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ABSTRACT: Snake venoms are complex mixtures of toxic and
often spectacularly biologically active components. Some African
vipers contain polyhistidine and polyglycine peptides, which play
a crucial role in the interaction with metal ions during the
inhibition of snake metalloproteases. Polyhistidine peptide
fragments, known as poly-His tags, play many important
functions, e.g, in metal ion transport in bacterial chaperon
proteins. In this paper, we report a detailed characterization of
Cu?*, Ni**, and Zn** complexes with the EDDHHHHHHHHHG
peptide fragment (pHG) derived from the venom of the rough
scale bush viper (Atheris squamigera). In order to determine the
thermodynamic properties, stoichiometry, binding sites, and
structures of the metal-pHG complexes, we used a combination
of experimental techniques (potentiometric titrations, electro-

spray ionization mass spectrometry, UV—vis spectroscopy, circular dichroism spectroscopy, and electron paramagnetic resonance
spectroscopy) and extensive computational tools (molecular dynamics simulations and density functional theory calculations).
The results showed that pHG has a high affinity toward metal ions. The numerous histidine residues located along this sequence
are efficient metal ion chelators with high affinities toward Cu®', Ni**, and Zn** ions. The formation of an a-helical structure
induced by metal ion coordination and the occurrence of polymorphic binding states were observed. It is proposed that metal
ions can “move along” the poly-His tag, which serves as a metal ion transport pathway. The coordination of Cu®*, Ni**, and Zn**
ions to the histidine tag is very effective in comparison with other histidine-rich peptides. The stabilities of the metal-pHG

complexes increase in the order Zn** < Ni**< Cu*".

B INTRODUCTION

Polyhistidine (poly-His) tags are peptides that consist of
multiple histidine residues, which can efficiently bind metal
ions." Poly-His tags are used in molecular biology for protein
purification in a procedure in which their multiple histidines
play a role in binding metal ions.” Poly-His motifs have been
found in several metal transporters, prion proteins, and
domains of bacterial chaperones responsible for Ni** homeo-
stasis.” Histidine repeats are found also in Zn-finger domains
that have been implicated in interactions between nucleic acids
and proteins, and a His stretch has been described as a protein-
interacting surface of the transcriptional regulator cyclin T1.*
One of the most interesting families of histidine-rich natural
peptides are poly-His—poly-Gly peptides, found in African
snake venoms.” Poly-His sequences in these natural peptides
and proteins have polymorphic binding states."® Therefore, we
propose that the metal ions can bind to different sites in poly-
His tags and also “move back and forth” along such regions,
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forming polymorphic states. Such a process in which metal ions
are transported can be of great biological importance—the
transport of nickel ions between different poly-His domains of
Ni** chaperones in bacteria can serve as a good example.

The families of natural peptides that have been found in the
African viper Atheris squamigera are poly-His—poly-Gly
peptides having the sequence EDDH,GVG,, (pHpG-1).’
These peptides consist of nine consecutive His residues and
10 consecutive Gly residues. It has been proposed that these
families of pHpG-1 peptides may protect against snake-venom-
inhibiting proteolysis by some of the proteins of the snake
venom. The specific role of the nine His residues is unknown;
what is certain is that these nine His residues have the ability to
bind metal ions, as previously shown for the shorter Hisg tag.'
Because of their ability to bind metals (e.g, Cu®*, Ni**, or
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Zn*"), it is likely that these families of peptides may play a key
role in the interaction with metal ions and consequently in the
inhibition of snake metalloproteases.”” Our previous studies
have shown that the full sequence of the pHpG-1 peptide®
binds metal ions more efficiently than the shorter His, tag (Ac-
HHHHHH-NH,).' It was proposed that increasing the length
of the His-rich chain increases the efficiency of metal ion
binding. In the present work, we examined the binding
efficiency and the structural features of metal ions that bind
to the short protected fragment of pHpG-1, namely, Ac-
EDDH,G-NH, (pHG). We further investigated the structural
differences and binding efficiencies for various types of metal
ions (Cu®*, Ni**, and Zn”*) in the metal-pHG complexes using
various experimental and computational tools.

B EXPERIMENTAL SECTION

Materials. AcEDDHHHHHHHHHG-NH, (pHG) was synthe-
sized by solid-phase peptide synthesis (SPPS) with a semiautomated
peptide synthesizer (Millipore 9050 Plus PepSynthesizer, Millipore
Corporation, Burlington, VT, USA) using general SPPS conditions.*’
The synthesis was performed on TentaGel R RAM resin (0.19 mmol/
g) using 9-fluorenylmethoxycarbonyl/tert-butyl (Fmoc/tBu) chemistry
with the following side-chain-protected amino acid derivatives: Fmoc-
Glu(OtBu)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-His(Trt)-OH, Fmoc-
Gly-OH. Acetylation of the N-terminal amino group of the peptide
was performed using 1-acetylimidazole (1.10 g/1 g of resin at room
temperature for 24 h). The peptide was cleaved from the resin for 2 h
using a mixture of 88% trifluoroacetic acid (TFA), 5% phenol, 5%
deionized water, and 2% triethylsilane (10 mL/1 g of resin at room
temperature for 2 h). After filtration of the exhausted resin, the
solution was concentrated in vacuo, and the residue was triturated with
Et,0. The precipitated peptide was centrifuged for 15 min, followed
by decantation of the ether phase from the crude peptide (this process
was repeated three times). After evaporation of Et,O, the peptide was
dissolved in H,O and lyophilized. Purification of the crude peptide was
carried out using reversed-phase (RP) HPLC on a semipreparative
Kromasil C8 column (250 mm X 20 mm, S um). A linear gradient
from 0% B to 30% B in A in 120 min was used. The aqueous system
(A) consisted of 0.1% (v/v) TFA solution in water, whereas the
organic phase (B) was 80% acetonitrile in water containing 0.08% (v/
v) TFA. Purification was monitored by UV absorption at a wavelength
of 222 nm. The purity of the peptide was verified by liquid
chromatography—electrospray ionization ion trap time of flight mass
spectrometry (Shimadzu, Shimpol, Warsaw, Poland) and by RP-HPLC
with a Kromasil C8 analytical column (250 mm X 4.6 mm, S ym)
employing a gradient of 0% to 100% B in A in 60 min, with A and B as
described above.

Cu’*, Ni**, and Zn*" chlorides were extra-pure products (Sigma-
Aldrich). The concentrations of stock solutions of these salts were
determined by inductively coupled plamsa mass spectrometry. The
carbonate-free stock solution of NaOH (0.1 mol-dm™>) was purchased
from Sigma-Aldrich and then potentiometrically standardized with
potassium hydrogen phthalate as a primary standard. The HCI stock
solution was prepared by diluting concentrated HCI (Sigma-Aldrich)
and then standardized with NaOH. All of the sample solutions were
prepared with freshly doubly distilled water. The ionic strength (I) was
adjusted to 0.1 mol-dm™ by addition of KCI (Sigma-Aldrich).

Potentiometric Measurements. Potentiometric measurements
were performed at a constant temperature of 25 °C under an argon
atmosphere using a Molspin pH meter equipped with a Mettler-
Toledo InLab semicombined electrode and a micrometer syringe with
a volume of 0.5 cm?®. Before each measurement, the electrode was
calibrated by titration of HCI having a concentration of 4 X 107> mol-
dm™ with NaOH (0.1 mol-dm™)."® Stability constants for proton,
Cu®, Ni**, and Zn>* complexes were calculated from potentiometric
titration curves registered over the pH range 2.5—11. The pH-metric
titrations were performed in an aqueous solution of HCI at 0.1 mol-
dm™ KCL The titrant was a carbonate-free standard solution of

7693

NaOH. The ligand concentration was about 5 X 10~* mol-dm~3, and
the metal-to-ligand ratio was 1:1.1. The exact concentrations and the
purities of the ligand solutions were determined by the Gran
method."! The HYPERQUAD and SUPERQUAD programs were
used for the stability constant calculations.'>'® Standard deviations
were given by the program itself and refer to random errors only. The
speciation and competition diagrams were computed with the HYSS
program.'*

Spectroscopic Studies. The absorption spectra in the UV—vis
region were recorded at 25 °C on a Varian Cary 300 Bio
spectrophotometer in 1 cm path length quartz cells. Circular dichroism
(CD) spectra were recorded on Jasco J 715 spectropolarimeter over
the 190—800 nm range using different path lengths (1, 0.1, and 0.01
cm). The concentrations of solutions used for UV—vis and CD
spectroscopic studies were similar to those employed in the
potentiometric experiments. Electron paramagnetic resonance (EPR)
spectra were recorded in liquid nitrogen on a Bruker ELEXSYS ES00
CW-EPR spectrometer at X-band frequency (9.5 GHz) and equipped
with an ER 036TM NMR teslameter and an E41 FC frequency
counter. The ligand pHG was prepared in an aqueous solution of HCI
at I = 0.1 mol-dm™ (KCI). The concentration of Cu** was 1 X 1073
mol-dm™, and the M:L molar ratio was 1:1.1. Ethylene glycol (30%)
was used as a cryoprotectant for EPR measurements. The EPR
parameters were analyzed by computer simulation of the experimental
spectra using WIN-EPR SIMFONIA software, version 1.2 (Bruker).
The pH was adjusted with appropriate amounts of HCl and NaOH
solutions.

Mass Spectrometric Measurements. High-resolution mass
spectra were obtained on BrukerQ-FTMS and Bruker MicrOTOF-Q
spectrometers (Bruker Daltonik, Bremen, Germany) equipped with an
Apollo II electrospray ionization source with an ion funnel. The
BrukerQ-FTMS spectrometer was used for measurements on Cu**—
pHG complexes in the range of positive values of mass-to-charge ratio
(m/z) from 150 to 1500. The instrumental parameters were as
follows: scan range, m/z 400—1600; dry gas, nitrogen; temperature,
170 °C; capillary voltage, 4500 V; ion energy, 5 eV. The capillary
voltage was optimized to the highest signal-to-noise ratio. Small
changes in voltage (+500 V) did not significantly affect the optimized
spectra. The Bruker MicrOTOF-Q_ spectrometer was used for
measurements on Ni**—pHG and Zn**—pHG complexes in the
positive ion mode over the m/z range from 200 to 1700. The
instrumental parameters were as follows: scan range, m/z 250—2000;
dry gas, nitrogen; temperature, 200 °C; ion source voltage, 4500 V;
collision energy, 10 eV. The Cu**—pHG, Ni**—pHG, and Zn**—pHG
complexes (metal:ligand stoichiometry of 1:1.1, [ligand],,, = 5 X 107
mol-dm™) were prepared in a 1:1 MeOH/H,O mixture at pH 4.5.
The samples were infused at a flow rate of 3 yL/min. Before each
experiment, the instrument was calibrated externally with the Tunemix
mixture. Data were processed by application of the Compass
DataAnalysis 4.0 program (Bruker Daltonik).

Protocol for Molecular Dynamics Simulations. The 12 models
were first minimized as we have done previously for amyloids and
other peptides."* ™' The molecular dynamics (MD) simulations of the
solvated models were performed in the NPT ensemble using NAMD>*
with the CHARMM?27 force field**** The standard force field
available in NAMD is not applicable to the computation of metal—
peptide or metal—protein complexes. We previously developed force-
field parameters for the divalent ions Cu** and Zn** ligated to various
amino acids. This new force field has been extensively used for metal—
peptide complexes"®*>*® and metal—protein complexes.'®*” Each
model was energy-minimized and explicitly solvated in a TIP3P water
box”**® with a minimum distance of 15 A from each edge of the box.
Each water molecule within 2.5 A of the model was removed.
Counterions were added at random locations to neutralize the model’s
charge. The Langevin piston method*>*" with a decay period of 100 fs
and a damping time of 50 fs was used to maintain a constant pressure
of 1 atm. A temperature of 310 K was controlled by a Langevin
thermostat with a damping coefficient of 10 ps.”*> The short-range van
der Waals interactions were calculated using a switching function with
a twin range cutoff of 10.0 and 12.0 A. Long-range electrostatic
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Table 1. Potentiometric and Spectroscopic Data for Proton and Cu**—pHG Complexes in an Aqueous Solution of HCI at 0.1

mol‘dm™3 KCI¢

UV—vis CD EPR
species log p pK, proposed donors  A/nm /M 'em™'  A/nm  Ae/M'em™ A (A)/G g (&) g (g=g)
HL 7.98(1) 7.98
H,L 14.96(1) 6.98
HL 21.90(1) 694
H,L 28.06(2) 6.16
H.L 3421(2) 6.15
HL 39.72(1) 5.51
H,L 45.04(1) 5.32
HL 49.60(1) 456
H,L 53.30(1) 3.70
H,L 56.04(2) 274
H,L 58.54(2) 2.50
CuHL 45.75(2) N, 640 37.1 578 022
CuH.L 41.56(3) 4.19 3N, 605 65.5 175.4 226 2.047
CuH,L 37.36(3) 420 3N, 605 65.5 624 —0.24
522 0.39
320 —0.13
CuH,L 32.14(4) 522 3N, N 568 69.9 644 —031 190.7 224 2,046
313 239.0 530 1.14
317 —-0.71
CuH,L 26.62(4) 552 3N, N™ 564 70.0 644 -035
313 239.0 531 1.40
317 —-0.88
CuHL 20.11(4) 6.51 3N, N 564 72,0 644 —036 1917 224 2.047
313 246.0 531 1.44
317 —0.89
CulL 13.37(5) 674 3N, N 564 77.0 644 -033 191.7 224 2.047
313 272.0 531 1.38
319 —0.85
CuH_,L —2.93(6) N, 2N~ 562 107.0 628 047 187.5 223 2.048
539 —0.31
486 0.19
425 0.04
399 0.07
339 —-1.35
CuH_;L —11.72(8) 8.79 N 3N™ 536 116.7 648 091 194.9 2.19 2.048
517 —-1.10
399 0.01
344 —0.61

“[Cu**] = 4 X 107* mol-dm™ for potentiometry, UV—vis, and CD measurements at 25 °C. [Cu**] = 1 X 107> mol-dm™ for EPR measurements at
77 K in water/ethylene glycol solution. The Cu**:ligand ratio was 1:1.1.

interactions were calculated using the particle mesh Ewald method
with a cutoff of 12.0 A.>*** The equations of motion were integrated
using the leapfrog integrator with a step size of 1 fs. The solvated
systems were energy-minimized for 2000 conjugate-gradient steps,
where the hydrogen-bonding distance between the f-sheets in each
oligomer was fixed in the range 2.2—2.5 A. The counterions and water
molecules were allowed to move. The hydrogen atoms were
constrained to the equilibrium bond length using the SHAKE
algorithm.** The minimized solvated systems were energy-minimized
for 5000 additional conjugate-gradient steps and 20 000 heating steps
at 250 K, with all atoms being allowed to move. Then the system was
heated from 250 to 310 K for 300 ps and equilibrated at 310 K for 300
ps. All of the simulations were run for 30 ns at 310 K. Parametrizations
for the Cu**—peptide complexes were performed for all of the MD
simulations. The force constant values for Cu**—N atom and Cu**—O
atom interactions were in the range of 10—50 keal/mol2. Along the
MD simulations the Cu** binds to two His residues.

Generalized Born Method with Molecular Volume. Relative
conformational energies can be compared only for models that have
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the same sequence and number of peptides, and thus, the relative
conformational energies were computed for all 12 models. To obtain
the relative conformational energies of the 12 models, the last 5 ns of
each model’s trajectory (a total of SO0 conformations) was first
extracted from the explicit MD simulation excluding the water
molecules. The solvation energies for all of the conformations were
calculated using the generalized Born method with molecular volume
(GBMV).>>*® In the GBMV calculations, the dielectric constant of
water was set to 80. The hydrophobic solvent-accessible surface area
(SASA) term factor was set to 0.00592 kcal mol™ A™'. Each
conformation was minimized using 1000 cycles, and the conforma-
tional energy was evaluated by grid-based GBMV.

A total of 6000 conformations (500 for each model) were used to
construct the energy landscape of the 12 models and to evaluate the
conformer probabilities using Monte Carlo (MC) simulations. In the
first step, two conformations i and j were randomly selected. Then the
Boltzmann factor was computed as e~ 5 ")/*T where E; and E, are the
conformational energies evaluated using the GBMV calculations for
conformations i and j, respectively, k is the Boltzmann constant, and T
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is the absolute temperature (298 K used here). If the value of the
Boltzmann factor was larger than the random number, then the move
from conformation i to conformation j was allowed. After 1 million
steps, the conformations “visited” for each model were counted.
Finally, the relative probability of model n was evaluated as P, = N,/
Nty Where P, is the population of model n, N, is the total number of
conformations visited for model n, and N, is the total number of
steps. The advantages of using MC simulations to estimate conformer
probabilities lie in their good numerical stability and the control of
transition probabilities among several conformers that they allow.
Using the 6000 conformations generated from the MD simulations
(500 for each of the 12 models), we estimated the overall stability and
populations for each conformer, with the energy landscape being
computed with GBMYV for these 12 models. The group of these 12
models may be only a very small percentage of the ensemble.
Nevertheless, the carefully selected models cover the most likely
structures.

Dictionary of Secondary Structure of Proteins and Struc-
tural ldentification Algorithms. The Dictionary of Secondary
Structure of Proteins (DSSP) algorithm is the standard method for
assigning secondary structure to the amino acids of a protein or a
peptide given the atomic-resolution coordinates of the protein or
peptide. It does this by reading the positions of the atoms in a protein
(the ATOM records in a Protein Data Bank file) and calculating the
hydrogen-bonding energies between all atoms. The best two hydrogen
bonds for each atom are then used to determine the most likely class
of secondary structure for each residue in the protein or peptide. We
applied the DSSP algorithm that is embedded in the CHARMM
software.”” The DSSP algorithm provides information on specific
domains that illustrate a-helix and f-sheet structures. It does not
distinguish between various types of helix, such as 3y helix, a-helix,
etc. To obtain information on the type of a-helix, we applied the
Structural Identification (STRIDE) a.lgorithm38 that is embedded in
VMD.”

Density Functional Theory Calculations. Quantum-chemistry
methods are useful tools to predict the structure and stability of
complexes.**™** Molecular orbital calculations on complexes of Cu*,
Ni**, and Zn®* with pHG (1:1 ratio) were performed using density
functional theory (DFT). The three different initial structures of the
free pHG peptide for the DFT calculations were generated on the
basis of the amino acid sequence after an 85 ps simulation at 300 K
without cutoffs using BIO+, which is implemented in the CHARMM
force field. All of the calculations were performed with the Gaussian
09* suite of programs using the M06 hybrid functional** and the 6-
311G basis set. To obtain a preliminary estimate the energy difference
between two types of two bonding His, we examined two model Cu**
complexes with the Ac-(His);-NH, peptide. In the first model, the
metal ion was connected to two neighboring His residues (Hisl and
His2), and in the second model, the metal ion was connected to non-
neighboring His residues (His1 and His 3). The second model showed
higher stability than the first model (the energy difference was 4.22
keal/mol, which is a typical energy for a hydrogen bond). We therefore
expect that in the folded stable Cu**—pHG complex the metal ion can
bind to neighboring His residues (His, and His,, ;) and to non-
neighboring His residues (His, and His,,,,).

B RESULTS AND DISCUSSION

Protonation Constants of the pHG Peptide and
Stability Constants of the Cu?*—pHG Complexes. The
pHG peptide contains 12 possible sites of protonation, 11 of
which were in the detection scope of our electrode. Among
these 11 sites, nine are assigned to the nine histidine residues
and the other two to the acidic residues (Table 1). The pK
values obtained from the potentiometric data are in good
agreement with those found in the literature for similar poly-
His systems."® The ligand is completely deprotonated at pH 10
(Figure S1 in the Supporting Information).
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To investigate the structural and thermodynamic properties
of Cu**—pHG complexes, we applied electrospray ionization
mass spectrometry (ESI-MS), potentiometric titrations, and
CD and EPR spectroscopy at different pH values. The ESI-MS
measurements revealed the stoichiometry of the metal
complexes, indicating that only equimolar species were present
under the studied conditions (Figure S2). pHG forms
equimolar complexes with Cu** at m/z 886.3 (for [CuL]*")
and at m/z 5912 (for [CuL]**). The experimental and
simulated signals showed excellent agreement between the
calculated and experimental data. According to potentiometric
data calculations, Cu®** forms nine species with pHG
characterized by the log § and pK, values collected in Table
1. The distribution diagram for the obtained Cu**—pHG
complexes is shown in Figure 1.

100
N
90__ \\ free Cu®

80 \

2+]

70
60
50
40

30 4

% formation relative to [Cu

20+

pH

Figure 1. Representative distribution diagram for the formation of
Cu?*—pHG complexes at 25 °C and I = 0.1 mol-dm™ (KCl). Cy; = 4
x 107 mol-dm™>; M:L molar ratio = 1:1.1.

The EPR parameters (A = 120.6 G and g; = 2.42) at pH 3.18
(Figure S3) are in agreement with the Peisach—Blumberg (4,
vs g;) plot for four oxygen donors.** The first complex detected
at low pH is CuHcL with a maximum concentration at pH 3.9
(Figure 1). It is most probable that in this complex two
imidazole residues are coordinated to Cu?", although binding to
the carboxylate group can also be possible. The coordination of
Cu** to two imidazole nitrogens (N, ) is supported by the d—d
band at 640 nm for pH 3.7 (Figure 2). The corresponding value
of 6.03 for log K*, which refers to the reaction Cu®" + HeL 2
CuH,L [log K* = log #(CuHgL) — log S(HgL)], also suggests
the involvement of two imidazole rings in copper coordination
in this system.*® The shift of the d—d band from 640 to 605 nm
suggests the coordination of a third imidazole nitrogen,
resulting in the {3N,} binding mode for the CuH;L and
CuH,L species.

The coordination of an amide nitrogen occurs at pH above 5,
as evidenced by the appearance of intense d—d bands in CD
spectra (Figure 3). Interestingly, the CD spectra over the range
200—250 nm show that coordination of Cu®* to the pHG
peptide induces the appearance of two bands at 213 and 220
nm, suggesting the formation of an a-helical structure (Figure
4) 4748

At pH §, a clear displacement of the maximum absorption in
the direction of shorter wavelengths is observed in the UV—vis
spectra (from 605 to 568 nm). The coordination of amide
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Figure 2. UV—vis absorption spectra at different pH values for the
Cu**—pHG system in an aqueous solution of HCI at I = 0.1 mol-dm™
(KCl) and 25 °C. C¥; = 4 X 107* mol-dm™3; M:L molar ratio = 1:1.1;
path length = 1 cm.
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Figure 3. CD spectra at different pH values for the Cu®>*—pHG system
in an aqueous solution of HCI at I = 0.1 mol-dm™ (KCI) and 25 °C.
Cir = 4 X 107 mol-dm™%; M:L molar ratio = 1:1.1; path length = 1 cm.

nitrogen to Cu®" is also supported by the increase intensity of
the characteristic band at 313 nm (Figure 2).

Comparison of the experimental EPR spectra for the Cu*'—
pHG systems at pH 4.19 and 5.48 show pronounced
differences (Figure S4). Especially the changes in the A; and
gi parameters (Table 1) and the number of superhyperfine lines
in the perpendicular region confirm the coordination of Cu** to
the next nitrogen atom.

Deprotonation of the last His residue leads to the formation
of CuL species. The {3N,,, N~} coordination mode dominates
to pH 8.5 (CuH,L, CuH,L, CuHL, CuL). The N,,, — Cu** CD
band at around 330 nm is observed at all pH values (Figure 3
and Table 1). In the alkaline pH range, amide nitrogens can
effectively compete with imidazole nitrogens in binding to
Cu’". The differences observed in the CD and UV—vis spectra
support coordination with further amide nitrogens above pH 9.
The coordination mode for CuH_,L is {2N,,, 2N~} with a
square-planar geometry. At pH above 10, the intensity of the
d—d bands increases, and the differences in the d—d transition
energy (ie., a shift of the band to shorter wavelengths) indicate
the coordination of the third amide nitrogen {N,,,, 3N"}. The
4N coordination is supported by the EPR parameters A, from
187.5 to 194.9 G and g in the range 2.24—2.19 (Table 1).

The values of A, and g strongly support the suégested
coordination modes for the copper complexes."*™>" The
comparison of the numbers of superhyperfine lines for the
systems at pH 4.19 and 5.48 (Figure S4) also supports the
number of suggested nitrogen donors. Thus, three imidazole
nitrogens participate in the binding at pH below S, and an
additional amide nitrogen binds at pH above S.

Construction of Cu**—pHG Complexes for the MD
Simulations. The computational study considered only
imidazole groups of His that coordinate with Cu®*. The
computational study was based on the proposed hypothesis
observed by the experimental study, in which the Cu®* binds
only to the His imidazole groups. Therefore, our initial
structures illustrated Cu®" binding only to imidazole groups.
During the MD simulations and until the end of the
simulations, the Cu*" did not bind other amino acids of the
peptide, such as Glu or Asp. This result indicates that the
hypothesis that had been suggested by the experiments was
correct. We previously showed that Cu®* in the longer extended
peptide EDDH,GVG, binds not only to His but also to other
amino acids such as Glu an Asp, although the initial structures
showed interactions only of His imidazole groups with Cu?*’
To date, the atomic structures of the pHG peptide and the

Ae[em™M]

T T T T 1
220 230 240 250 260

A [nm]

T
210

B

Difference CD spectra

Ae [em™M]

T T T 1
215 220 225 230

A [nm]

T
205 210

Figure 4. (A) CD spectra for pHG and the Cu**—pHG system and (B) the difference CD spectrum in aqueous solution at pH 5. Cy = 4 X 107

mol-dm™; M:L molar ratio = 1:1.1; path length = 0.01 cm.
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Cu**—pHG complex have not been solved using an
experimental technique such as NMR spectroscopy or X-ray
crystallography. The potentiometric measurements, UV—vis
absorption spectra, and CD spectra suggest that imidazole
groups coordinate with Cu®* to form a-helical structures. We
therefore constructed the initial structure of the pHG peptide
as a helical structure. The modeling tools suggested that only
when two consecutive His residues bind to Cu** does the
peptide exhibit a helical structure. Furthermore, as shown
below, the DFT calculations also suggested that binding to two
consecutive His residues results in a helical structure. We then
coordinated the Cu?* ion to three histidines in various domains
along the helical pHG peptide, forming the 12 different
conformational models shown in Table 2. It is important to

Table 2. Cu** Binding Sites (red) along the Sequence of
PHG in Each Constructed Model

M1 Ac-EDDHHHHHHHHHG-NH,
M2 Ac-EDDHHHHHHHHHG-NH,
M3  Ac-EDDHHHHHHHHHG-NH,
M4  Ac-EDDHHHHHHHHHG-NH,
M5 Ac-EDDHHHHHHHHHG-NH,
M6 Ac-EDDHHHHHHHHHG-NH,
M7 Ac-EDDHHHHHHHHHG-NH,
M8 Ac-EDDHHHHHHHHHG-NH,
M9 Ac-EDDHHHHHHHHHG-NH,
M10 Ac-EDDHHHHHHHHHG-NH,
M11 Ac-EDDHHHHHHHHHG-NH,
M12 Ac-EDDHHHHHHHHHG-NH,

note that we chose the helical structure of pHG as the initial
structure in the MD simulations to examine whether the helical
structure would remain stable along the simulation for each
model.

To keep the helical structures, the following binding sites
were examined. Models M1—MS illustrate one group in which
the “binding site template” involves two sequential histidines
followed by a third histidine separated from them by two
histidines. This binding site template is shifted along the
sequence from the N-terminus to the C-terminus. Models M6—
MI10 illustrate a second group in which the binding site
template involves one histidine followed by two sequential
histidines separated from it by two histidines. This binding site
template is also shifted along the sequence from the N-
terminus to the C-terminus. Model M11 illustrates the binding
site template of the first group (models M1—MS) but with only
one histidine separating the three histidines, while model M12
illustrates the binding site template for the second group
(models M6—M10) but with only one histidine separating the

three histidines. The binding site of model MI12 is similar to
one of the models obtained from the DFT calculations.

The Cu®*—pHG peptide is characterized by an a-helix
structure with various conformations. The final simulated
models M1-MI12 are shown in Figure 5. The computed
conformational energies and populations are listed in Table S1
in the Supporting Information. Interestingly, as shown in
Figure 6, the populations of the first group (M1—MS) indicate

Population (%)

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12
Model

Figure 6. Populations of models M1—M12 obtained from GBMV and
Monte Carlo calculations.

that models in which the binding site template is closer to the
N- or the C-terminal domain (M1, M4, and MS) are relatively
more favored than those in which the binding site template is
located in the middle of the sequence (M2 and M3). The
models in the second group (M6—M10) exhibited similar
populations. M11 and MI12 are also favored. We therefore
conclude that there is a polymorphism, indicating that Cu** can
bind in several domains along the pHG peptide, with a slight
preference for binding to the C- and N- terminal domains of
the peptide.

The DSSP analysis of the secondary structure revealed that
all of the models show a-helix domains along the sequence
(Figure 7 and Figures SS and S6). In the first group, model M1
shows properties of a regular a-helix, while in models M2 and
M3 (where the binding site is located in the middle region of
the peptide) the regular helical properties “disappear” in the N-
terminal and C-terminal domains, respectively. It is important
to note that according to the DSSP calculations (Figure 7), the
helical structure all along the sequence of model M3 disappears.
In models M4 and MS, in which the binding site template is
more located in the C-terminal region of the peptide, the

M1 M3

M9 MI11
”’0{‘ \ ¥
;,;r“ \I,t(y

N TN

M10 MI12

)< o

Figure 5. Final simulated Cu?*—pHG complexes demonstrating a-helical structures. The helical structural properties were obtained according to the
STRIDE algorithm (which is implemented in VMD). The colors of the backbone indicate the secondary structure of the peptide: regular a-helix

(purple), 3,, helix (blue), turn (cyan), and coil (white).
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Figure 7. DSSP calculations for each residue along the pHG peptide
for each model. The value for each residue is the average value
obtained from 30 ns of the simulation. Red indicates a regular a-helix,
while other colors indicate other structures (disordered regions or
loops).

regular helical properties “disappear” in the C-terminal
domains.

In the second group, models M6, M7, and M8 demonstrate
regular properties of an o-helix according to the DSSP
calculations. However, according to the STRIDE calculations,
model M6 has a turn in the N-terminal domain, and model M8
has 3, helix and a coil in the C-terminal domain (Figure 5). In
models M9 and M10, in which the binding site template is
more located in the C-terminal region of the peptide, DSSP
shows that the helical properties disappear in the C-terminal
domains (a similar scenario as for models M4 and MS5), but
according to the STRIDE calculations, M9 and MI10 show a
regular a-helix. In model M11, which has a similar binding site
template as the first group (models M1—MS) but with only one
histidine separating the histidines that bind the Cu?*, the three
His residues in the C-terminal region have no regular helical
properties according to DSSP. However, the STRIDE
calculations show a regular a-helix in the N-terminal domain
and a coil in the C-terminal domain that binds the Cu®".
Finally, in model M12, in which has a similar binding site
template as the second group (models M6—M10) but with only
one histidine separating the histidines that bind the Cu**, the
regular helical properties for all of the residues disappear. This
is also in agreement with the STRIDE calculations, which
indicate that model M12 has 3, helix properties (Figure S). In
summary, the MD simulations showed that all of the models
have properties of a regular a-helix or 3, helix. These results
are in agreement with the observations from the CD
measurements.

DFT calculations were performed on three multiply
connected 1:1 complexes (Figure 8). The computed free

Figure 8. DFT-optimized structures of Cu**—pHG complexes. In
complex A (left), the Cu** binds to His9, His10, and Hisll. In
complex B (middle), the Cu®* binds to His7 and His8. In complex C
(right), the Cu** binds to HisS, His7, and His8. Complex C is similar
to model M12 (Figure S). Green tubes follow the backbones.
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pHG peptide provides three domains in which three imidazoles
can bind Cu® to form Cu>*—pHG complexes. The least
energetically stable complex among these three complexes is
complex B (Figure 8). In complex B, the Cu®" ion is bound to
two imidazoles. We previously showed that Cu** binds to two
imidazoles in the Hisy tag peptide.’ In the present case, the
pHG is a longer peptide consisting of nine histidine residues,
and therefore, most of the histidines do not participate in the
coordination with the Cu?*. However, the presence of multiple
numbers of histidine residues allows the formation of an
extensive network of hydrogen bonds that stabilizes the Cu**—
pHG complexes. The hydrogen-bonding network is crucial for
the formation of the secondary structure and contributes to
overwhelm the backbone energy and consequently stabilize the
structure of the Cu**—pHG complex.

Complexes A and C (Figure 8) are energetically the most
stable structures. In both complex A and complex C, three
imidazole groups bind to Cu®". The relative energies (0.0 <
11.49 < 15.71 kcal/mol for C, A, and B, respectively) indicate
that the pHG peptide prefers to interact with three rather than
two imidazole groups. Considering all three complexes,
excluding the C- and N-terminal histidines in the pHG peptide,
His6 is the only residue that does bind Cu®*. All three
complexes showed 6—10 hydrogen bonds (Figure S7) and a 3,
helix or a regular a-helix, which is a typical structural motif as
observed elsewhere.”> For example, complex A exhibits
cooperative chains of hydrogen bonds that contribute to the
stability. It is known that such cooperative chains of hydrogen
bonds contribute to the stability of a monomer more than in
the dimer form.*

In summary, the folding of the free pHG peptide allows
several Cu®" binding sites. The investigated Cu**—pHG peptide
complexes are very stable because of the strong cation—
imidazole interaction and the hydrogen-bonding network that
forms a-helical structures. The intramolecular hydrogen bonds
contribute to the cooperative chains that contribute to the
complex stability. In all of the complexes, we found regular a-
helix and typical 3,, helix structures, as previously shown
elsewhere.”

Investigation of the Effect of Different Metal lons on
the pHG Peptide. N?*—pHG Complexes. The titration curves
for Ni**—pHG complexes fit best to the formation of the
following complexes at pH below 6: NiH-L, NiHgL, NiH,L,
NiHL, and NiL (Figure 9). The potentiometric study could be
not conducted at pH higher than 6 because of precipitation of
the complex. Thus, only side-chain binding may occur in the
species mentioned above. The pK, of 4.63 for NiH,L — NiHL
suggests binding of the third imidazole nitrogen to the Ni** ion
(Table 3). The pHG peptide forms only equimolar complexes
with Ni** at m/z 883.3 (for [NiL]**) and m/z 589.2 (for
[NiL]**) (Figure S8). The experimental and simulated ESI-MS
signals are in perfect agreement and all are equimolar. The
proposed binding modes are shown in Table 3.

Above pH 9 the complex was again soluble, allowing
spectroscopic studies to be conducted. The CD and UV—vis
spectra for the Ni** complexes suggest coordination of the
amide nitrogen at pH higher than 9.6. The absorbance
maximum at 420—500 nm in the UV—vis and CD spectra at
pH 10—11 (Figures 10 and 11) could be due to the
coordination of an amide nitrogen, resulting in the formation
of square-planar Ni** complexes.

Zn**—pHG Complexes. The formation of zinc complexes
starts at higher pH with respect to the copper and nickel ones
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Figure 9. Representative distribution diagram for the formation of
Ni**—pHG complexes at 25 °C and I = 0.1 mol-dm™ (KCl). Cy; = 4 X
10~* mol-dm™3; M:L molar ratio = 1:1.1.

Table 3. Proposed Binding Modes for Ni** complexes

species log p* pK, proposed donors
NiH,L 48.81(6) 2N,
NiHL 44.18(4) 463 3N,
NiH,L 34.04(4) 3N,
NiHL 17.44(3) 3N,
NiL 11.22(6) 622 3N,

“Standard deviations in the last figure are shown in parentheses.
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Figure 10. UV—vis absorption spectra at different pH values for the
Ni**—pHG system in an aqueous solution of HCl at I = 0.1 mol-dm™
(KCI) and 25 °C. Cy = 4 X 10~* mol-dm™3; M:L molar ratio = 1:1.1;

path length = 1 cm.
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Figure 11. CD spectra at different pH values for the Ni**—pHG
system in an aqueous solution of HCI at I = 0.1 mol-dm™ (KCI) and
25 °C. Cy; = 4 X 107* mol-dm™>; M:L molar ratio = 1:1.1; path length
=1 cm.
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Figure 12. Representative distribution diagram for the formation of
Zn* —pHG complexes at 25 °C and I = 0.1 mol-dm™ (KCl). C, = 4
% 107 mol-dm™; M:L molar ratio = 1:1.1.

Table 4. Formation Constants of Zn>*—pHG complexes at
25 °C and I = 0.1 mol-dm™ (KCl)

species log p* proposed donors
ZnH,L 4374(2) 3N,
ZnH,L 33.99(1) 3N,
ZnH,L 23.14(1) 3N,
ZnL 10.85(1) 3N,

“Standard deviations in the last figure are shown in parentheses.

(at pH 3.5). The potentiometric titrations were not possible at
pH above 6.5 because of precipitation (Figure 12). The Zn**
complex formation constants are shown in Table 4. The ESI-
MS measurements revealed the stoichiometry of the zinc
complexes, indicating that only equimolar species were present
in the solution (Figure S9). The similar stability constants for
particular species of Ni** and Zn>* may indicate similar binding
modes in these two cases. The first complex, ZnHgL, with
maximum concentration at pH 4.6, suggests that three
imidazole residues are coordinated to the zinc ion. The other
complexes can have the same coordination donors.

Effect of the Type of Divalent Metal lon on the Bond
Lengths of Metal-Imidazole Groups. To examine the
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effect of the type of the divalent metal ion on the metal—
imidazole bond length, we bound Zn** and Ni** to similar
binding sites as in the Cu**—pHG complexes as shown in
Figure 8. All of the studied metal ions bind to imidazole
nitrogens. The ranges of bond lengths are 1.865—2.098 A,
1.848—2.652 A, and 1.990—2.732 A for Ni**, Cu**, and Zn**,
respectively (Table 5). Interestingly, Cu** has the shortest
metal—peptide bond length (1.848 A) among all of the divalent
metal ions. Furthermore, the Cu**—imidazole bond lengths in
complexes B and C demonstrate a shorter average metal—
peptide bond compared with complex A. However, the
differences in the bond lengths are small. For Cu**—N(His),
the distance range is 1.848—2.652 A (Table S). In metal-
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Table 5. Metal Ion—N;,, Bond Distances (A) and Angles
(deg) Computed by DFT

distance/angle Ni** Cu*t Zn*
Complex A
M**—N(His9) 1.906 1.850 2.260
M**—N(His10) 2.098 2.652 2.104
M*—N(His11) 1.905 1.854 2.073
N(His9)—M**—N(His10) 98.6 100.4 89.5
N(His10)—M?**—N(His11) 94.6 86.8 89.7
N(His9)—M**—N(His11) 158.3 167.4 114.1
Complex B
M**~N(His7) 1.888 1.848 2.075
M**—N(His8) 1.865 1.871 2.027
N(His,)—M>*—N(His,,) 137.7 147.8 93.9
Complex C
M**—N(HisS) 1912 2230 2.096
M*—N(His7) 1.986 1.882 1.990
M**—N(His8) 1921 1.864 2732
N(HisS)—M*—N(His7) 102.4 103.2 90.2
N(His7)—M*—N(His8) 1022 156.4 91.8
N(HisS)—M*—N(His8) 155.0 100.4 177.2

loproteins, this distance is suggested to be 1.79—2.04 A.>” In
the MD and MC simulations, the most probable distances are
in the range 2.15—2.35 A (for an example, see Figure S10). The
distance observed in the MD and MC simulations is expected
to be higher than that listed in bioinorganic chemistry
textbooks, since the temperature at which the simulations
were performed was 310 K rather than 0 K. The metal—peptide
complex is dynamic and flexible and not a rigid, frozen
structure, and thus, it is expected that these distances are
slightly higher than the literature values.

As shown in above and in our previous work,"® the peptide
forms equimolar complexes with ions. The metal ion binds to
nitrogens from imidazole rings of histidine residues. The DFT
results show that analogous complexes with the divalent metal
ions Ni**, Cu?*, and Zn>* do not have dramatically different
metal—imidazole bond lengths and that these complexes have
similar structures. The backbone of the peptide and the binding
site do not change upon complexation of different ions. Our
previous work supports this observation.’”® The metal—
imidazole bond lengths in most cases correspond to the ionic
radii (Ni** < Cu®* < Zn?*),”” with the exception of open-shell
Cu?*, which makes shorter distances and the most effective
bonds in comparison with other investigated metal ions, as
previously shown by various experimental techniques.”’

The competition plot shows the ability of pHG to bind the
various divalent metal ions Cu®*, Ni**, and Zn** (Figure 13).
This plot indicates that the most effective binding occurs for
Cu?". The DFT calculations provide an interpretation of these
results that is related to the relatively short Cu**—imidazole
distances (compared with those for the two other metal ions),
which stabilize this complex.

The DFT calculations clearly show that for Cu?*, Ni**, and
Zn*" ions, the impact of metal exchange on the entire complex
structure is negligible. The complexes of all of these metal ions
have extended stabilizing networks of hydrogen bonds. All of
the complexes contain helical fragments with bifurcated
hydrogen bonds typical both for 3, helix and regular a-helix
structures.

Protection of the N-terminus of the peptide distinctly
decreases the binding ability of pHG compared with the N-
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Figure 13. Competition plot for Cu®, Ni**, and Zn** with pHG
peptide at pH values below those where precipitation of nickel and
zinc complexes occurs.

terminal amino nitrogen in the wild-type venom pHpG-1
peptide’ (Figure 14). This clearly indicates the involvement of
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Figure 14. Competition plot for Cu**~pHG and Cu**—pHpG-1°
complexes.

metal ion binding. Interestingly, the protected pHG peptide
studied here is a better ligand for Cu®* than the protected Hisg
peptide’ (Figure 15). This supports the involvement of three
imidazole nitrogens in the case of pHG. The results obtained
here indicate the high affinity for metal ion binding and the
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Figure 15. Competition plot for Cu’>*—pHG and Cu**—His,'
complexes.

DOI: 10.1021/acs.inorgchem.5b01029
Inorg. Chem. 2015, 54, 7692-7702


http://dx.doi.org/10.1021/acs.inorgchem.5b01029

Inorganic Chemistry

strong impact of metal ion coordination on the structure of
histidine tags. Also, in the case of Ni*" and Zn>' ions, the
coordination to a His tag is very effective, as seen in
comparisons with histidine-rich peptides (Figures 16 and 17).
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Figure 16. Competition plot for Ni“—pHG and Ni**—Ac-
THHHHAHGG-NH,®' complexes.

100 free Zn*

e
90

80

iﬁ

e ™ >

® Zn"'- pHG

g 60 P

8

2 504

5

‘-g 40

g 30

§ Zn*'- AGPVHTGHM HIGHTGHTGHTGSSGHG-NH,
T 204 N

0 =T T T T T 1
3.0 35 4.0 45 5.0 55 6.0

pH

Figure 17. Competition plot for Zn“—pHG and Zn**—Ac-PVH-
TGHMGHIGHTGHTGHTGSSGHG-NH,** complexes.

It should also be underlined that histidine tags serve as
polymorphic binding sites, allowing metal ions to move along
the peptide chain; such complexes form helical structures with
specific hydrogen-bonding networks.

B CONCLUSIONS

This work has demonstrated that divalent metal ions such as
Cu?*, Ni**, and Zn** can efficiently bind to the polyhistidine
fragment of pHG, a peptide derived from an African viper. CD
spectroscopy and computational studies showed that the
metal-pHG complex has an a-helical structure of a 3, helix
stabilized by a hydrogen-bonding network. Interestingly,
because there are multiple His residues along this pHG
peptide, the metal ions can bind in various domains along the
sequence and therefore form polymorphic states, similar to
those observed for a Hisq tag. In the present case, the peptide
has nine His residues and is thus able to exist in more
polymorphic states. Furthermore, while the Hiss tag showed a
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slight preference for an a-helix-like structure, the His,-
containing peptide studied in this work is a regular a-helix.
Future studies are necessary to examine whether the elongation
of the metal-bound poly-His tag may affect the formation of
secondary structures.
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