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Abstract

a-Conotoxin Ml (a-CTxMII) is a potent and selective peptide antagonist of neuronal nicotinic
acetylcholine receptors (NAChRs). Studies have shown that His9 and His12 are significant
determinants of toxin binding affinity for nAChR, while Glu11 may dictate differential toxin
affinity between nAChR isoforms. The protonation state of these histidine residues and therefore
the charge on the a-conotoxin may contribute to the observed differences in binding affinity and
selectivity. In this study, we assess the pH dependence of the protonation state of His9 and His12
by 1H NMR spectroscopy and constant pH molecular dynamics (CpHMD) in a-CTxMI|, a-
CTxMII[E11A], and the triple mutant, a-CTXMII[N5R:E11A:H12K]. The E11A mutation does
not significantly perturb the pKj; of His9 or His12, while N5SR:E11A:H12K results in a significant
decrease in the pKj value of His9. The pKj values predicted by CpHMD simulations are in good
agreement with TH NMR spectroscopy, with a mean absolute deviation from experiment of 0.3

p K units. These results support the use of CpHMD as an efficient and inexpensive predictive tool
to determine pKj values and structural features of small peptides critical to their function.
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l. INTRODUCTION

Conotoxins are small cysteine rich peptides isolated from the venom of predatory marine
snails of the genus Conus.() There are approximately 500 species of cone snail, each with a
peptide rich venom.(® Conotoxins are categorized based on species of origin, sequence
commonality, cysteine pattern, cysteine connectivity, and target receptor. These peptides
have been extensively studied for over thirty years because they are among the most potent
and selective molecular probes for biological receptors.(3-5 Here we focus on a-conotoxin
MII (a-CTxMII), a 16 amino acid peptide with the sequence GCCSNPVCHLEHSNLC, and
disulfide bonds from Cys2 to Cys8 and Cys3 to Cys16.
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a-CTxMII has been identified as a potent antagonist of nicotinic acetylcholine receptors
(nAChRs) with an 1Cs5q of 0.5 nM.(6) nAChRs are heteropentameric members of the ligand-
gated ion channel superfamily that regulate release of the neurotransmitter dopamine. To
date, ten different a-p subunit combinations of NAChRs have been characterized.(7-10)
Pentameric nAChRs in the brain consist of aga4fB2p3 and agfof3 containing NAChRs, and
specifically, it is the aga4f2B3 containing nAChRs on nerve cells that are degraded in
Parkinson’s patients.(1: 12) Unfortunately, the ag subunit is highly homologous to the a3
subunit, which is found throughout the body, making development of an effective molecular
probe able to distinguish between the two channels difficult.(13)

Native a-CTxMII inhibits agP, subunits, however it also binds with similar affinity to a3p,
subunits. Experiments have shown various mutations of a-CTxMII can drastically alter the
selectivity and the potency of the peptide towards certain nAChR subunit
combinations.(3.14) Specifically of interest here, is an E11A mutation of a-CTxMII was
found to show a 50-fold preference for binding to the agP2 subunit pair over the a3,
subunit pair.(33) Subsequent studies of the EL1A mutant have confirmed the ability of the
mutant to differentiate between nAChRs containing the agf, combination in the striatum of
mouse, monkey, and humans.(11) In fact, the E11A mutant aided in the discovery that it is
specifically the aga4pop3 containing NAChRs on nerve cells that are degraded in
Parkinson’s patients.(!1: 12) o -CTxMII[E11A] represent a first generation molecular probe
for identifying different subunit containing nAChRs. This peptide played an important role
in identifying the specific nAChR subunit combination that degrade in PD, and is a good
candidate for future studies such as building a model for ligand screening and the
development of diagnostic compounds and therapeutic drugs for PD. However, many
obstacles remain, including identification of the underlying interactions leading to subunit
specificity.

It is well known that the functionality of many biological systems is highly dependent on
pH. At an atomistic level, this pH dependence is due to the changing protonation state of
ionizable residues, which alters the electrostatic environment and possibly the structure and
dynamics of the system. It has been shown that a-CTxMII has a higher binding affinity
under more acidic conditions, and that binding activity is significantly decreased at pH’s
above 7.(4) The typical bulk water pK of a histidine imidazole ring is ~6, thus the
dependency of a-CTxMII potency on pH is thought to be due to histidine protonation. This
study also showed an H12A mutation reduced the potency of the peptide by >2700 fold
(IC50 ~10,000 nM) in its ability to act as an antagonist to the a3p, NAChRs expressed in
Xenopus oocytes.(1¥ Furthermore, circular dichroism studies of the H12A analog confirmed
the molecular scaffold of a-CTxMII[H12A] was conserved to a pH of 8.9, indicating the
protonation of His12 is responsible for the pH dependence of a-CTxMII binding to
nAChR’s.(14)

His12 protonation may also be related to the altered binding selectivity seen in a-
CTxMII[E11A]. Analysis of the electronic environment surrounding His12, based on the
protein data base (PDB) structures of a-CTxMII (PDB accession number 1M2C), reveals
that the imidazole ring of His12 is in close proximity (4.08 A) to the neighboring
carboxylate of Glu11.(1%) In the structure of a-CTxMII[E11A], the carboxylate neighboring
the imidazole ring of His12 is absent, resulting in a modification of the electrostatic
topography of the peptide.(16) This alteration of the electrostatic topography may be
responsible for the selectivity of a-CTxMII[E11A] for agp, over asf, containing NAChRSs.
However, what is not known is whether the selectivity of a-CTxMII[E11A] is due to the
pKj shifts of the nearby histidine residues in positions 9 and 12, the overall charge in the
electronic environment, or a combination of the two factors.

J Phys Chem B. Author manuscript; available in PMC 2014 March 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McDougal et al.

Page 3

In the current study, 1D IH NMR experiments and constant pH molecular dynamics
simulations (CpHMD) were utilized to examine the protonation behavior of ionizable
residues in native a-CTxMII and two analogues; a-CTXMII[E11A] and a-
CTxMII[N5R:E11A:H12K]. This study allowed for the evaluation of protonation behavior
of a-CTxMII as relevant to binding to nAChRs, including the hypothesis that the
protonation of His12 is responsible for the pH dependence seen previously in a-CTxMII.
Incorporation of the a-CTxMII analogues allowed this study to evaluate the use of site-
directed mutations to manipulate the pK; of ionizable residues in small peptides such as a-
CTxMII. Specifically, the Glull to Alall mutant was investigated to determine the effect
on the pK; of His12, and if perturbed His12 protonation could be responsible for the altered
binding selectivity seen in this peptide. The Glull to Alall, Asn5 to Arg5, and His12 to
Lys12 mutant was created to assess the impact of these mutations on the pK; of His9.
Furthermore, the Asn5 to Arg5 and His12 to Lys12 mutations ensure an electropositive
nature at either end of the a-helix, which is essential for peptide-receptor binding, was
retained under physiological pH. This evaluation of a-CTxMII[N5R:E11A:H12K]
represents the first time this mutant has been reported. Finally, this study allowed for the
evaluation of the accuracy of this CopoHMD method for predicting pKj values and other
structural features of small peptides such as a-CTxMII.

[l. Methods

2.1 Materials

Similar system preparation protocols and methodology were implemented for all a-CTxMI|I
variants presented in this paper unless otherwise noted.

Properly folded, high purity (>95%) a.-CTxMII peptides were purchased from CS Bio Co.
(Menlo Park, CA), 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) (98%), D,0O (99.9%),
NaOD (99.5%), and DCI (99.8%) were purchased from Cambridge Isotope Laboratories.
Standard solutions for pH calibrations were obtained from Fisher and Ricca Chemical
Company. Buffering compounds were purchased from Acros Organics or Fisher and were of
the highest purity available.

2.2 NMR Spectroscopy

High-resolution one-dimensional proton (1D 1H) and TOtal Corrleation SpectroscopY
(TOCSY) spectra were acquired for 1.7 mM samples of a-CTxMII in 90% H,0 and 10%
D,0 at 15°C on a Bruker Avance Il NMR spectrometer at 14.1 T field strength using a TXI
indirect detection probe. High-resolution 1D H NMR spectra were acquired with the
transmitter set to the solvent resonance, and a sweep width of 12200 Hz. TOCSY spectra
were obtained with the transmitter set to the solvent resonance, a 7200 Hz spectral width,
and a 60 ms mixing time. The H,O resonance was manually selected for each sample and
minimized using pre-saturation. Spectra were processed using Bruker Topspin (v. 2.1)
software.

2.3 NMR Titrations

Peptide samples were titrated in excess of twelve steps over a pH range of 2-10. An 1Q 240
pH meter was used with an ISFET micro pH probe (1Q Scientific Instruments) to measure
pH values before and after the acquisition of 1D 1H spectra. Teflon tubing (4 mm O.D.)
attached to a 10 pL auto pipetter was used to add 1-3 p.L aliquots of concentrated (0.1-1.1
M) NaOD or DCI directly into the samples. The pH of each sample was also taken after the
spectrum was acquired, and spectra were accepted only for differences of < 0.03 pH units
before and after NMR analysis.(7)
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2.4 Constant pH Molecular Dynamics

The theoretical background for constant pH molecular dynamics (CpHMD) has been
extensively reported in the literature and therefore will only be briefly discussed here.(18. 19)
The benefits of CpHMD simulations include the explicit coupling of protein conformations
and the protonation states of ionizable amino acids during a molecular dynamics (MD)
simulation. The CpHMD method utilized here models protein dynamics with the AMBER
parm99SB force field while the solvent is represented with the Generalized-Born (GB)
implicit solvent model.(20-23) Protonation states for the ionizable amino acid residues are
sampled periodically using the Monte Carlo method, with the protonation transition free
energy, AG, used as the Metropolis accept/reject criterion. The transition free energy is
calculated according to equation 1:

AG=k,T (pH=pK 1 ;) In10+AGe—AGooer (1)

where Ag is the Boltzmann constant, T is temperature in Kelvin, pH is the specified solvent
PH, pKa ref is the pK; of the reference compound, AGg is the electrostatic component of the
protonation transition energy, and AGeg ref is the electrostatic component of the protonation

transition energy of the reference compound.

The starting configurations for the CoHMD simulation of a-CTxMII utilized NMR
structural data and protonation states (PDB accession number 1M2C).(1%) The two mutants,
a-CTxMII[E11A] and a-CTXxMII[N5R:E11A:H12K], were created using the a-CTxMII
NMR structure and the site-directed mutagenesis tool in the Swiss PDB Viewer program.(4)
Upon creating the relevant mutations, the Swiss PDB Viewer was used to identify the most
energetically favorable side chain rotamer orientations and the new structure files were
saved in the PDB format. The a-CTxMII and two mutant a-CTxMII PDBs were then used
with the LEAP program in AMBER11 to create topology and coordinate files.(2%) All
systems were described by the parm99SB force field with the ionizable residues described
by the constant pH force field as implemented in the AMBER11 code.(? The solvent was
described in an implicit fashion using the modified Generalized-Born solvent model (igb =
2),(23) with a salt concentration of 0.1 M, and a non-bonded cutoff of 30 A. The Monte Carlo
algorithm used to determine the protonation state of the ionizable residues during the
CpHMD simulation was performed every 5 time steps (10 fs) with a global simulation time
step of 2 fs. The length of bonds to hydrogen atoms were constrained using the SHAKE
algorithm and the temperature was maintained at 300 Kelvin by use of Langevin dynamics
with a collision frequency of 2 ps~1.(18. 25, 26) After the systems were created, each of the
three a-CTxMII systems were subjected to 4000 steps of geometry optimization using the
steepest descent algorithm. Each optimized system was then used to create a pH titration
experiment. The pH titration experiment consisted of 13 separate simulations, one
simulation for each pH value between 3.0 and 9.0 separated by 0.5 pH units. The three pH
titration experiments (a total of 39 individual simulations) were equilibrated for 10
nanosecond (ns) followed by 60 ns of data collection in the canonical ensemble.

2.5 Determination of pK, values

The pK; of ionizable amino acid residues were independently determined by NMR
experiments and computational simulations. Both methods used the creation of titration
curves to approximate residue pK; values through the use of the Henderson-Hasselbalch (H-
H) equation (Equation 2):

[A7]

pK,=pH-logy, HA] 2
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In NMR experiments, the chemical shift of the labile proton, 8H is observed to change in
response to alteration of the pH. For the purpose of calculating the pKj value of a particular
ionizable residue, a method similar to that described by Silverstein was used, where the

chemical shift is converted into the fraction of protonated species, a, according to equation
3:27)

A
A6

a=

©)

Total

where AS is the difference between the chemical shift for the fully deprotonated species and
the observed chemical shift at a given pH value (A8=AS8 geproonated =S obs), and Aoy i
the chemical shift between the protonated and unprotonated species A8 7oz =8 protonated

=8 deprotonated)- Substitution of equation 3 into equation 2 yields the following modified H-H
equation (Equation 4):

1-a
pH=pK +log,p—— (4
a

To determine the pKj of the histidine residues, equation 4 was fit to the NMR data. In the
case of the CpHMD data, a direct fit of the fractional protonated values was performed (i.e.
the a in equation 4 was replaced with the percent protonated). In both cases, equation 4 was
fit using an iterative algorithm that optimizes the pKj value by minimizing a built-in scoring
function. The scoring function for this procedure was the root-mean squared (RMS) error
between the observed chemical shift and the theoretical chemical shift at a specific pH and
pK; value as determined by the H-H equation.

To determine if the H-H equation is an appropriate assumption for this system, the titration
data can also be fit to the standard hill equation, which accounts for interactions between
ionizable residues. The standard hill equation can be written as:

1-a
PH=pK, +nlog107 (5)

In equation 5, n is the hill coefficient, which is 1 for a residue that follows ideal H-H
behavior. To determine n, the logyo([1-a]/a) was plotted vs. pH for each set of titration data,
and the slope of the line was determined by performing a least squares regression to the
linear portion of the data.(18: 28) To determine the significance level at which the resulting
hill coefficient differs from 1, a p-value was calculated for each titration curve, with p < 0.05
taken to indicate statistically significant none H-H behavior.(18)

In addition to the previously described H-H fitting procedure, an averaging method was also
used to determine the pK; from CpHMD simulation data. This method, as previously
described in the literature, involves averaging the pK, values from all simulations in which
the calculated pK; is within two p&; units of the pH.(18)

lll. RESULTS & DISCUSSION

3.1 NMR

High-resolution 1D *H NMR spectra of a-CTxMII and analogs have been acquired at pHs
ranging from 2-10 (Figure 2), while titration curves (Figure 3) and subsequent pKj values
and hill coefficients (Table 1) have been created for the histidine residues using equation 4

J Phys Chem B. Author manuscript; available in PMC 2014 March 07.
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and equation 5, respectively. The titration plots shown in Figure 3 indicate the H-H equation
accurately represents the protonation behavior of the histidine residues, with small to
moderate deviations from ideal behavior. All proteins are expected to have some degree of
none H-H behavior due to interactions between ionizable residues, even small peptides such
as a-CTxMII. Significant charge coupling is typically characterized by a hill coefficient that
differs from 1 by >0.3,(18: 28-30) or 3 p-value < 0.005.(18) As table 1 shows, all residues were
found to have a hill coefficient within + 0.22 of 1, and a p-value > 0.7, indicating the H-H
equation is a reasonable assumption for this system.

The pK values in Table 1 reveal His9 and His12 in native a-CTxMII have similar pK;
values of 6.61 and 6.52, respectively, while in the a-CTxMII[E11A] mutant, the pKj of
His9 shows a small decrease of 0.13 and the pKj of His12 shows a small increase of 0.28.
However, these small shifts in pKj are consistent with thermal fluctuations, and thus do not
constitute a significant deviation. In the a-CTxMII[N5R:E11A:H12K] peptide, a more
significant shift is observed for the pKj; of His9, which is approximately 0.9 pKj units lower
than the pKj of His9 in a-CTxMII.

Previous studies have shown that a positively charged quaternary nitrogen plays an
important role in the binding of nicotine and acetylcholine to NAChR’s.(31-33) Likewise,
studies have indicated that positively charged histidine residues in a-CTxMII play an
important role in the binding activity. Specifically, a study on the effect of pH on the
potency of native a-CTxMII acting on a3f, subunits found that a-CTxMII was more potent
under acidic conditions (pH=5.5) than physiological conditions (pH=7.2), and was
ineffective under basic conditions (pH=8.9).(14) The effect of pH on toxin potency indicated
that the protonation of one or both histidine residues plays an important role in the binding
activity, which is supported by the current titration experiments. The pKj; of His9 and His12
were found to be ~6.5, which corresponds to the histidines being 91% protonated at a
pH=5.5, 20% protonated at a pH=7.2, and 0.3% protonated at a pH=8.9. Thus, protonation
and potency correlate well at various pH values, supporting the hypothesis that positively
charged histidine residues are necessary for binding of a-CTxMII to nAChR’s. Several
studies have shown that alanine substitution at His12 has a significantly larger impact on
toxin binding affinity than at His9, suggesting that the protonation state of His12 is the
major factor affecting toxin potency.(3: 14) However, due to the similar p&, value of His9
and His12, the current pK; results do not rule out the protonation of His9 as a contributing
factor to the observed pH dependence of a-CTxMII potency.

Although results seen here support the importance of His12’s protonation state, the pK;
values of His12 (and His9) are similar in the a-CTxMII and a-CTXMII[E11A] peptides.
Thus, it does not appear that Glul1 has a substantial effect on the observed p K, of His12,
indicating factors other than His12 protonation are responsible for the selectivity seen in the
a-CTxMII[EL11A] mutant. A possible contribution to the change in selectivity could be the
disruption of the a-helical content in the a-CTxMII[E11A] mutant. However, 1H NMR
structural data show the a-helical content in the E11A mutant is highly conserved, making it
likely the removal of the negatively charged Glull itself causes the altered selectivity. In
addition, it is possible that the small shift (+0.3) in the pK; of His12 in a-CTXMII[E11A], or
other factors involving His12, are responsible for the altered selectivity.

This study represents the first reporting of the a-CTxMII[N5R:E11A:H12K] analogue. The
N5R and H12K mutations ensure either end of the a-helix, which spans from Asn5 to Ser13,
retains a positively charged nitrogen under physiological pH conditions. As discussed above,
a quaternary, positively charged nitrogen atom has been shown to play a crucial role in the
binding of nicotine and acetylcholine to NAChR’s, and a positively charged His12 seems to
play an important role in the binding of a-CTxMII. Thus, it is hypothesized this peptide may

J Phys Chem B. Author manuscript; available in PMC 2014 March 07.
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have an increased potency under physiological conditions, while also retaining the binding
selectivity seen in the a-CTXMII[E11A] peptide. Interestingly, we found the pKj of the
remaining His9 in a-CTxMII[N5R:E11A:H12K] to be 5.8, a decrease of ~0.8 from the a-
CTxMII value. This is a much larger pK; shift than was seen in a-CTXMII[E11A], and
provides an example of manipulating the protonation state of a histidine residue within small
peptides.

3.2.1 pK,4 predictions and Hendserson-Hasselbach Behavior—CpHMD
simulations were performed on a-CTxMIl, a-CTxMII[E11A], and a-
CTXMII[N5R:E11A:H12K] over a pH range of 3 to 9 in increments of 0.5. Titration curves
showing the percent protonation for residues that were titrated (residues allowed to have
dynamic protonation states during the CpHMD simulations) as a function of pH, as well as
the H-H fitted curve, are shown in Figure 4. The simulation results indicate that all residues
follow nearly ideal H-H behavior, in agreement with the 1H NMR titration experiments,
Figure 3. Given that all residues in these systems have a large degree of solvent exposure, it
is expected that nearly ideal H-H behavior will be observed with relatively minor shifts in
the observed pKj; value as compared to their typical bulk water values.

Table 1 provides both the NMR derived pKj; values and the predicted pK; values obtained
from the CpHMD simulations. As described in the methods section, two separate procedures
were utilized to predict the pK; values; the first (p Kann), involves fitting the H-H equation
to percent protonation data at various pH’s, while the second (pK,avc) involves averaging
pK; values from simulations in which the pA&; is within 2 units of the pH value.(1®) To
evaluate the accuracy of either method as compared to the experimentally determined pK;
values, the mean absolute deviation (MAD) between the computational and experimental
values was computed. It is found that for p Ky the MAD is 0.4, while the MAD for
pKaave is 0.3, indicating good agreement between both methods. Given the slightly better
agreement between the experimental data and the averaging technique, the pK,avg value
will be used in the remainder of the discussions in this manuscript.

Our reported MAD value of 0.3 for pK;avg is encouraging given that an average error from
experiment of 0.82 was reported in the validation of this CoHMD method, and subsequent
studies have reported average errors from experiment on the order of 1 p&j unit or
greater.(18: 34,35 The relatively small MAD values reported here are believed to be due to
several factors including the small size of the peptide, high solvent exposure for the
protonatable residues, and the long simulation time (70 ns) that was used to sample the
various protonation states. The small size of the peptide favorably impacts the accuracy of
the CpoHMD method by reducing the complexity of residue interactions within the peptide
while also enabling the possibility of sufficiently sampling the various side chain
orientations and collective peptide motions. The high solvent exposure of the peptide
ensures that the predicted pK; values will not depend on complex hydrophobic (i.e. buried
environments) and therefore should be easier to predict than those for a larger more complex
protein.(3%) The use of simulations that are >3 times longer than typically employed for
CpHMD ensured sufficient sampling of the various side chain conformations and
protonation states.(18)

Beyond looking at the overall average deviation from experiment, the calculated p K, values
of specific residues were also in good agreement with experiment. As noted above, the

1D H NMR titration experiments show similar p&; values for His9 (6.61) and His12 (6.52)
in a-CTxMII. The CpHMD simulations also reveal similar pKj values, with calculated
values of 6.5 and 6.7 for His9 and His12, respectively. It is noted that the relative order for
the predicted pKj; values are flipped in the CpHMD simulations, with His9 having a lower
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pK; than His12, while the NMR studies indicate His9 has the higher pKj. However, given
the standard deviations and the MAD value reported in Table 1, it is not expected that the
CpHMD method would be able to resolve between these two closely related pKj values.
Thus, within statistical error, the individual pKj values of His9 and His12 from the CoHMD
simulation can be considered to be approximately equivalent and in agreement with the
experimental findings.

In the a-CTXMII[E11A] peptide, IH NMR experiments show the p&; of the histidine
residues to be similar to the a-CTxMII peptide, with the pK; of His9 and His12 determined
to be 6.48 and 6.80, respectively. Taking into account the standard deviation of the reported
CpHMD pKj values, the CpHMD calculated pK; values of 6.2 and 6.4 for His9 and His12,
respectively, can be considered to be consistent with experiment. The largest p K shift was
seen in the triple mutant a-CTXMII[N5R:E11A:H12K], where 1H NMR experiments show
the pKj of His9 shifted from the a-CTxMII value of 6.61 to 5.77, a decrease of ~0.8 pK,
units. The CpHMD simulations show the pKj of His9 shifting from 6.5 to 5.9, a result that is
statistically significant and in agreement with the direction of the shift reported in the NMR
data, although with a slightly smaller magnitude.

It is also of interest to examine the convergence of the calculated pK; values along the
simulation trajectory. Figure 5 shows the difference between the calculated pK;avg and the
experimental pK; along the time course of the simulation trajectory. Inspection of Figure 5
reveals that nearly all calculated pK; values quickly converge to near their experimental
value, £ 0.3 pK units. One exception is His9 in a-CTXMII[N5R:E11A:H12K], which takes
the entire 70 ns simulation to move from a difference ~0.8 to ~0.2 from the experimental
pK,. This indicates that, even in the case of small peptides such as a-CTxMII, simulation
times longer than the 20 ns originally proposed for this method, may be required to obtain
accurate results.(2®) However, utilizing CpHMD coupled with other MD techniques has been
shown to reduce simulation convergence times. (8. 29. 36, 37) |n particular, pH replica
exchange simulations, such as the one recently developed and implemented into Amber by
Roitberg et. al., allows for enhanced conformation and protonation state sampling, and has
been shown to produce pK values in good agreement with experiment with the advantage
of faster convergence times.(36)

The above discussions reveal good correlation between pKj calculations from CpHMD
simulations and NMR titration experiments. CpHMD simulations can also be used to
investigate other factors relating to residue protonation, such as proton tautomerism. A
breakdown of the proton tautomerism for the histidine residues in the various peptides at
pH=7 (around physiological pH range) is shown in Table 2. The table shows that in the case
of a-CTxMII, His12 prefers the epsilon nitrogen (Ne) singly protonated state, while in a-
CTxMII[E11A], His12 shows no preference for the Ne or delta nitrogen (N&) singly
protonated state. This difference in preference for the Ne or N& protonation state appears to
be due to the stabilizing interaction of the e protonated His12 and Glull in a-CTxMII, and
the increased fluctuation between the Ne and N& in the absence of the stabilizing Glull in
the a-CTxMI[E11A] mutant.(13) However, other features of Glu11 and His12 indicate there
is limited interaction between the two residues. This includes the average distance between
the two residues remaining relatively unchanged across the various pH trajectories (data not
shown), as well as the pK and other structural features involving His12 remaining similar in
a-CTxMIl and a-CTxMII[E11A] (discussed further below). Thus, it is difficult to
determine the exact cause of the observed tautomer prefence in the simulations. It is found
that His9 does not show a clear trend across the different systems, which is most likely due
to the larger separation distance between the side chains of His9 and Glul11 as compared to
the separation distance between His12 and Glul1.
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3.2.2 Structural Dynamics—CpHMD simulations can be used to probe the connection
between structure, dynamics and the protonation state of ionizable residues. As an initial
validation step, structural features of the CpHMD simulations were compared to previously
published 1H NMR structural data of a-CTxMII and a-CTxMII[E11A]. NMR data for a-
CTxMII was collected at pH=3.3 (PDB accession number 1M2C), while data for a-
CTxMII[E11A] was collected at pH=3.(15. 16) Therefore, simulation trajectories for a.-
CTxMII at pH=3.5 and a-CTXMII[E11A] at pH=3 were used for evaluation.

An initial comparison of the backbone RMSD of the a-CTxMII and a-CTXMII[E11A]
simulation trajectories and *H NMR structures were computed using a plug-in in the Virtual
Molecular Dynamics (VMD) code.(38) For the a-CTxMII peptide, the average RMSD
between the 14 reported NMR structures was 1.4 + 0.4 A, while the RMSD for the CpHMD
trajectory was 2.1 = 0.4 A, and the RMSD between the 1H NMR and CpHMD simulation
trajectory was 2.0 + 0.4 A. For the a-CTxMII[E11A] system, the backbone RMSD for the
19 reported NMR structures was 0.8 + 0.1 A, while the CoHMD simulation trajectory was
2.2+0.2 A, and the RMSD between the two methods was 2.0 + 0.2 A. These results
indicate good agreement in the overall structural characteristics between the tens of
structures reported by 1H NMR and the millions of structures predicted by the CoHMD
simulations, indicating the CpHMD simulations accurately capture the experimentally
observed structural fluctuations in these peptides.

We further compared the use of NMR and CpHMD in their determinations of specific
residue orientation distributions. The 1 andy » angles of the ionizable residue of His12 in
a-CTxMIl and a-CTxMII[E11A] were computed for the simulation trajectories and the 1H
NMR data. When evaluating the orientation of histidine amino acids, a1 is defined as the
dihedral involving N-C,-Cg-C., and indicates the rotation about the C,-Cg atoms, while x ,
is the dihedral involving C,-Cg-C,-Ng and indicates the rotation about the Cg-C., atoms.()
Results for a-CTxMII and a-CTxMII[E11A] at the acidic pH values used in the RMSD
calculations are shown in Figure 6. The figure indicates a large portion of the x 1 and x»
angles sampled in the simulations are similar to those seen in the TH NMR structures,
although the simulations sample a broader range of dihedral angles. Figure 6 also reveals
that both the 'H NMR titration experiments and the CoHMD simulations predict little
change in the dihedral distribution of His12 in a-CTxMII and a-CTxMII[E11A] peptides,
which similar to the pKj findings, indicates Glull does not have a substantial effect on
His12.

The above discussion, while indicating similar 1 and - » distribution between CoHMD
and 'H NMR, were conducted at pH values well below the physiological pH. The x1 and x2
angles for His12 in a-CTxMIl and a-CTxMII[E11A] at pH=7 are also shown in Figure 6.
The figure indicates the overall distribution pattern is similar between acidic and
physiological pH, although more local minima are observed at physiological pH, indicating
an increased flexibility of the side chains. Specifically, in a-CTxMII at an acidic pH, His12
resides predominantly at a 1 value of around —70°, with minor distributions at near —170°
and 70°. Near physiological pH, the distribution of x 1 values at ~—170° and 70° are more
pronounced. At a physiological pH, the increased flexibility is likely due to His12
transitioning to a neutral protonation state, which results in reduced charge-charge and
hydrogen bonding interactions with the surrounding environment.

CpHMD simulations were also utilized to analyze structural features of the newly reported
a-CTxMII[N5R:E11A:H12K] peptide. The structural stability as indicated by the RMSD of
this peptide at an acidic pH=3 was found to be 2.5 + 0.7 A. This result shows that the overall
structural fluctuations of a-CTXMII[N5R:E11A:H12:K] are slightly higher than the other
two peptides, although the RMSD still indicates the peptide is stable. Analysis of the
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dihedral angle of the remaining His9 at a pH=3 and pH=7 indicate it follows a similar trend
as histidine residues in a-CTxMII and a-CTXMII[E11A]. This includes a major 1
distribution at around —170°, and sampling a broader 1 and - » range around physiological
pH. These results indicate that the three mutations have resulted in a stable peptide with a
modified histidine pK;. Beyond showing the ability to manipulate residue pK, while also
retaining overall structural features, this peptide may serve as a good experimental probe for
the role of His9 protonation in binding and specificity to nAChRs.

3.2.3 Charge Dynamics—In addition to the structural features, CpoHMD simulations
allow for the inspection of residue charge states over the simulation trajectory, which
enables the possibility to evaluate charge dynamics and various charge-charge interactions.
To evaluate possible dynamical charge interactions in the various peptides, the charge of
ionizable residues in 2 ns increments over the entire simulation trajectory at a pH of 7 were
computed, and are displayed in Figure 7. Inspection of the figure indicates that in a-
CTxMII, the protonation state of the His9 and His12 residues are highly dynamic, while in
the E11A mutant this dynamic nature is less pronounced. This observation may be related to
the altered selectivity of a-CTXxMII[E11A] at physiological pH, and indicates the presence
of Glull enables this dynamic charge-charge interaction by offsetting any net accumulated
positive charge. Another implication of these results is when the pH is such that the histidine
residues can adopt multiple protonation states (pH~ p &), it appears His9 and His12 prefer
to reside in opposite protonation states. Thus, it is expected that mutation of either of these
residues to an amino acid with a high pKj; would lead to a suppression of the pKj for the
remaining His residue. As discussed above, the pK; reduction is observed in the a-
CTXMII[N5R:E11A:H12:K] peptide, where the pK; of His9 is ~0.8 lower than the value
seen in a-CTxMII, although it is likely the N5SR mutation also contributed to the reduced
His pK.

V. CONCLUSION

1D 1H NMR titration experiments and CpHMD simulations have been performed on a.-
CTxMII, and the two mutant peptides a-CTXMII[E11A] and a-CTxMII[N5R:E11A:H12K].
The 1D 1H NMR results indicate His9 and His12 have pKj values of 6.61 and 6.52,
respectively, and follow nearly ideal bulk water H-H behavior. It is found that mutation of
Glull to Alall has little effect on the pKj of His12, indicating it is the removal of Glull
itself that is responsible for the altered nAChR selectivity seen in this peptide. In a-
CTXMII[N5R:E11A:H12K], the pK; of the remaining His9 drops by ~0.8, providing an
initial means of manipulating the protonation behavior of histidine residues in small peptides
such as a-CTxMII, and a good candidate for future studies examining the role of His9
protonation in nAChR binding. Furthermore, the introduction of positively charged residues
on either side of the a-helix is hypothesized to promote favorable binding properties,
including a positively charged nitrogen on residue 12.

The CpHMD predictions are in good agreement with the 1D *H NMR titration results, with
an overall MAD of 0.3, as well as showing strong similarity to previously published
structural data. In general, the agreement with experiment is attributed to the small size of
the peptide, the high solvent exposure of ionizable residues, and the long time simulations
used to sufficiently sample various peptide conformations. The CpHMD simulations were
also able to accurately capture relative pK; behavior of individual residues, including the
finding that an E11A mutation has little effect on the pKj of His12, and the pK; of His9 is
reduced in the a-CTxMII[N5:E11A:H12:K] mutant. The CoHMD simulations also show
good agreement with previously published structural data of a-CTxMII and a-
CTxMII[E11A], and reveal that the newly reported a-CTXMI[N5:E11A:H12:K] is
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structurally stable and possesses similar characteristics as the a-CTxMII and a-
CTxMII[E11A] peptides.

Overall, the study reported here investigated the protonation behavior of a-CTxMII and two
analogues, giving further details on the role of histidine protonation in experimentally
observed binding trends, as well as providing an initial examination of modifying histidine
protonation. The use of CoHMD is shown to accurately and quickly predict pKj; values in
small peptides, as well as exploring dynamic structural and charge features of these peptides.
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A) a-CTxMIl

C) a-CTXMII[N5R:E11A:H12K]

Figure 1.
Peptide structures for A) a-CTxMII, B) a-CTxMII[E11A], and C) a-
CTXMII[N5R:E11A:H12K].
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Figure2.

Representative high resolution 1D 1H NMR spectra of A) a-CTxMII, B) a-CTxMII[E11A],
and C) a-CTXMII[N5R:E11A:H12K]. The pH value is shown for each spectrum, and the
His12 C,H proton is labeled with an “x”, while the His9 C,H proton resonance is labeled
with an “*”. In all cases, the spectra are stacked from low pH (bottom) to high pH (top).
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Figure 3.

Titration curves produced from 1D 1H NMR titration experiments for A) a-CTxMII B) a-
CTxMII[E11A] and C) a-CTXMII[N5R:E11A:H12K]. In all plots, His12 data are
represented as open circles and the fitted H-H curve is shown as a dashed line, while data for
His9 are represented as solid circles and the fitted H-H curve is shown as a solid line.
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Figure4.

Titration curves produced from CpHMD simulations for A) a-CTxMIl, B) a-
CTxMII[E11A] and C) a-CTxMII[N5R:E11A:H12K]. In all plots, His12 data are
represented as open circles and the fitted H-H curve is shown as a dashed line, while the
data for His9 are represented as solid circles and the fitted H-H curve is shown as a solid
line, and data for Glu11 are shown as solid squares with the fitted H-H curve shown as a
solid double line.
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Figure5.

Time evolution of the calculated pKzavg value. for a-CTxMII-His9 (circles), a-CTxMII-
His12 (asterisks), a-CTxMII[E11A]-His9 (crosses), a-CTxMII[E11A]-His12 (squares), and
a-CTXMII[N5R:E11A:H12K]-His9 (diamonds).
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Figure®6.
Plots showing His12  ; (horizontal axis) and x» (vertical axis) in A) a-CTxMII at acidic

pH, B) a-CTxMII[E11A] at acidic pH, C) a-CTxMII at neutral pH, and D) a-
CTxXMII[E11A] at neutral pH.
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Percent protonation for the various a-CTxMII peptides at pH=7. The graphs depict A) a-
CTxMII, B) a-CTXMII[E11A], and C) a-CTxMII[N5R:E11A:H12K] with residue 12 (open
circle and dashed line), residue 9 (solid circle and dark line), and residue 11 (solid square

and solid line).
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Breakdown of the proton tautomer distribution for histidine residues in the various peptides at pH=7. HIP
indicates a doubly protonated immidazole ring, while HID and HIE indicate singly prototonated immidazole

with the excess proton residing on the & nitrogen and e nitrogen, respectively.

pH=7
System
HIP HID HIE
MII His9 028 056 0.15
Hisl2 051 043 0.06
MII-E11A His9 022 057 021
Hisl2 010 048 0.42
MII-N5R:E11A:H12K  His9 0.19 0.65 0.16
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