm+ ions binding to the active site. To exclude the unbound Gdm+ ions from
the analysis, we considered only those Gdm+ , which at any point in the trajectory satisfy
dCOM < 5 Å and the rest are ignored.
To identify the relevant microstates in the binding mechanism, we carried out k -means
clustering 65 using the computed 108 distances between the relevant atoms of the binding
pocket and the Gdm+ heavy atoms. To get an initial estimate of the number of clusters
required to capture the binding mechanism accurately, we performed k -means clustering of
the 108 active site-Gdm+ distances with 75, 100, 250, 300, 500, 750, 1000, 1250, 1500 and
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bioRxiv preprint doi: https://doi.org/10.1101/2022.07.01.498456; this version posted July 3, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

2000 cluster centers. Given the high dimensionality of the input variable, understanding the
significance of these clusters in Gdm+ -HEWL binding poses a challenge. To get a more intuitive understanding of these clusters, each cluster is projected onto a more relevant 2D space
in the context of Gdm+ binding. For each cluster obtained from the k -means clustering,
∗
+
calculating CNGdm
+ and the average number of hydrogen bonds (⟨NHB ⟩) between the Gdm

ions and the active site residues Glu35 and Asp52 gave a reasonable understanding of the
underlying binding process. The lower number of clusters (< 500) showed a poor sampling
of the basins associated with the Gdm+ binding mechanism while increasing the number
of clusters (> 1000) did not significantly alter the distribution of points in the 2D space
(Figure S2). We chose 1500 clusters, which is a reasonable number to construct the MSM
(Figure S2E). To determine the appropriate lag time to construct the MSM, we calculated
the implied timescale as a function of lag time. The implied timescales flattened out at ≈
1 ns lag time, and we used this value to construct the MSM (Figure S3A). The separation
between the first two and the other timescales indicated that MSM resolved the three slow
processes corresponding to the free, associated and bound states of the Gdm+ -HEWL complex. To validate the MSM, we carried out the Chapman-Kolmogorov test (Figure S3B).
To understand the kinetics of the multiply bound Gdm+ states, the clusters were further
∗
coarse-grained based on CNGdm
+ and ⟨NHB ⟩ (Figure S3C). While the above coarse-graining

clearly differentiated between the various bound states, it is unable to discriminate between
the unbound state U and the associated state A (Figure 1B). To separate these two states,
we applied an additional criterion, based on the occupancy of a Gdm+ near the residue
Asp48. If a Gdm+ is present within 5 Å of Asp48, we classified the cluster as state A, else
it is classified as state U. This procedure applied to the Gdm+ -HEWL complex allowed the
calculation of the mean first passage times and fluxes between the coarse-grained clusters
corresponding to the bound states of Gdm+ .
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Figure 1: (A) Structure of hen egg-white lysozyme with the active site residues Glu35
(yellow) and Asp52 (green). Gdm+ is bound in the active site and interacts with Glu35
and Asp52. The O atoms of the carboxylic groups are shown in red, N atoms of Gdm+
are shown in blue, and H atoms of Gdm+ are shown in white. (B) The FES of Gdm+
binding to the HEWL active site is projected onto CNGdm+ and dCOM . The basins in
the FES correspond to the unbound state (U), associated state (A), partially bound
state (PB), and the two bound states (B1 and B2). Representative conformations of
Gdm+ corresponding to the various basins in the FES are shown in the insets. (C)
Representative structures show the hopping transition of the Gdm+ bound to Asp48
(state A) to the active site Asp52 (state PB) through the solution.
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Results and Discussion
Intermediates States are Populated in Gdm+ Binding to the HEWL
Active Site
The FES projected onto dCOM and CNGdm+ (see Methods) using the data obtained from cMD
simulations shows four distinct basins: (i) the unbound state U (dCOM ≥ 14 Å, CNGdm+
≈ 0), (ii) the associated state A, where Gdm+ interacts with Asp48, which is present at a
distance from the active site residues (dCOM ≈ 8 Å, CNGdm+ ≈ 1.5), (iii) a partially bound
state PB, where Gdm+ forms hydrogen bonded interactions with only one of the two acidic
residues (Asp52 or Glu35) in the active site (dCOM ≈ 5 Å, CNGdm+ ≈ 4.5), (iv) the bound
state B, which can be further divided into two substates B1 (dCOM ≈ 2.0 Å, CNGdm+ ≈ 7.5)
and B2 (dCOM ≈ 2.0 Å, CNGdm+ ≈ 9.0) (Figure 1B). The substates B1 and B2 are separated
by a barrier ≈ 0.9 kcal/mol.
In the first pathway, the state A forms an initial entry point for Gdm+ to enter the
HEWL active site. In this state, a Gdm+ interacts with Asp48 using hydrogen-bonded
interactions. However, one of the carboxylate oxygens of Asp48 acts as an acceptor in
the hydrogen-bond formation with the amide hydrogen and hydroxyl group of neighboring
Ser50. As a result, Gdm+ can interact with only the other carboxylate oxygen of Asp48
(Figure S4A). The Gdm+ also cannot form a bridging interaction between Asp48 and active
site Asp52 as the average distance between the carboxylate groups of these two residues (≈
9.0 Å) is larger than the ideal distance (≈ 7 Å) required for a Gdm+ to anchor itself between
these residues. 23 However, compared to Asp48, the nearby active site residues Glu35 and
Asp52 have their carboxylate oxygens in an orientation favorable to form hydrogen-bonded
interactions with Gdm+ resulting in a more favorable interaction. As a result, Gdm+ hops
through the solvent from Asp48 to the active site Asp52 populating either the PB or B1/B2
state in the FES. The state B1/B2 is more stable due to the additional hydrogen-bonded
interactions over those present in state PB (Figure 1C and S4B). In this pathway, when the
14
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PB state is populated, Gdm+ interacts with only the Asp52 carboxylate group in the active
site (Figure 1C). The other possibility, i.e., Gdm+ interacting with Glu35 in the active site,
is not observed.
In a different Gdm+ binding pathway, the state A is not populated. In this pathway,
Gdm+ from the solution directly interacts with Glu35 in the active site populating the PB
state (Figure S5). The probability of observing this pathway is low because compared to
Asp52, which is solvent exposed, Glu35 is partly occluded by residues Trp108 and Arg114,
blocking its direct access to Gdm+ from the solvent. The residue Arg114, in particular, plays
a vital role in preventing Gdm+ from binding to Glu35 in state PB (Figure S6A,B). As the
amino acid arginine has a guanidinium moiety in its side chain, Arg114 can occupy a position
similar to that of a bare Gdm+ in the protein’s active site. However, due to conformational
constraints, Arg114 can only form hydrogen bonds with Glu35. The distance between Glu35
and Arg114 in state PB shows that Arg114 is hydrogen-bonded to Glu35, preventing direct
access of Glu35 to Gdm+ (Figure S6A,B).
In the bound state B, a single Gdm+ interacts through hydrogen bonds between its N
atoms and carboxylate groups of Glu35 and Asp52. As each of the three N atoms of Gdm+
can independently act as hydrogen bond donors to the active site carboxylate oxygens, relative orientations of both active site residues and the Gdm+ can lead to several combinations
of hydrogen-bonded interactions (Figure S7). Thermal fluctuations in the active site can
change donor-acceptor distances while keeping the hydrogen bond interactions intact. The
collective variable CNGdm+ is sensitive to the distances between the selected groups (Eq. 1).
Even small changes in the donor-acceptor distances due to thermal fluctuations between
the bound Gdm+ and active site carboxylate groups can lead to a significant difference in
the CN value (Figure S8), which leads to a broad B state basin along the CN axis in the
FES (Figure 1B). The multiple bound poses of Gdm+ in the broadly distributed B state
contribute to the substates, B1 and B2 in the FES (Figure 1B and S7). The substate B2 is
more stable than B1 due to the formation of stronger hydrogen bonds as the donor-acceptor
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distances are optimum, which is also supported by the increase in CNGdm+ .
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Figure 2: FES projected onto CNGdm+ and dCOM for different pH values. The minima
marked on the FES correspond to different Gdm+ binding states. At low pH, the high
protonation rate of Glu35 contributes to the absence of the bound state basins, B1 and
B2. At higher pH, the Gdm+ bound state is the global minimum.

pH Effect on the Population of Intermediate States
The protonation state of the carboxylic groups of Glu35 and Asp52 depends on the residue
pKa values and the solution pH. The protonation state of the residues in the active site
strongly influences the Gdm+ binding to the active site. The pKa values of Glu35 and Asp52
are 6.2 and 3.6, respectively, 60 and HEWL is active over a pH range (pH = 6 - 9). 58 In the
active pH range, Asp52 is predominantly deprotonated, while Glu35 can have a variable
protonation state dependent on the solution pH. The percentage protonation of Glu35 and
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Asp52 in the active pH range is calculated using the Henderson-Hasselbach equation. At pH
= 5.0, ≈ 94% of Glu35 and ≈ 3.8% of Asp52 is protonated in bulk, whereas at pH = 7.0, the
bulk protonation of Glu35 and Asp52 are ≈ 13.7% and ≈ 0.04%, respectively. A titratable
residue is considered to be roughly 99.9% deprotonated at a pH value 2 units above the pKa .
In the cMD simulations, as both Glu35 and Asp52 are deprotonated, we approximate the pH
value of these cMD simulations is ≈ 8.5. Gdm+ binding to the HEWL active site depends
on the hydrogen bond formation between the N atoms of Gdm+ and the carboxylic group
O atoms of Glu35. The protonation of Glu35 makes it unable to act as a hydrogen bond
acceptor, thereby preventing the formation of hydrogen bonds and strong binding of Gdm+
in the active site. However, deprotonation of both acidic active site residues at high pH (≈
8.5) (Figure 1B) results in strong binding of Gdm+ (Figure 1B).
At pH = 5.0, ≈ 94% of Glu35 is protonated and cannot interact via hydrogen bond
formation with Gdm+ . However, the Asp52 side chain is predominantly deprotonated and
can form hydrogen bonds with Gdm+ , making the PB state the most stable Gdm+ -active
site interaction in the FES (Figure 2A). As the pH increases, the concentration of the deprotonated state of Glu35 increases, and Gdm+ can form the hydrogen-bonded bridge between
Glu35 and Asp52, which results in the appearance of the singly-bound state B at pH = 6.0
(Figure 2B). At pH = 6.5, the percentage of deprotonated Glu35 is ≈ 66.6%, which allows
Gdm+ to properly orient itself between the active site residues and sample multiple bound
poses with different combinations of hydrogen bonds resulting in the appearance of the broad
B state basin (Figure 2C). At a higher pH value of 7.0, the basin corresponding to the bound
state becomes stable and splits into two substates, B1 and B2, where dCOM is ≈ 2 Å for
both the states but CNGdm+ value is ≈ 7.5 and ≈ 9.0, respectively (Figure 2D).

Multiple Gdm+ Can Bind to the HEWL Active Site
The simulation data shows that while a Gdm+ is forming bridging interactions between the
carboxylic residues in the HEWL active site, it can act as a scaffold for further formation
17
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of hydrogen-bonded interactions between the active site residues and another Gdm+ . 23 To
∗
identify these complexes, we computed the coordination number (CNGdm
+ ) of the N atoms

of all the Gdm+ present in the simulation box with the carboxylic group O atoms of the
active site residues Glu35 and Asp52 (see Methods) (Figure 3).
∗
The FES projected onto CNGdm
+ reveals multiple minima corresponding to the different

states in Gdm+ binding to the HEWL active site (Figure 3). The minima in the FES
∗
correspond to: (i) unbound state U (CNGdm
+ ≈ 0), (ii) the associated state A where the
∗
Gdm+ is bound to Asp48 in the vicinity of the active site (CNGdm
+ ≈ 1.5), (iii) the partly

bound state PB, where a Gdm+ is hydrogen-bonded to a single carboxylic group in the active
∗
site (either Glu35 or Asp52) (CNGdm
+ ≈ 4.5), (iv) the singly-bound state B, which is further

separated into two shallow basins B1 and B2, (v) the bridged state D, where one Gdm+
forms the hydrogen-bonded bridge between the carboxylic groups of Glu35 and Asp52 and
∗
another Gdm+ is hydrogen-bonded to the Asp52 carboxylic group (CNGdm
+ ≈ 14) and (vi)

the doubly bridged state T, where one Gdm+ forms the hydrogen-bonded bridge between
the carboxylic groups of Glu35 and Asp52 and two other Gdm+ ions are hydrogen-bonded
∗
to the Glu35 and Asp52 carboxylic groups, respectively (CNGdm
+ ≈ 18) (Figure 3). The
+
∗
FES projected onto CNGdm
+ for different pH values at lower [Gdm ] exhibit similar minima

(with the exception of state T), indicating multiple Gdm+ bound to the active site of HEWL
is not an artifact of the Gdm+ concentration used (Figure S11).
The formation of these higher-order Gdm+ complexes is facilitated by the initial bridging
interaction between a Gdm+ and the active site residues. As the bridge formation depends
∗
upon the pH of the system, we computed the FES projected onto CNGdm
+ for different pH

(Figure 3). As the binding of the second Gdm+ would depend on the local concentration
of Gdm+ around the protein, we calculated the radial distribution function (g(r)) of the
center of mass of Gdm+ around the carboxylate groups of active site residues Glu35 and
Asp52 for different pH values (Figure S12). At pH = 5, the state PB is predominantly
populated in the FES, while the other states- B1, B2, D and T are almost absent. This is
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also evident from the g(r) of Gdm+ around the active site residues (Figure S12). The height
of the primary peak in g(r) at ≈ 3 Å decreased with the decrease in pH, indicating that the
local concentration of Gdm+ in the vicinity of the active site residues decreased. The peak
corresponding to the presence of a secondary Gdm+ (≈ 5 Å) is absent at low pH, indicating
the absence of higher-order bound states, D and T. This implies that at pH smaller than
the pKa of Glu35, neither the singly-bound nor higher-order bound states are stable, and
protonation of Glu35 is more favorable than forming hydrogen bond bridges with Gdm+ .
Upon increasing the pH to 6.5, the minima depth corresponding to the B state increased,
indicating that the hydrogen-bonded network between a Gdm+ and Glu35 is stable due to
the deprotonation of Glu35. The height of the primary peak in g(r) at ≈ 3 Å also increased,
mediated by a stronger interaction between Gdm+ and the active site residues. The presence
of another peak at ≈ 5 Å in the g(r) indicates the binding of a secondary Gdm+ in the vicinity
of the binding site leading to the formation of an additional non-bridging hydrogen bonded
interaction (Figure S12). Since the stability of the bridging interaction in the single bound
state of Gdm+ dictates the formation of higher-order Gdm+ complexes, we see the population
of the doubly bound state even at pH = 6.5, which is slightly above the pKa value of Glu35
(pKa = 6.2) (Figure 3).

Gdm+ Binding Rate Constants Depend on the pH
We computed the binding (kon ) and unbinding (koff ) rate constants (Eq. 3 and 4) of Gdm+
to the HEWL active site using the data from both the cMD and the cpHMD simulations
(Figure 4A). At pH equal to the pKa of Glu35 (pKa = 6.2), there is a jump in the kon values.
At lower pH, only Asp52 in the active site can interact with a Gdm+ , which decreases the
overall stability of the binding complex, and Gdm+ also unbinds relatively faster from the
active site as the koff values are higher (Figure 4A). At pH greater than the pKa of Glu35,
increased deprotonation of the Glu35 leads to both acidic residues forming hydrogen-bonded
interactions with a Gdm+ , resulting in higher kon values and also lower koff values. The same
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effect is observed in the cMD simulations (pH ≈ 8.5), where both the acidic residues are
deprotonated over the entire duration of the simulation, and Gdm+ binding is highly favored
compared to the unbound state.

Network of Transitions in Gdm+ Binding
The existence of higher-order bound states of Gdm+ , with multiple Gdm+ ions occupying
the binding pocket, raises questions about the relative stability and the associated kinetic
network connecting these states. To elucidate the complex nature of the protein-Gdm+
binding/unbinding process, we constructed a Markov State Model (MSM) to extract the
relevant kinetic information from the cMD simulations. We analyzed the resulting MSM
with the transition-path theory 66,67 formalism and extracted the transition pathways and
the associated timescales (mean first passage time (MFPT)) between the various proteinGdm+ complexes.
From the MSM, we obtained the kinetic network linking the unbound state U with the
various bound Gdm+ -protein complexes. From the equilibrium probability distribution, we
see the states B1 and B2 being the most populated (equilibrium probability πB1 = 0.33
and πB2 = 0.36) and state T being the least populated (πT = 0.007). Direct Gdm+ binding,
i.e. the transition from state U to either state B1 or B2, has a low forward (binding)
MFPTon of ≈ 4.4 ns, with the reverse (unbinding) MFPToff (states B1/B2 to state U) of
≈ 43 ns. The associated rate constants can be extracted using Eqns. 3 and 4. The rate
U→B1/B2

constants computed from the MFPT (kon

B1/B2→U

= 7.1 ± 0.15 × 109 M−1 s−1 and koff

= 2.32 ± 0.21 × 107 s−1 ) indicate that Gdm+ binding/unbinding to the active site are fast
processes.
However, the existence of the associated A and partly bound PB states shows that
Gdm+ binding from solution to the active site is through the population of intermediates.
The conversion timescale from state PB to either state B1/B2 is a fast process (MFPT ≈
3.5 ns), as it is more energetically favorable for the Gdm+ to form the bridged hydrogen21
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bonded network with both acidic residues rather than just with Asp52. Conversely, the high
MFPT from state B1/B2 to state PB (≈ 69 and 84 ns, respectively) shows that Gdm+
prefers to be in the bound state interacting with both Glu35 and Asp52. On the transition
from state B1/B2 to PB there is a loss of energetic stabilization offered by the formation
of two hydrogen bonds on average to the Gdm+ -active site complex in the state B1/B2.
The higher-order complexes, D and T, show a marked difference in populations with
state D having a relatively high population (equilibrium probability πD = 0.23) compared
to state T. These higher-order states can be considered as composite states, comprised of a
mixture of lower-order states (PB, B1, B2) as seen from the network of transitions. From
the configuration of Gdm+ ions in state D, it is a composite state comprising of state PB and
B1/B2, with one Gdm+ bridging Glu35 and Asp52, and the other tethered to Asp52. State
T comprises of three Gdm+ ions, with two adopting the pose as seen in state D, while the
third Gdm+ is hydrogen-bonded to Glu35. In contrast to the interaction observed between
Arg114 and Glu35 in state PB, the distance between Arg114 and Glu35 shows that Arg114
is flipped away from Glu35 (≈ 10 Å) (Figure S6C,D), making it feasible for a third Gdm+
ion to come and bind to Glu35.
The kinetic pathways show that the state A receives the majority of the flux from state
U, which acts as the gateway for all subsequent bound states (Figure 4B). States PB and
B1 also receive a small amount of the flux from state U, highlighting the minor pathways
comprising of direct Gdm+ interactions with Glu35, bypassing the state A. From the kinetic
network, three dominant pathways are observed linking state T to state A (Figure 4C).
The most dominant pathway, linking states A, B2, D to state T, comprises roughly 36% of
possible pathways. A second less dominant pathway, linking state A to T via states B1 and
D comprises another roughly 30% of possible pathways. A third pathway, making up 17% of
the paths, links A to T via the states PB, B2 and D. The three major pathways described
above account for roughly 83% of the total probability flux from state U to T, with the
remaining flux distributed over pathways made up of combinations of these states. In all the
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observed pathways, state D, consisting of two Gdm+ in the active site, forms the final stage
before forming state T. The kinetic network further highlights the importance of the bound
state (B1/B2) in stabilizing the higher order bound complexes. The higher CNGdm+ in state
B2 compared to state B1 is due to an increased stability of hydrogen bonded interactions
in B2. The higher flux through the state B2 indicates the relative stability of B2 over B1,
and the state B2 contributes more to the formation and stabilization of states D and T.
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Gdm+ Unbinding Pathways from the HEWL Active Site
As the pharmacological activity of a drug persists until the drug remains bound to the target
protein, understanding the drug dissociation pathways and the associated lifetimes or the
residence times of the drug becomes a key determinant of pharmacological activity. 68–70
We show that Gdm+ unbinds from the HEWL active site using two distinct pathways.
These pathways are dependent on the number of Gdm+ bound to the active site. As discussed, Gdm+ binding to the active site facilitates further binding of an additional one to
two Gdm+ to the active site. The presence of these secondary Gdm+ in the active site plays
an important role in the primary unbinding pathway (Figure 5). This pathway proceeds
through the following steps: (i) a Gdm+ (Gdm+
pri ) binds to the active site in states B1 or
+
+
B2, (ii) the binding of Gdm+
pri further facilitates the binding of a second Gdm (Gdmsec )

to the active site. The Gdm+
sec is in a state PB and interacts with Asp52. The active siteGdm+ interactions are mainly hydrogen bonds, and thermal fluctuations can disrupt these
interactions, leading to a weakening of the hydrogen-bonded network between the active site
+
+
carboxylates and Gdm+
pri . The weakening of the Gdmpri interactions leads to Gdmsec moving

into the active site, as seen from the corresponding increase in CNGdm+sec (Figure 5). As a
result, the Gdm+
pri is no longer present in the active site in state B1/B2, but moves to state
PB, being stabilized by the hydrogen bonds with either residue Asp52 or Glu35. However,
Gdm+ interaction with Glu35 is not stable due to steric clashes as Glu35 is partly occluded
by residues Trp108 and Arg114, resulting in Gdm+ moving into the solution. A similar
scenario is observed in the case of Gdm+
pri interacting with Asp52. As only one carboxylate
moiety is available for the Gdm+ to interact with, these interactions are unstable and can
be disrupted by thermal fluctuations, driving the Gdm+ into solution.
The second minor unbinding pathway involves the unbinding of a single Gdm+ bound to the
active site of HEWL (Figure S13). In this pathway, a Gdm+ binds to the active site in state
B1 or B2. However, Glu35 is hydrogen-bonded to the guanidine group of Arg114, which
destabilizes the active site geometry by twisting the carboxylate group of Glu35 away from
25
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the active site, resulting in the disruption of Gdm+ -Glu35 hydrogen bonds. The breaking of
Gdm+ -Glu35 hydrogen bonds causes the Gdm+ to go from state B1/B2 to state PB, with
the Gdm+ being stabilized by Glu35. As the Gdm+ is bound to only one residue, thermal
fluctuations can break the hydrogen-bonded interactions, driving the Gdm+ into solution.

Conclusions
Drugs bearing guanidine moieties are becoming increasingly common, from antimicrobial
compounds to anti-cancer drugs. However, the binding affinity of these drugs can be sensitive
to pH. In this study, we probed the pH dependence of protein-ligand interactions using hen
egg-white lysozyme and guanidinium (Gdm+ ) ions as a model system. Gdm+ binds to
HEWL via hydrogen-bonded bridges to the active site residues, Glu35 and Asp52. The
binding free energy surface revealed several basins corresponding to the configurations of
Gdm+ ions in the active site. At lower pH, Gdm+ binding to the active site is destabilized
due to increased protonation of Glu35, thereby disrupting the formation of hydrogen bonds
between the Gdm+ ion and Glu35. Higher pH values stabilize the singly-bound state of
Gdm+ as well as the formation of secondary non-bridging hydrogen bonds between Gdm+
and Asp52.
The computed Gdm+ binding and unbinding rate constants show that at low pH values,
binding rates decrease while unbinding rates increase. The increased unbinding rate is due
to the reduced stability of the Gdm+ -active site complex, as only one acidic residue (Asp52)
can participate in the hydrogen-bonded network. Higher pH values show increased binding
rates due to the deprotonation of Glu35, which can then participate in the hydrogen-bonded
network, thereby increasing the stability of the Gdm+ -active site complex.
Previously studies 22 showed that multiple Gdm+ ions could bind to the HEWL active
site. The single-bound Gdm+ bridges the two active site residues and acts as a scaffold
for one or two additional Gdm+ ions to form non-bridging hydrogen bonds with the active
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site residues. The free energy surface revealed the existence of multiple minima, which
corresponds to the states with two and three Gdm+ ions bound to the HEWL active site.
Markov State Modelling showed the network of transitions between the various bound states
and the associated equilibrium probabilities, which showed that the singly-bound state was
the most stable state, with the two bound Gdm+ states also being appreciably populated.
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