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The transfer of protons or proton donor/acceptor abilities is an
important phenomenon in many biomolecular systems. One
example is the recently proposed peptidic proton-wires (H-wires),
but the ability of these His-containing peptides to transfer protons
has only been studied at the theoretical level so far. Here, for the
first time the proton transfer ability of peptidic H-wires is examined
experimentally in an adsorbed state using an approach based on a
label-free electrocatalytic reaction. The experimental findings are
complemented by theoretical calculations at the ab initio level in a
vacuum and in an implicit solvent. Experimental and theoretical
results indicated Alaz(His—Ala,)g to be a high proton-affinity pepti-
dic H-wire model. The methodology presented here could be used
for the further investigation of the proton-exchange chemistry of
other biologically or technologically important macromolecules.

The exchange or transfer of protons is important for many bio-
chemical processes including the respiratory chain, photosyn-
thesis and enzyme catalysis. In proteins, proton transfer and
proton binding affinities determine the charge and structure
of their molecules, and thus have a large impact on their func-
tioning and interactions with other molecules."

A highly important phenomenon is the regulation of the
function of some proteins by proton translocation, e.g. using
the so-called proton-wires (H-wires) formed by water molecules
captured in the channels localized within protein structures.>™
They can be found in green fluorescent proteins,” microbial
rhodopsins,® gramicidin,” carbonic anhydrase,>® or ribosomal
complexes.” The mechanism of proton transport in such chan-
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nels is based on proton diffusion through the hydrogen bond
network of water molecules (the Grotthuss mechanism) fol-
lowed by proton exchange with amino acid (aa) residues; very
often His.’

In addition to the water H-wires in proteins, helical peptidic
H-wires have also been proposed recently.'® The ability of
these 21-mer His-rich peptides to accept a proton and transfer
it via the His residues distributed along the peptide backbone
was proposed only at a theoretical level. To the best of our
knowledge, such proton binding and translocation events were
investigated using only the tools of computational chemistry."
In general, there is a lack of experimental approaches for the
study of proton transfer or proton intramolecular movement in
peptidic structures.

Here we focused on peptidic H-wires composed of His (H)
and Ala (A) residues alone as follows: A3[HA,]s (HA2),
A,[HA;],HA, (HA3), and A,[HA,J;HA; (HA4)."® Their proton
transfer abilities were examined experimentally for the first
time via an approach based on the electrochemical investi-
gation of their activity in the catalytic hydrogen evolution reac-
tion (CHER) at a Hg-electrode. An essential part of the
electrode process is a catalytic cycle (reactions (1) & (2),
Scheme 1A) in which the transfer of protons from the acid con-
stituent of a solution (BH, H' donor) onto the electrode

(A) CHER

(B) CPS Peak H
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Scheme 1 (A) The catalytic hydrogen evolution reaction (CHER) of a
His-containing catalyst. Catalyst deprotonation (1) reprotonation/regen-
eration (2), and formation of molecular/gaseous hydrogen (3) are high-
lighted. BH: the acid component of the supporting electrolyte. (B) CPS
peak H due to the CHER resulting from derivation of the measured E-t
curve (raw data) to facilitate its evaluation.
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surface (H" acceptor) is mediated by the His-containing cata-
lyst adsorbed onto the electrode surface. The surface-bound
hydrogen atoms then combine into more stable molecules of
gaseous hydrogen, H, (reaction (3), Scheme 1A). The consump-
tion of electrons, accompanying the transfer of protons, is
reflected in the so-called peak H (Scheme 1B) at highly nega-
tive potentials as a typical analytical output when constant-
current chronopotentiometric stripping (CPS) is used."

Usually, both an increase in the CPS peak H area A, (corres-
ponding to the transition time 7) and a shift in its potential E,
towards less negative values suggest a more effective mediation
of the proton transfer. In CHER, only aa residues with func-
tional groups bearing exchangeable protons can be involved,
i.e. only imidazolium groups of His residues in peptidic H-wires
can participate in the transfer of protons reflected by the CPS
peak H.">™* We applied the above-described methodology to
study the proton transfer ability of H-wires HA2, HA3 and HA4.

At first, the H-wires were analyzed on the basis of the CPS
peak H at a hanging mercury drop electrode (HMDE) in three
different media. Initially, the peptides were accumulated on the
electrode surface at an applied (accumulation) potential (E,) of
+0.1 V from unstirred solutions at a concentration of 1 uM. After
60 s of accumulation time (t), the electrode with adsorbed
H-wire molecules was polarized by a cathodic (stripping)
current (Iy) of —5 pA to reach highly negative potentials of
around —2.0 V, where peak H was recorded. Other details of
the electrochemical measurements are provided in section 1 of
the ESL.}

Well-developed and much higher peaks were obtained
under buffered conditions, while more than 1000-fold smaller
peaks were produced in unbuffered solution (Fig. 1). Buffered
medium, providing an excess of slightly acidic H" donors, is
thus necessary for immediate reprotonation/regeneration of
the catalyst in its adsorbed state from the bulk to close/form
the catalytic cycle in CHER'® (Scheme 1A).

In the buffered media, the biggest peak H at the least nega-
tive potential (E, of —1.8 V) was produced by peptide HA2. The
peptides HA3 and HA4 gave smaller responses at significantly
more negative potentials (Fig. 1B and C). This finding indicates
that HA2 is an effective proton transporter, which is in agree-
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Fig. 1 CPS peaks H of 1 pM HA2, HA3, and HA4 at HMDE in (A) 0.1 M
NaCl, pH 5.5, (B) 0.1 M Na-phosphate buffer, pH 7 and (C) Mcllvaine
buffer of pH 7, an I, of =5 pA.
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Fig. 2 CPS peaks H (left) and their corresponding E—t curves (right) of
10 pM HA2 and H6 at HMDE in 50 mM Na-phosphate buffer of pH 7,
an Iy, of =50 pA.

ment with the previously reported computational results.'®
However, in contrast to our results, the theoretical investigation
showed HA3 to be a more effective proton transporter than
HAA4. To interpret the theoretical vs. experimental differences in
HA3 and HA4 proton transfer efficacy, it should be taken into
account that proton transfer for H-wires in the form of an
adsorbed layer at the Hg-surface is detected by CPS. In this way,
protons can be transported via various mechanisms, including
intermolecular and cooperative transfer effects, in comparison
to the idealistic theoretical setup based on proton intra-
molecular translocation as reported in the literature."’

As a result, in subsequent experimental work we focused
primarily on investigating HA2 together with the H6 peptide,
which served as a positive control. H6 was chosen as the
control because it contains six His residues, like HA2. The CPS
peaks H of both peptides, including the original E-¢ curves,
are shown in Fig. 2.

To obtain more reliable data for comparing the proton
transfer in HA2 and H6, we measured their CPS responses
under conditions suggesting full electrode coverage, ie. at
10 puM or higher concentration (Fig. S1 in ESIf). Thus, the
surface concentration of the catalyst was kept constant in the
subsequent experiments, while the effect of pH on the CPS
responses of HA2 and H6 was investigated. With decreasing
pH-value, both the extent of peptide protonation and the
proton donor concentration in the solution increased. As a
result, an increase in the peak H area (4;,) and height (Hp) of
both peptides was observed with decreasing pH from 7.5 to
6.3, and between pH 6.3 and 5.6 it changed only a little
(Fig. 3). The pH-value of this break (6.3) is very close to the pK,
value of the His imidazolium group, i.e. ~6.1."

It was recently shown using several model proteins that Iy,
is a driving parameter affecting their interfacial behavior and
structural integrity during a CPS scan. Thus, we increased
cathodic I, intensity to avoid (i) reorientation of the catalyst
molecules during the electrode process,'® and (ii) disruption
of the catalyst structural features upon exposure to highly
negative electrode potentials.'”

We can conclude that at —I, higher than 95 pA, both of the
above effects were eliminated (Fig. 4 and S2 in ESIt). Between
35 and 95 pA, an S-shaped transition can be observed with HA2.
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Fig. 3 Dependences of 10 pM HA2 (asterisk) and H6 (circle) peak H
potential (Ep), area (Ay), height (H), and half-width (Wy5,) on the pH-
value of 50 mM Na-phosphate buffer at an /s, of —50 pA. Data are rep-

resented as means + SD of four measurements. Error bars smaller than
the plotted symbols are not visible.

This transition most likely reflects interfacial structural
changes, ie. distortion in HA2’s structure, which is in agree-
ment with previously reported studies,'®" especially the study
where bovine serum albumin was investigated under practi-
cally the same experimental conditions.'” At —I, lower than
35 pA, the prolonged exposure of HA2 molecules in the
adsorbed layer to negative potentials could lead to complete
structure destabilization, i.e. unfolding. The unfolding is due
to electrostatic and hydrophobic interactions with the highly
negatively charged electrode surface. This most likely results
in the disruption of hydrogen bonds, the predominant stabiliz-
ing element of HA2’s structure. The unfolded structures give
higher electrochemical responses (expressed as Iz in
Fig. 4) than the folded ones, because of the higher accessibility
of the electrocatalytically active sites of HA2 to the electrode
surface. In this way unfolded HA2 is involved in CHER more
easily than the compact folded HA2 configuration. Similar
examples and interpretations of electric field-induced destabi-
lization of biomacromolecular structures (polypeptides and
nucleic acids) can be found in the ref. 11 and 20.

The typical S-shaped transition was not observed with H6,
since it has the structure of a random coil (see below Fig. 5B
and 6). The typical CPS responses of HA2 and H6 acquired at
an I, of —150 pA are shown in the inset of Fig. 4.

20 50 100 150 200
-l str (IJA)

Fig. 4 Dependence of the Isw7? values of HA2 and H6 on an Iy, at a
50 mM concentration of Na-phosphate buffer solution of pH 6. Inset:
peak H of HA2 and H6 at an /g, of =150 pA. For other details, see Fig. S2
in the ESI.1 The depictions of peptide structures here are only schematic
and not to scale.
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Fig. 5 Optimized a- and 33¢-structures of HA2 (A) and H6 random coil
(B) in a fully protonated (top) and unprotonated (below) state using
water as a solvent. Protons bound to His residues are highlighted as
green spheres. The structures calculated in a vacuum are shown in
Fig. S3 in the ESL.T

On the basis of our experimental data, the proton transfer
mechanism of HA2 is different from that of H6. It is evident
that both peptides have high proton transfer ability. HA3 and
HA4 did not give a CPS response under the experimental con-
ditions used (Fig. 4, inset). This result confirmed that HA2 is a
more effective proton transporter than HA3 and HA4, not only
under the initial experimental conditions (Fig. 1B and C) but
also under the optimized conditions excluding the inevitable
effects attributed to the specific interfacial behavior and struc-
tural distortion of adsorbed peptidic H-wires at the negatively
charged electrode surface.

An important aspect in the further interpretation of both
the experimental and theoretical data presented here is the
knowledge of the structure of both peptides. Accordingly, we
performed a calculation of the helical structures with all His
residues protonated in a vacuum and in an implicit water
environment. The 3;p-helix and a-helix configurations were
taken into account, as reported previously.'® With unproto-
nated polypeptides, the a-helical structure is more stable than
the 310-one (by 19 k] mol™" in a vacuum and 49 k] mol™" in
water). This is probably connected to the strong ability of Ala

20
B Wavelength [nm]

Fig. 6 CD spectra of 10 uM HA2 and H6 in 50 mM Na-phosphate
buffer at (A) pH 6, (B) pH 7 and (C) pH 8. The depictions of peptide struc-
tures are only schematic and not to scale.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Proton affinity calculated as difference between averaged
energy of all optimized protonated systems and optimized neutral
systems in kJ mol~%. The deformation energy is included

Proton affinity

Vacuum

H6-310 937.0
H6- 940.9
HA2-34, 1112.5
HA2-« 1099.7
Water

H6-31¢ 1682.7
H6- 1694.1
HA2-34, 1718.6
HA2-« 1714.3

residues to form the a-helix. Optimized conformations of HA2
and H6 at fully protonated or unprotonated states in an
aqueous environment are shown in Fig. 5. The calculated
structures indicate that the state of protonation has a smaller
impact on the structure for the HA2 peptide than for the H6
random coil peptide.

The proton affinity was calculated by computing the energy
difference between the optimized unprotonated molecule and
the fully protonated molecule (Table 1). The protonation ener-
gies are comparable for the different conformations. However,
the HA2 peptide has a slightly higher proton affinity than H6
in water (by 30 k] mol™), in a vacuum the difference is sub-
stantial (170 k] mol™"). Details of the calculated structures for
HA2 and H6 can be found in section 2 in the ESL ¥

In the next part of the experimental work, the structures of
HA2 and H6 were investigated by circular dichroism (CD) spec-
troscopy under the same experimental conditions as for CPS
measurement; for details see section 3 in the ESL{ HA2 exhibi-
ted a strong negative band near 200 nm, revealing that ordered
structures are present (Fig. 6).>! The CD spectrum of H6 exhibi-
ted only a low molar ellipticity in the examined pH-range, indi-
cating a random coil organization with no dominating organized
structure. It is evident that HA2 has a compact structure com-
pared to the H6, with no periodicity in its structure.

In conclusion, further application of the electrocatalytic
assay presented in this communication could provide new
knowledge in the field of protonation equilibria and proton
transfer in peptides. The experimental data are supported by
ab initio calculations and CD spectroscopy of peptidic H-wires
at different pH levels. Both our experimental data and calcu-
lated proton affinities indicate that HA2 is an effective mole-
cule that can be used as a model for both experimental and
theoretical investigations in the future. The proposed methodo-
logy is not only able to recognize protonated vs. unprotonated
states (static parameter) but also to assess the proton transfer
ability (dynamic parameter) in peptidic H-wires via CPS peak
H characteristics, as specified in Scheme 1B. In terms of the
mechanistic elucidation focused on the proton transfer
process, the goal of further experimental work will be the self-
assembled organization of peptidic H-wires onto the electrode

This journal is © The Royal Society of Chemistry 2016
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surface,”>>* which could enable us to also investigate a mech-
anism of proton movement in more detail.
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