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An ensemble of structures of metal-hexa-histidine-tag capped and
uncapped peptides has been studied using molecular dynamics
simulations. The metal-binding peptides are polymorphic for both
capped and uncapped peptides. The capping of the peptide termini
promotes a-helical conformations that are induced by the metal
binding sites.

His-tags are specific sequences containing His repeats, such as
six to nine subsequent histidyl residues. They are used for
purification of recombinant proteins by immobilized-metal
affinity chromatography (IMAC).' The typical (His)s-tag is
linked to the C- or N-terminus of the protein (which is meant to
be purified), and it serves as a molecular ‘anchor’ that binds to
a metal ion (copper or nickel), immobilized by chelation with
nitrilotriacetic acid (NTA) bound to a solid support. Such poly-
histidyl tags can be also found in nature.> More than 2000
histidine-rich proteins (HRPs) have been found in microor-
ganisms including 60% and 82% of archaeal and bacterial
species, respectively. Proteins containing histidine-rich
domains play a critical role in metal regulation and homeo-
stasis.>* Further functions of histidine-rich proteins in eukary-
otes have been reported,*® e.g. antimicrobial activities in the
oral cavity (e.g., histatins from saliva),” heme polymerization
(e.g., HRP-2 from Plasmodium falciparum),® or heparin binding
(e.g., serum glycoprotein HRG found in humans).’

Chemically synthesised peptides have free amino and car-
boxy termini, being electrically charged in general. In order to
remove this charge, peptide ends are often modified by
N-terminal acetylation and/or C-terminal amidation, ie.,
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capping of the ends of peptides. We have recently studied the
coordination of Cu®>" with capped (His)etag peptide using
experimental and computational tools.*® The structure of the
metal-binding His-tag is mainly determined by the metal
binding sites. One can assume that the termini capping of the
metal-binding His-tag will not affect its conformational struc-
ture; however, we suggest that the capping of the peptide
termini significantly shifts the energy landscape of the metal-
peptide complexes, affects its conformational structure and
actually allows the stabilization of different conformations.

The effect of termini capping groups on the structure of
metal-binding peptides was not the subject of many studies;
however the effect of termini capping on the structure of non-
metal-binding peptides is well documented in the literature.
Several works reported that termini capping affected the self-
assembly of peptides.”™** In the specific aspect of the capping
of peptides with a-helical structures, N-acetylation was found to
increase the helix propensities of peptides.'*** Furthermore,
helical propensity was induced in a polypeptide chain by link-
ing specially designed capped N-terminal groups.” In addition,
the stabilization and destabilization of helices affected by
various N- or C-termini groups in capped peptides had been
extensively studied by several groups.'*™*” It had been also sug-
gested that terminal polar and charged groups of capped
peptides promote formation of a-helices.'*** These studies were
focused on free soluble monomeric peptides. However, in
metal-binding peptides, the peptide structure is “locked” via the
metal-binding site. To the best of our knowledge, the effect of
termini capping on metal-binding poly-His peptides, and
specifically, on complexes in which metal ions induce forma-
tion of helices has not been investigated so far at the atomic
resolution.

In this study we show for the first time that capping of both
N- and C-termini of a metal-binding poly-His peptide [Cu**-
(His)s] promotes a-helical conformations and that these helical
conformations are induced by specific metal binding sites. The
Kabsch & Sander method* for secondary structural analysis has
showed that for some of the metal-binding sites, the capped
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peptides were arranged in helical conformations while the
uncapped peptides did not show helical propensities. Energy
calculations and population analysis showed that the a-helical
conformations are more stable and preferred than the non-
helical conformations. Interestingly, spontaneous additional
interactions to the constructed Cu**-(His), peptides of imidaz-
oles and/or free carboxyl groups of the C-termini of the
uncapped peptides with the Cu®" are produced during the
molecular dynamics (MD) simulations. These additional inter-
actions contribute to the stabilization of the metal-induced
a-helical conformations for the capped peptides.

A total of twelve Cu**-(His)s peptide models had been derived
from the six different binding sites: six models for the capped
peptide (A models) and six models for the uncapped peptide (B
models) (Fig. 1a). The capped peptide models were constructed
using the widely used N-terminus acetylation and C-terminus
amidation. The Cu** binds to different sets of two imidazoles
of the peptide, representing the different binding sites (Fig. 1b)
proposed by our previous study.’® The constructed initial
models are detailed in the ESL.}

In order to study the relative conformational energies and
the structures of the different possible metal binding peptide
models, each model was explicitly solvated and minimized at
physiological pH. All-atom explicit MD simulations were then
performed in the NPT ensemble at 310 K for 100 ns, using the
NAMD program® with the all-atom CHARMM27 (ref. 26 and 27)
force-field with CMAP correction.”® The preference of each
model for a specific arrangement has been obtained by
comparing the relative conformational energies of all con-
structed models, using the Generalized Born Method with
Molecular Volume (GBMYV).?>** The relative conformational
energies can be compared only for models that have the same
sequence and the same number of atoms; thus, the relative
conformational energies had been computed separately for the
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Fig. 1 (a) The simulated twelve Cu?*-(His)s capped peptide and
uncapped peptide models. (b) The sequence of the capped and
uncapped peptides. His residues that are colored in orange bind to
cu?*.
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six capped peptide simulated models (A13, A14, A15, A16, A24,
and A25) and for the six uncapped peptide simulated models
(B13, B14, B15, B16, B24, and B25). By applying Monte Carlo
(MC) simulations, the relative probability of model n was eval-
uated as P, = Ny/Niota1, Where P, is the population of model n,
N, is the total number of conformations visited for model n,
and Ny is the total steps. The advantages of using Monte
Carlo (MC) simulations to estimate conformer probability lie in
their good numerical stability and the control that they allow of
transition probabilities among several conformers, as we
extensively applied in similar systems.*?® Finally, the
secondary structure of each simulated peptide had been deter-
mined by using the Kabsch & Sander method,* which is named
the “Define Secondary Structure of Proteins” (DSSP) method.
For each snapshot along the 100 ns (10 000 snapshots) the His
residues of the peptides, excluding the termini residues (His;
and Hisg), were analysed using the DSSP method that provides
structural properties of “a-helix”, “B-strand” or “not a-helix or
B-strand” for each residue along the peptide sequence.

A total of 3000 conformations of the six capped peptide
models (500 conformations for each model) and a total of 3000
conformations of the six capped peptide models (500 confor-
mations for each model) were used to construct the energy
landscape of the six capped peptide models and six uncapped
peptide models (Table S1, ESIf). In addition, we evaluated the
populations of the models using MC simulations (Fig. 2). The
estimated energies and populations of the different models
illustrate polymorphic states, ie. similar populations. Yet,
among the capped peptide models, models A15 and A16 have
the highest population (above 20%). Interestingly, these models
have strong propensities of a-helical structure (Fig. 1). Among
the uncapped peptide models there is no single model with
higher population, but several models with similar populations
(~20%): B13, B24, and B25 and with no a-helical structures
(Fig. 1). We suggest that the negative charge in the C-terminal of
the uncapped peptide promote conformational change and
thus leads to a rugged energy landscape, i.e. the negative charge
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Fig.2 Populations of the simulated six Cu?*-(His)g capped (green) and

six uncapped (blue) peptide models. The populations had been esti-
mated via Monte Carlo simulations (see ESI and textt).
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in the C-terminal of the uncapped peptide leads to poly-
morphism. We further suggest that the capping of the peptide
leads to population shift and to the conformational change of
metal binding peptides. Interestingly, the most significant
population shifts appear in model A16/B16. While model B16
does not show a-helical structures, model A16 shows a-helical
structures (Fig. 1). The differences in the populations’ values for
this model (A16 vs. B16) show the highest differences compare
to the other models (Fig. 2). The conformational change from
a “non-helical” structure to a “helical” structure significantly
changed the populations.

Interestingly, the conformational changes of A16/B16
models from a “non-helical” structure to a “helical” structure
are also confirmed by the DSSP secondary structure analysis
(Fig. 3). As seen in Fig. 2 the difference in the population
between the capped and the uncapped peptide models A15 and
B15, respectively, is ~10%. In these models the Cu®** binds to i
and i+4 His residues (i.e. H; and H;), and thus the Cu®" fixes the
peptide backbone to form a-helical conformation in the capped
peptide A15 - above 60% (Fig. 3). Previous experimental studies
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Fig. 3 (a) The percentage of a-helical properties of residues H, (blue),
Hs (light blue), Hs (yellow) and Hs (red) for the capped and the
uncapped peptide models via DSSP analysis. Model A15 shows the
highest percentage of a-helix properties; explicit DSSP analysis along
the time of the simulations of residues H,—Hs for models A15 (b) and
A16 (c). Orange lines represent a-helix and black lines represent
neither a-helix nor B-strand.
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by Ghadiri et al.**** Ruan et al.*® and Siedlecka et al.*” illustrated
designed capped metal-binding peptides. In some of these
studies, the metal binds to residues i and i+4 along the
sequence.**® This binding site, i and i+4 along the peptide
sequence, yields stable a-helical conformations, which are
induced by metal binding nucleation.**** In the absence of
metals, these peptides had not been arranged in a-helical
conformations. Herein, we demonstrate a first computational
study that validates the experimental observation at the atomic
resolution and more specifically for metal-poly-His peptides.
These experimental observations*~® and our computational
study suggest that the widely used metal-binding capped
peptides in general, and specifically, metal-binding capped His-
tag peptides, may induce o-helical conformations and thus
serve as helix nucleation initiators.

Interestingly, the uncapped peptide B15 does not present an
a-helical conformation, although the Cu®" binds to i and i+4
residues. Following the MD simulations, one can see that
a spontaneous interaction between the Cu®>* and His, had been
observed and thus “disturbs” the formation of the i and i+4
binding site and consequently does not allow the peptide to be
organized in an a-helical conformation. The a-helical confor-
mations have been also found in two other capped peptide
models: A16 and A25 with smaller probability (Fig. 3). During
the MD simulations of the capped peptide A16 model, sponta-
neous interactions between the Cu®' and Hiss had been
observed (Fig. 4). These interactions “mimic” the binding site i
and i+4, which is illustrated in model A15 and thus one can see
properties of a-helical conformation - ~30% (Fig. 3). The cap-
ped peptide model A25 illustrates a relatively small percentage
of a-helical conformation - less than 5% (Fig. 3), in this case, it
does not “mimic” the i and i+4 binding site, by forming spon-
taneous interactions (Fig. 1 and S1, ESI{). The other capped
peptide models A13, A14 and A24 that do not “mimic” the
binding site i and i+4, do not demonstrate properties of
a-helical conformations. Finally, all the uncapped peptides,
including B15, B16 and B25, did not show properties of a-helical
conformations (Fig. 3). In summary, spontaneous interactions
that “mimic” the i and i+4 binding site in the capped peptide
contribute to the formation of helical structure, but sponta-
neous interactions in the uncapped counterparts peptides
“disturb” the formation of helical structure. We do not refer to
the formation of helical structure due to residue-residue
interactions or residues-solvent interactions.
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M 22 (b)
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Fig. 4 The Cu®*-Ne (His) atom and Cu?*-O (C-terminal carboxyl
group) atom distance distribution for each His residue obtained from
MD simulations for models A15 and B15 (a) and for models A16 and B16
(b). The vertical lines within each box represent the median distance
values.
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One of the interesting results that had been obtained from
our simulations is the formation of spontaneous interactions
between the Cu>* and the negative charged oxygen atoms of the
carboxylic groups in the C-terminal of the three uncapped
peptide models B14, B16 and B25 (Fig. 3 and S1, ESIf). These
spontaneous interactions' events were not permanent in the
simulations, but one cannot neglect that they occur. We cannot
explain why these events occur only in these three uncapped
peptides and not in the other three uncapped peptides. Yet, all
the six uncapped Cu**-(His); peptides did not illustrate
a-helical conformations. We suggest that the negative charge in
the C-termini of these uncapped peptides interrupts the ex-
pected helix dipole. Consequently, the negative charge in the
C-termini yields repulsive interactions between the C-terminal
carboxylate and the neighbouring amide bond. Previous
studies showed that positive charge in the C-termini of capped
peptides yields stable a-helical conformations,* while negative
charge destabilizes a-helical conformations.*®

It is of an interest to examine the effect of only singly-capped
(C- or N-terminal) peptide on the formation of a-helix in the
Cu*"-Hise. Among all the six studied models we chose the A15 to
examine the singly-capped peptide. The justification for this
choice is due to two reasons. First, this model is the most
populated model that fit the rule of i and i+4 (Fig. 4). Second, it
illustrates the highest percentage of helical structure (Fig. 3a).

Ac- H,HiH, He-NH,
H;HyH3H,H Hg

Ac-H,H,H3H,H:H,
H,H,H3H,H.He-NH,

— 60
s
x 40
2
5 20
0 HE . e
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Fig. 5 (a) The simulated Cu®*-(His)s peptides: Al5-capped peptide,
B15-uncapped peptide, C15-singly capped N-terminal peptide and
D15-singly capped C-terminal peptide. (b) The sequence of peptides
A15, B15, C15 and D15. (c) The percentage of a-helical properties of
residues H, (blue), Hs (light blue), H4 (yellow) and Hs (red) for the
capped and the uncapped peptide models via DSSP analysis.
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Fig. 5a and b demonstrate the simulated models A15, B15, C15
(singly-capped N-terminal) and D15 (singly-capped C-terminal)
models. One can see that C15 has less than 5% of helical
properties and D15 shows ~0.3% of helical properties (Fig. 5c).
These relatively small probabilities are negligible and thus lead
to the conclusion that singly-capped peptide prevents the
formation of a-helical structure in Cu**-Hisg. Yet, it was previ-
ously suggested that N-acetylation was found to increase the
helix propensities of peptides,'** therefore the simulated
model C15 has very small properties of helical structure (less
than 5%). D15 has a smaller percentage of helical properties,
due to the lack of N-acetylation.

Finally, one can see from Fig. S1,1 that although D15 exhibits
the rule of i and i+4, it does not show helical properties, due to
the uncapped N-terminal. However, C15 which also exhibits this
rule and shows very small properties of helical structure, interact
with the free carboxylic groups (Fig. S1t), similarly as obtained
for B14, B16, and B25, and thus does not show helical structure.

Conclusions

Our study leads to several conclusions: first, capping of the
termini of metal-binding poly-His peptides play important role
in conformational change inducing the formation of a-helical
conformation. Second, capping of the termini of metal-binding
peptides yields to the formation of polymorphic states. Third,
singly-capped (C- or N-terminal) peptide prevents the formation
of o-helical structure in the Cu®'-Hise. Fourth, our study
suggests that capping and uncapping of the termini of peptides/
proteins (with absence and with presence of metal ions), may
differently affect the structural properties of the peptides/
proteins. Therefore, both capped and uncapped peptides/
proteins should be investigated in aim to compare the differ-
ences in the structural characterization.
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