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Structure of Zinc and Nickel Histidine Complexes in
Solution Revealed by Molecular Dynamics and Raman

Optical Activity

Jana Hudecova,*™® Josef Kapitan,” Martin Dracinsky,” Pavel Michal,” Vaclav Profant,” and

Petr Boui*?!

Abstract: The histidine residue has an exceptional affinity for
metals, but solution structure of its complexes are difficult to
study. For zinc and nickel complexes, Raman and Raman
optical activity (ROA) spectroscopy methods to investigate
the link between spectral shapes and the geometry were
used. The spectra were recorded and interpreted on the basis
of ionic equilibria, molecular dynamics, ab initio molecular
dynamics, and density functional theory. For zwitterionic
histidine the dominant tautomer was determined by the

decomposition of experimental spectra into calculated sub-
spectra. An octahedral structure was found to prevail for the
ZnHis, complex in solution, in contrast to a tetrahedral
arrangement in the crystal phase. The solution geometry of
NiHis, is more similar to the octahedral structure found by X-
ray. The Raman and ROA structural determinations of metal
complexes are dependent on extensive computations, but
reveal unique information about the studied systems.

J

Introduction

Histidine is the most potent metal binder of all natural amino
acids. About 50% of all enzymes contain histidine residue at
their active sites”! The affinity for the metal is very much
supported by the imidazole ring containing two nitrogen
atoms. In monomeric histidine the amine and carboxyl groups
can also participate in the binding.” In aqueous solutions,
conformational and metal-binding studies of histidine are
complicated by its ability to form many protonated/deproto-
nated states including tautomeric forms of the ring. The binding
affinity thus strongly depends on pH and other environmental
factors. For example, different tautomeric histidine forms were
encountered in the same protein.”

In the present study we used computational chemistry,
Raman and Raman optical activity (ROA) spectroscopy to
understand histidine and its binding modes in zinc and nickel
complexes. The power of optical spectroscopies and methods
exploring optical activity for the characterization of histidine
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behavior has already been recognized.”” However, approximate
solvent models allowed for a limited reproduction of exper-
imental data. Better results were obtained by combination of
quantum and molecular mechanics (QM/MM) with a more
explicit inclusion of water molecules in the computations.” We
use this approach together with a decomposition of experimen-
tal spectra into calculated subspectra® to determine a domi-
nant tautomer of monomeric zwitterionic histidine in solution.
The QM/MM methodology based on classical molecular dynam-
ics (MD) cannot be used for the metal complexes, because of
the lack of reliable force fields describing the histidine-metal
interaction. Therefore, ab initio MD (AIMD) with density func-
tional theory (DFT) potential is applied to model the geometry
and its variation in time. As shown below, this approach allows
us to interpret the main spectral features and even determine
preferred structures of the complexes.

The monomeric molecule can exist in five possible proto-
nation states” where the charge varies from 2+ to 2—
(Scheme 1).

The neutral H,His’ and mononegative HHis™ further form
two tautomers, where either the nitrogen closer (N;) or farther
(Ng) from the CH, linkage is protonated. Soluble metal
complexes are not stable in extreme acidic or basic environ-
ments. Therefore, the H;His* and H,His® forms dominant within
pH 3.9-7.6 are most relevant for the complexation. They exist in
equilibrium with histidine bound to the metal (Figure 1).

pK, =18
<  HHis"

pK, =6.1
< HHis’

pK,=9.1 pK,=14.0
H, His™ < HHis & His”

Scheme 1. Protonation constants and the five possible forms of histidine.
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H,His"[Ne-H]

HsHis*

pH~3.9
H:His?[N-H]
pH~7.6

Figure 1. L-histidine forms prevailing at pH 3.9 (H;His™) and pH 7.6
(H,His’[Ng-H] and H,His[N.-H] tautomers); characteristic torsion angles y;
(Nom-Co-C-C,) and y, (C,-Cy-C,-N;) are indicated for H;His ™.

The populations of the tautomers are difficult to determine.
A 4:1 €:8 ratio was suggested on the basis of NMR
spectroscopy.”’ Even higher prevalence of the N.-H form was
predicted theoretically, with a stabilization energy of ~3 kcal/
mol.® The effect of the tautomerization on FTIR spectra was
discussed as well, with a limited success.” A novel conforma-
tional sampling methodology was used to interpret Raman and
ROA spectra.”! Although this led to reasonable spectra simu-
lations, the tautomeric ratio could not be determined.

Both nitrogens of the imidazole ring can coordinate to a
metal ion. In metalloproteins, N.-binding prevails.”’ Both nitro-
gens also participate in hydrogen bonding.'”™ The Ni** ion
prefers an octahedral arrangement of the ligands in proteins,
whereas in smaller complexes approximately planar square
geometry is about equally probable.®? Zinc as Zn?" prefers a
tetrahedral coordination in metalloproteins and an octahedral
arrangement in small-molecule crystals.®@ Note that large
metalloproteins can stabilize coordination geometries that
would be unstable with smaller ligands.

Binding to the metal changes conformation of the histidine,
presumably restricts its flexibility, and affects protonation
equilibria. X-ray studies revealed that the amino and carboxyl
groups can also coordinate to the metal and complexes are
formed in 1:2 metal/histidine ratios."” This ratio is also
consistent with our data obtained for the solutions. In
crystalline NiHis, the nickel atom lies on a two-fold axis and is
octahedrally coordinated to the amino nitrogen, imidazole N,
and carboxyl oxygen of each histidine.'”” For ZnHis, crystals the
coordination bonds form a distorted tetrahedron, connecting
Zn** with amino and imidazole &-nitrogens.™"

Apart from hoping to contribute to the knowledge of the
histidine-metal interactions, we also performed the present
study to broaden the application span of ROA. The spectro-
scopy detects a small difference in the scattering of right and
left circularly polarized light, and as such it was found
convenient not only to detect the absolute configuration," but
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also the conformation and small structural changes in small
molecules, peptides, proteins, saccharides and nucleic acids."”
For biologically-oriented assays, ROA offers a flexible technique
suitable for the natural aqueous environment, large scale of pH
and temperatures. However, studies of metal-containing mole-
cules often suffer from resonance, where samples absorbing the
excitation light may decompose or produce other unwanted
effects.”™ The interpretation of the spectra based on computer
simulations is complicated by system polarity, molecular
flexibility, absence of reliable MD force fields, and the complex-
ity of metal electronic systems.

Fortunately, the formation of zinc and nickel complexes is
clearly visible in the ROA spectra, where the histidine bands
typically become more intense and sharper. Also the effects of
the resonance are limited. Zn does not absorb the excitation
light (532 nm) significantly, and for Ni absorption of the light
does not prevent spectral interpretation in a pre-resonance
approximation. To build the computational and experimental
methodology, we analyze Raman and ROA spectra of H;His™,
both tautomeric forms of H,His’°, and the ZnHis, and NiHis,
complexes. It appears that ROA is clearly able to detect the
change of histidine conformation upon complexation, although
some spectral changes can be attributed to the direct
interaction with the metal. The spectroscopy also indicates
structural differences between the two metals and between the
crystal and solution structures.

Due to the fast (~fs) optical response of a molecule during
Raman/ROA scattering measured spectra are sums of spectra of
individual species in the sample.'"® This is different in NMR,
where the time scale is longer and often an average signal is
observed."” If “everything goes well”, we can fit an experimen-
tal spectrum with theoretical spectrum (S,) composed of
calculated subspectra of individual conformers (S)),

S =2 ¢S5 (1)

Conformer populations are then equal to the fitting
coefficients ¢, obeying the obvious conditions ¥, ;=1 and 0<
¢;<1. In real life, the results are often hampered by inaccuracy
of the calculations or even by unknown structure of the
conformers. Yet for model dipeptides we could calibrate the
Raman/ROA spectra decomposition against NMR, achieving an
accuracy in conformer population of ~5%. Only slightly
worse results were obtained for more polar and more flexible
molecules.®* Also in the present study this method with high
probability reveals conformer/tautomer ratios of histidine and
structure of the histidine metal complexes.

Results and Discussion

The Experimental Spectra: Raman and ROA spectra of H;His™,
H,His®, ZnHis, and NiHis, are summarized in Figure 2. The data
for H,His® are consistent with a previous report,” so are the
differences in Raman spectra of H;His™ and H,His."® Note that
no form of histidine can be obtained in a pure state. For
example, at pH 7.6 the sample contains about 94% of H,His’,

© 2022 Wiley-VCH GmbH
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Figure 2. Experimental Raman (I +/,) and ROA (Is-l,) spectra of H;His™, H,His®, and ZnHis, and NiHis, complexes, L-enantiomers. The spectra were normalized
to the histidine concentration, system pH is indicated, region below 180 cm™" is plotted in a different scale for better visibility.

but also 3% of HHis™ and 3% of H;His™, which explains the
small Raman peak at 1633 cm™' visible also for H,His’. The
purity of H;His™ at pH 3.9 is higher, ~99%. More Raman spectra
for pH values within 1-13 can be seen in Figure S1; an analysis
(Figure S2, ref. [19]) of this titration provided spectra of other
histidine forms and protonation constants (pK;=1.8, pK,=6.1,
pK;=9.1) that agree well with previously published values
(pK, = 1.8, pK,=6.0, pK;=9.2).% Similar titrations and analyses
were performed for the complexes, indicating their stability and
purity at given pH (Figures S3-54).

For H,His’, the 1574cm™" Raman band indicates the e-
tautomer.” Other, less specific markers of this form are bands
at 1286 and 1323 cm™'. A simultaneous presence of the &-
tautomer may be deduced from the 1357 cm™ band and the
1268 cm™' and 1588 cm™' shoulders. In the complexes, apart
from other changes, the position of the C=C stretching Raman
band shifts to 1584 cm™' for ZnHis, and 1572 cm™' for NiHis,,
and a new band appears at 1277/1274 cm™'. This means that
the metal is bound through N, and N, is protonated,”” as in
crystalline ZnHis,” and NiHis,.'?

Also the histidine ROA spectra are consistent with previous
reports.** In addition, low-frequency ROA is observed, such as
the strong negative bands at 93/89 cm™' for H;His™/H,His’.
Similar low-frequency vibrational optical activity has been

Chem. Eur. J. 2022, 28, €202202045 (3 of 8)

observed, for example, for polyalanine®® and a nitrile®”
molecule; in the latter case it was assigned to a motion of
whole molecules.

For the metal complexes, we can immediately see that the
ROA signal is on average stronger and the bands are better
resolved than for bare histidine. For example, the negative
signal of free histidines splits into three (Zn, 78(-),
121(+),159(—) cm™") or two (Ni, 77(—), 123(+) cm™') bands, and
the signal around 240 cm™' changes sign. The most striking is
perhaps the about 4 x increase of intensity of the signal around
1430 cm™', forming the 1418(—)/1444(+)(Zn) and 1419(-)/
1446(+) (Ni) couplets in the complexes. The similarity of Raman
and ROA spectra of the zinc and nickel samples suggests that
the geometries of the histidine ligands might be similar, too.
On the other hand, within 300-800 cm™' the nickel complex
almost does not provide measurable signal, while ROA of the
zinc one is well-developed, and smaller differences exist across
the entire region of wavenumbers. A more detailed vibrational
assignment is provided in Table S1.

Histidine MD: To understand the observations in terms of
the structure, we performed a set of simulations. For H;His™
and two tautomers of H,His® it was possible to explore the
whole conformational space spanned by the y; and y, torsion
angles. The dependence of the free energy on the angles as

© 2022 Wiley-VCH GmbH
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Figure 3. Dependence of the free energy on the y; and y, angles for
protonated (H;His ") and zwitterionic (H,His’[N,-H1, H,His’[N.-H]) histidine, as
obtained by WHAM-MD. The dots indicate clusters used in spectra averaging,
examples of the conformer classes (A—F) are shown for H;His" (cf. Figure S5
for H,His").
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Figure 4. Simulated and experimental Raman and ROA spectra of H;His*.
Computed wavenumbers are scaled as 0.968 x m + 18.2, the spectra are
normalized to Raman integral intensities, and the “similarity index” o to the
experiment is indicated.
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obtained by the WHAM method is shown in Figure 3, and is
consistent with previous theoretical works.**® For all forms at
least 7 local energy minima are predicted, their coordinates
together with single-point B3LYP/6-31 4 + G**/PCM geometries
for H;His™ and H,His® tautomers are listed in Table S2. The
B3LYP results are in a rough agreement with MD; based on the
previous experience we consider the MD structures to be more
reliable, because of the strong interaction of the solute with the
water molecules.””

Calculated H;His*™ Spectra: In Figure 4 the MD-averaged
spectra and a fit from calculated conformers A-F are compared
to Raman and ROA experiment. For Raman, the theory matches
the experiment almost perfectly. Bigger discrepancies appear
for ROA, which reflects the bigger sensitivity of this spectro-
scopy to molecular conformation and computational inaccura-
cies. Yet also here the principal character of the experimental
shape is reproduced, such as the 386 cm™' positive band, the
w-shape features around 950 cm™' and within 1279-1370 cm™".
Very problematic is the region around 1439 cm™' where one of
the four strongest positive experimental bands is not repro-
duced, even for the fitted combination of the conformers. We
explain this by an error of the MD force field and a high density
of different vibrational transitions in this region (CH, NH
bending, (=0, (=N, and C=C stretching), frequencies of which
are reproduced by DFT with different precision.

The fitted curves are obviously closer to the experiment
than the plain average MD results. Spectra of individual
conformers are plotted in Figure S6, conformer populations are
listed in Table 1. The correct conformer averaging is crucial to
interpret the experiment. For example, the resultant ROA
spectrum is about two times weaker (in terms of average ROA/
Raman ratios) than the spectra of individual conformers, already
obtained as averages of 50 clusters. As expected, the DFT
conformer populations are quite unrealistic, due to the over-
estimation of the effect of intramolecular hydrogen bonds and
inadequacy of the PCM solvent model for the histidine-water
interactions.™®' The Raman populations only approximately
follow the ROA ones; we consider the ROA data more reliable,
as they are more sensitive to geometry differences. Because of
the previous experience®® and a slight dependence of the
results on the interval of wavenumbers used for the decom-
position, we estimate the error of experimental conformer
populations within 5-15%. This appears sufficient to say that

Table 1. Relative conformer populations (in %) of H,His*, from DFT
(B3LYP/6-31 + + G**/PCM), WHAM-MD, and Raman and ROA spectra fit.
Conformer® DFT MD Raman ROA

A, 0 15 4 18

A, - 5 21 9

B 2 9 32 15

C, 98 17 0 4

(o - 13 0 0

D 0 26 11 14

E 0 8 16 36

F 0 6 16 4

i Definition in Figure 3 and Table S2.

© 2022 Wiley-VCH GmbH

85U80]7 SUOWILIOD BAIER.D 8|qed![dde aLp Aq peusenob ae S9ile YO 8Sn JO Sa|NJ 10} A%eud1 78Ul UO A8]1M UO (SUORIPUOO-PUE-SWLBY W0 A8 | 1M ARIq 1 BUIUO//SANY) SUORIPUOD pue SWe 1 8y 89S ' [£202/20/80] U0 AkiqiTauliuo A8|Im ‘Ansiweyd oweblo Jo aimisul Aq G#0202202 Weyd/z00T 0T/10p/uod Ae i Ar.q1jpujuoadoune-Aisiweyo;/sdny woy papeojumod ‘65 ‘Z§0z ‘S92ET2ST



Chemistry

Research Article Europe
Chemistry—A European Journal doi.org/10.1002/chem.202202045 Soueties Publahing
Ty P
the MD simulation overestimates the occurrence of the C;, C, oy gogo SEBREE ZnHis, 538823

<
2
I
T

430
565
=-+1652
894
1020

and D conformers, while it underestimates the population of E.

H,His® Tautomers: For the zwitterionic histidine, calculated
spectra of both tautomers, a fit, and the experimental spectra
are plotted in Figure 5. Currently, we do not have a reliable
theoretical method to determine relative energies of the € and
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Figure 6. Calculated Raman and ROA spectra of four ZnHis, geometries
(Figure 8), a fit, and the experiment.

(I, +1)x10°

O tautomers. The B3LYP/6-311 + + G**/PCM calculation predicts
that the e-tautomer is favored a lot, by 3 kcal/mol, which about
agrees with previous data, although the 4:1 €:0 ratio
corresponding to a smaller energy difference was deduced
from experiment.”® The decomposition of the experimental
spectra into subspectra of all calculated H,His® forms (Figures S7
g and S8, Table 2, definition of the conformers in Table S2.)
Al indicates a more even distribution, from about 2:1 (Raman) to
2:3 (ROA). The spectra reflect the mixture; the three Raman
bands within 1400-1500 cm™" are better reproduced by the €
form, but the region around 1300 cm™ is better explained by
an € and O combination, etc. In ROA, a bigger presence of d is
indicated, for example, by the relatively low intensity of the
381 cm™' band. The combined spectroscopic/computational
method thus reveals the potential to determine the tautomer
ratio in solution, in spite of the relatively large uncertainty of
the current decomposition.

ZnHis, Structure is Octahedral: The spectra of different
ZnHis, structures are compared with the fit and the experiment
in Figure 6. Overall, the modeling seems to be more realistic

. . . . than for the free histidine forms, presumably because of the
400 800 1200 1600 limited flexibility of the complex. The more numerous bands
and higher ROA signal observed in the complex as opposed to
free histidine (Figure 2) are reproduced, with mostly correct
Figure 5. H,His® Raman and ROA spectra, simulation from MD snapshots for signs and relative intensities of the ROA bands if the four
both tautomers, a fit, and experiment. structures are combined to a fit. Visually, structure Ill gives ROA

392
662
852
1072
1286
1347

Wavenumber / cm’

Table 2. Relative conformer and € and & tautomer populations (%) of H,His’, from Raman and ROA spectra fit.
Conformer Raman ROA Conformer Raman ROA
€ o
A 10 21 A, 9 0
B 14 4 A, 6 14
C, 10 10 B 5 0
C, 14 5 C, 0 3
D 0 0 G, 8 0
E 16 1 D 0 1
F 0 0 E 1 21
- - - F, 6 10
- - - F, 0 9
Sum 64 41 36 59
Chem. Eur. J. 2022, 28, €202202045 (5 of 8) © 2022 Wiley-VCH GmbH
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Table 3. ZnHis, and NiHis, conformer populations as obtained by the fit of the experimental spectra with the simulated curves.

Conformer Raman ROA Conformer Raman ROA
ZnHis, NiHis,

| 53 40 1@ 55 27

1l 22 21 1} 45 47
1 22 18 1l 0 26
Ve 3 21 Ve - -

@l crystal geometry, ™ unstable during AIMD.

spectra very different from the experiment, with a strong
positive band at 1329 cm™' spectral region. This is reflected in
its low percentage obtained by the decomposition (Table 3).
We can thus see that the tetrahedral conformation found in the
crystal (IV) is rather a minor form of the complex in solution,

1080
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2%1
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1505

1444
-e-fis72
4

o

&

© ®
2 =
] &

1600

400 800 1200 1600 400 800 1200

Wavenumber / cm”' Wavenumber /cm”

Figure 7. Calculated Raman and ROA spectra of three NiHis, geometries
(Figure 8), a fit, and the experiment.

1
trans-imidazoles Ny

Figure 8. Starting AIMD geometries for the MHis, complexes, |-l are
octahedral structures named according to the groups in approximate trans
positions, and IV is a tetrahedral geometry. Crystal structure corresponds to
IV for ZnHis, and to | for NiHis,.
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where the octahedral structure | prevails. The most prominent
ROA feature is the 1418(—)/1444(+) couplet. Its intensity is at
least three times higher than for other bands, and it originates
in CH, scissoring combined with NH, twist, and C=0 stretching.

The NiHis, Complex: For NiHis,, the measurement was
complicated by a relatively intense absorption at 532 nm (full
absorption and ECD spectra are plotted in Figure S9) and a
lower power of the excitation radiation had to be used. The
absorption, resonance of the excitation energy with electronic
transitions of the complex, also made it more difficult to
average the spectra simulated for individual MD snapshots. In
this case clusters where the laser excitation frequency was too
close to an electronic transition energy gave extremely high
Raman and ROA intensities and were omitted from the
calculations. We thus model a pre-resonance situation,"*” where
the excitation frequency is close, but not equal to an electronic
energy. The simulated spectra, a fit and the experimental
spectra are plotted in Figure 7. During AIMD, only the
octahedral structures (I-lll, Figure 8) were stable. According to
the Raman fit predicting 55% of conformer | (Table 3), the
crystal “x-ray” geometry""? is preferred in the solution, while the
ROA spectra decomposition gives 27% of this form. This
instability of the decomposition results may be related to error
of the simulated intensities calculated in the pre-resonance
approximation.””? Unlike for the zinc complex, the populations
also more depend on the spectral interval where the spectra
decomposition is done (by default 300-1800 cm™" was used),
again indicating larger errors in calculated intensities.

Other Complex Geometries: The 2:1 histidine/metal ratio is
consistent with the experimental and theoretical data, and with
a titration analysis where the ratio was changed in the
experiment. The spectra clearly show that histidine changes its
conformation upon binding. Computationally, we explored also
1:1 ratios with bidental metal binding (involving combinations
of the amine, carboxyl and ring nitrogens); resultant spectra,
however, did not indicate that such complexes would be
present in the measured samples. We cannot exclude presence
of larger complex aggregates, as the Raman and ROA technique
does not capture weak long-range interactions.”® However,
their presence is harder to deal with theoretically and was not
investigated here.

© 2022 Wiley-VCH GmbH
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Conclusion

We have recorded and analyzed Raman and ROA spectra of two
histidine forms, and histidine zinc and nickel complexes, to get an
insight into the geometry and broaden the application span of the
vibrational optical activity. The monomeric histidine was found to
be quite flexible, many conformers needed to be included to
reproduce the experiment by calculations, and ROA bands were
relatively weak and broad. The complexation with the metals
provided stronger and better resolved bands. The computations
suffered from the limited precision of the simulated spectral
intensities, nevertheless they were accurate enough to indicate
prevalent forms of the studied compounds in the solutions. For
H,His™ they indicated a significant drawback of the MD Amber03/
TIP3P force field, predicting an unreasonable distribution of the
conformers. For H,His® a more even distribution between the €
and O-tautomers was found than in previous studies. The
combined Raman/ROA/AIMD/DFT methodology also provided
important information on the conformer distribution of the metal
complexes; in particular the most abundant ZnHis, conformer in
the solution was found to differ from the crystal structure. In spite
of the computational effort that needs to be conducted for the
interpretation we find that the Raman and ROA spectra provide
extremely useful information about the solution geometry that
cannot be obtained by other means.

Experimental Section

Sample Preparation: Commercial chemicals were used (L-His: Fluka
53320, pb-His: Sigma-Aldrich H3751, ZnCl,: Sigma-Aldrich 229997,
NiCl,.6H,0: Sigma-Aldrich 223387, 1 N NaOH: Sigma H9892-100 ml,
1 N HCl: Sigma S2770-100 ml), pH was measured with a Thermo
Orion™ microglass electrode. Titration experiments with histidine
were carried out by mixing two 0.2 M His solutions, in 0.4 M HCl
and in 0.4 M NaOH. For the complexes, 0.2 M histidine and 0.1 M
Zn®" or Ni** concentrations were used. For Zn?", pH was adjusted
directly by 04 M HCl or 0.2 M NaOH; at pH>7.7 the samples
became milky and were not measurable. For Ni**, to avoid
preliminary precipitation, 60 ul of dissolved HCl or NaOH was added
to 200 pl of the His/Ni>* mixture (pH~4.3); pH values within 1.9~
12,5 could thus be achieved. The samples were measured
immediately after preparation.

The protonation states of histidine and its complexes at a given pH
were estimated using the ChemEQL program® and complex stability
constants from ref. [30]. According to ChemEQL, the desired ZnHis,
complex is favored within pH 8-11, NiHis, is present for pH> 8. This
was confirmed by Raman spectra of both complexes, reasonably
stable at pH>8. The H,His® and H,His* forms were obtained by
dissolving 0.2 M histidine in deionized water or 0.2 M HCl, respectively.
A factor analysis®” of Raman spectra combined with acido-basic
relations”” confirmed that at pH 7.6 94% of histidine was present as
H,His® and at pH 3.9 99% was present as H;His ™.

Spectra Measurement: Raman and ROA spectra were acquired on
an ROA spectrometer developed at Palacky University Olomouc.*
H,His®, H;His™ and the zinc complexes were measured at 25°C in a
rectangular fused silica cell (~70 pL volume). The spectral inten-
sities are given in units of detected photoelectrons per frequency
interval and per excitation energy (cmlJ™'). The backscattering
geometry and scattered circular polarization (SCP) modulation was
used, with 532 nm laser excitation, 6 cm™' resolution, 675 mW laser
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power at the sample, and 14 h (H,His’, H;His") and 25 h (ZnHis,)
acquisition times. For the nickel samples the laser power was
162 mW and acquisition time 14.6 h. For the ECD-Raman correction,
absorption was measured within 240-800 nm by a Jasco V-760
spectrometer, and ECD was measured within 300-800 nm using a J-
815 (ECD) spectrometer (Figure S9). Raw ROA spectra of the NiHis,
complex were corrected for the ECD-Raman effect,””*? Raman
signal of water was subtracted and baseline corrected.” Idealized
ROA spectra obtained as an average “(D-1)/2” from both enantiom-
ers are presented, original spectra are provided in the Supporting
Information (Figure S10).

Molecular Dynamics (MD) and DFT: MD was performed within the
Amber14 program.”® Histidine and 262 water molecules were
placed in a (20 A)® cubic box; for HyHis*, the CI~ counterion was
added, 1fs integration step, the Amber03 (TIP3P for water) force
field, NVT ensemble and temperature of 300 K were applied. For a
control, free MD was run. For a better exploration of the molecular
conformational space, constrained MD (weighted histogram analy-
sis method; WHAM)®*! was performed, where the ¥, and 7, angles
were changed from —180° to 180° in 36° increments. For simplicity,
we classify the conformations - minima of the free energy - by
bold letters, A with (x;,x,) ~(60°, —90°), B (60°,90°), C (180°,—90°), D
(180°,90°), E (—60°,—90°) and F (—60°,90°). In some cases also sub-
conformers were distinguished; conformer populations were ob-
tained by integration over relevant coordinate areas. For each
conformer class, 50 snapshots were selected during a restrained
MD and their spectra averaged. In the snapshots, only water
molecules hydrogen-bonded and closer than 3.6 A to the histidine
were kept for the spectral computations.

At the DFT level, the snapshots/clusters were partially optimized in
the vibrational normal mode coordinates;*® modes below 200 cm™
were fixed. The Gaussian program® was used for the quantum
mechanics performed using the B3LYP/6-31+ + G**(solute)/6-
31G(solvent) method, distant solvent was simulated by the PCM®®
model. After the optimization, Raman and ROA intensities were
calculated at the same level. For spectra generation, water polar-
izabilities were set to zero, and Lorentzian peaks with 10 cm™' full
width at half maximum were used.

Ab Initio Molecular Dynamics (AIMD): AIMD was performed for the
ZnHis, and NiHis,complexes within the Castep program,®*¥ using
the generalized gradient approximation (GGA) functional PBE“” an
NVT ensemble, temperature of 298 K, Langevin thermostat, 0.5 fs
integration time step, ultrasoft pseudopotentials,“" (12.4 A)* box
containing the complex and water molecules, and plane wave
cutoff energy of 300 eV. Integrals were taken over the Brillouin
zone using a single k-point sampling grid.“? The atomic positions
were optimized by energy minimization prior to the MD runs. AIMD
allowed us to run short simulations only. Therefore several starting
geometries (Figure 8) were formed beforehand, and ~6 ps simu-
lations were performed for each, to investigate the stability,
determine possible structures of the complex, its flexibility,
structure of the first solvation sphere, and to generate about
50 clusters processed for the spectra computations as before. The
starting geometries and selected structural parameters are provided
in Tables S3-S5. We also experimented with 1:1 His/Zn complexes;
however, no indication was found that these would be needed to
explain the experimental observations indicating the 2:1 ratio.

Comparison to Experiment and Spectral Decomposition: For the
decomposition (Eq. (1)) we maximized the “similarity index” o
between theoretical S, and experimental S, spectra,”’

oz/SeS,dw(/ Sezda)/Srzdw)’”z )
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The integration comprised 300-1800 cm™
were scaled as w’=aw + b, where a=0.968 and b=18.2 cm

, calculated frequencies
-1
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