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Abstract. Metallated gas-phase structures consisting of a deprotonated and an intact histidine (His)
ligand, yielding M(His-H)(His)" where M = Zn and Cd, were examined with infrared multiple
photon dissociation (IRMPD) action spectroscopy utilizing light from a free-electron laser (FEL).
In parallel, quantum chemical calculations identified several low-energy isomers for each
complex. Experimental action spectra were compared to linear spectra calculated at the B3LYP
level of theory, using the 6-311+G(d,p) and def2-TZVP basis sets for the zinc and cadmium
complexes, respectively. For both the Zn and Cd species, definitive assignment is complicated by
conflicting relative energetics, which were calculated at B3LYP, B3LYP-GD3BJ, B3P86, and
MP2(full) levels. Spectral comparison for both species indicates that the dominant conformation,
[Ng,Nz,CO][CO2 ](NzH"), has the deprotonated His chelating the metal at the amine nitrogen, &
nitrogen of the imidazole ring, and the deprotonated carbonyl oxygen and the intact His ligand
adopts a salt-bridge bidentate binding motif, coordinating the metal with both carboxylate
oxygens. There is also evidence for a conformation where the deprotonated His coordination is
maintained, but the intact His ligand adopts a more canonical structure, coordinating with the metal

atom at the amine nitrogen and & nitrogen, [N, Nz, CO ][No,Nz]gtgg. For both metallated species,



B3LYP, B3P86, and B3LYP-GD3BJ levels of theory appear to describe the relative stability of

the dominant zwitterionic species more accurately than the MP2(full) level.

Introduction

Zinc is found to play a significant role in both the structure and utility of proteins, where it
acts to catalyze metabolic pathways, synthesize macromolecules, induce DNA repair, and stabilize
protein folding.! One class of zinc-containing macromolecules is the zinc finger proteins, where
the classic binding motif has the zinc directly coordinated to two cysteine residues and two
histidine (His) residues, as found in transcription factor IIIA.? Estimates suggest that 1% of all
mammalian genes encode zinc finger proteins, and these proteins play a role in mediating protein-
protein interaction, protein folding, and cell-signaling.? Zinc also promotes the aggregation of
histidine-rich amyloid-B-peptides (Ap), which are a major pathological event in Alzheimer’s
disease.*> This promotion is a result of zinc’s favorable interaction with histidine, and the ability
to cross-link the peptide through intermolecular His(N:)-Zn**-His(N:) bridges.®*

One strategy to examine the interactions between metals and proteins is to simplify the
complex being observed by chelating the metal ion to the relevant amino acids. This biomimetic
complex, in the absence of solvent effects, can be interrogated to enhance our understanding of the
more complicated biological systems.’ In the present work, the zinc dication was simultaneously
complexed with a deprotonated histidine (His-H)™ and an intact histidine (His) ligand. The identity
of the metal ion is an important consideration, and as such, the analogous cadmium complex,
Cd(His-H)(His)", was also investigated. Zinc and cadmium are closely related Group 12 metals
that share valence electronic configurations and oxidation states (+2), and have similar ionic radii
(Zn**, 0.60 A; Cd*", 0.78 A).!° Cadmium has been shown to replace zinc in zinc finger motifs,
which inhibits the activity of the active metal site. Here, infrared multiple photon dissociation
(IRMPD) action spectroscopy was used to examine the experimentally formed complexes of

Zn(His-H)(His)" and Cd(His-H)(His)". These action spectra were then compared to calculated



spectra for low-energy conformers to determine the most populated conformations present and
thus the binding character of these complexes. This investigation serves as an extension of earlier
studies investigating zinc and cadmium cationized amino acids: histidine monomer and dimer
(His),'! cysteine (Cys) and cysteine methyl ester (Cys-OMe),'? glutamine (Gln),'* serine (Ser),'*
asparagine (Asn),"® glutamic acid (Glu),'® aspartic acid (Asp),!” arginine (Arg),'® lysine (Lys),"

threonine (Thr),?° and methionine (Met).?!

Experimental and Computational Section

Materials and Synthesis

Precursors to the Zn(His-H)(His)" and Cd(His-H)(His)" complexes were formed using a
procedure adapted from the literature, and all materials were used as delivered and without further
purification.?? Briefly, an aqueous solution (6 mL) of L-histidine (0.3 mmol) and pyridine
(0.1mmol) was placed in a tube. Three mL of a metal salt solution (0.1 mmol), either zinc or
cadmium acetate, in ethanol was carefully layered on top. The tube was allowed to stand at room
temperature for approximately one week, resulting in the formation of a colorless, clear solution.
This literature procedure suggests that crystal formation is enhanced by the slow diffusion of the
reactants in this approach. Aliquots of a few pl of the stock solution were diluted with methanol

to sub-millimolar concentrations for analysis.

Mass Spectrometry and Photodissociation

Infrared experiments were performed at the Free Electron Laser for Infrared eXperiments
(FELIX) facility at Radboud University in Nijmegen, the Netherlands.?* IRMPD spectroscopy was
conducted using a quadrupole ion trap mass spectrometer (Bruker, Amazon Speed ETD), which
had been modified to allow optical access to the ion trap for coupling to the free-electron laser
(FEL).>* The Zn(His-H)(His)" and Cd(His-H)(His)" ions were generated using an electrospray
ionization (ESI) source from the prepared solutions. Trapped ions were then irradiated with light

from the FELIX laser over an approximate 580 — 1800 cm™' spectral range, where the bandwidth



of the laser is 0.5% of the central frequency. The laser operated at a 10 Hz macropulse repetition
rate with energy up to 114 mJ per pulse. Different laser attenuations were used, as indicated in the
figures, in order to ensure that saturation did not obscure spectral features while still allowing
weaker features to be observed. Unless otherwise noted, ions were irradiated with two
macropulses.

IRMPD spectra were produced by plotting the yield as the natural logarithm of the
photofragmentation yield, ¥ = -In[Z Ip /(X Ir + X Ip)], where Ir and Ip are the integrated intensities
of the precursor and fragment ion mass peaks as a function of the FEL laser frequency.? For the
Zn complex, precursor masses that were monitored included m/z 373, 374, 375, and 376, which
includes most isotopes of Zn, %*Zn (49.2%) along with contributions from *C, %Zn (27.7%), and
77n (4.0%). For the Cd complex, m/z 419, 420, 421, 422, and 423 were monitored, matching the
major isotopes of Cd: '°Cd (12.5%), '''Cd (12.8%), '>Cd (24.1%), ''*Cd (12.2%), and '*Cd
(28.8%). A linear correction was applied to the yield to account for frequency-dependent variation
in the IR laser pulse energy. These corrections are appropriate for this experiment because the
power dependence of the dissociation is practically linear until saturation occurs because of the

incoherent nature of the multiple photon process, a phenomenon well detailed in the literature.*

Computational Details

Low-lying conformers were determined using the Gaussian 16 suite of programs.?’ Initial
optimizations of the zinc-containing structures were done at the B3LYP/6-31G(d) level of theory
using the “loose” keyword to allow a large step size of 0.01 au and a root mean square force
constant of 0.0017 to aid convergence. Unique Zn>" complexes were then optimized further at the
B3LYP/6-311+G(d,p) level of theory. These optimized structures were used to generate the
cadmium containing species by simply replacing the zinc atom with a cadmium atom and
reoptimizing using the B3LYP/def2-TZVP basis set, which includes a small core (28 electron)
effective core potential (ECP) on the cadmium atom.?®?’ Both the def2-TZVP basis set and the

ECP were obtained from the EMSL basis set exchange.>® Vibrational frequencies obtained from



these optimized structures were scaled by 0.975 for comparison to IRMPD spectra in order to
account for known imprecisions in the calculated frequencies and anharmonicity of the vibrational
modes. To account for the finite laser bandwidth and unresolved rotational structure, a Gaussian
line shape (25 cm' FWHM) was used to broaden the calculated frequencies for comparison to the
IRMPD spectra.’! Previous work indicates that this combination of theory and scaling factors
provides an accurate description of the structural information for systems with a similar size and
makeup.“'m’ 16-2115

Single point energy (SPE) calculations of these optimized geometries were performed at
the B3LYP, B3P86, and MP2(full) (where full indicates correlation of all electrons, and
abbreviated as MP2 below) levels of theory using the 6-311+G(2d,2p) and def-TZVPP basis sets
for the zinc and cadmium containing species, respectively. Zero-point energy (ZPE) corrections
were applied to SPEs in order to provide 0K relative enthalpies. Thermal corrections were
calculated to obtain 298 K Gibbs energies by using the rigid rotor/harmonic oscillator
approximation with the calculated rotational constants and vibrational frequencies. When used for
ZPE and thermal corrections, vibrational frequencies were scaled by 0.989.32 To determine
whether the inclusion of dispersion forces affected the calculated geometries and energies, the

33-34 was also

B3LYP-GD3BJ level of theory, which includes a correction for empirical dispersion,
used to optimize the ion geometry. These structures were then used to calculate SPEs using the

larger basis sets detailed above and are included for comparison below.

Results and Discussion.
Nomenclature

Previous work has outlined the nomenclature used to identify these metallated amino acid
structures, as illustrated in Figure 1. Their metal-binding sites (No = amino nitrogen, N =
imidazole “pros” nitrogen, CO = carbonyl oxygen, CO>™ = both oxygens of a carboxylate) are
listed in square brackets, where the first and second sets of brackets indicate the coordination sites

of the deprotonated histidine and intact histidine ligands, respectively. If present, a negative sign



is placed next to metal-binding sites to indicate where deprotonation has occurred, or to indicate
the original location of a hydrogen atom in a zwitterionic structure. Zwitterions are further
identified by listing the location of the protonated site in parentheses after the brackets. When
necessary, the binding designation is followed by a description of the dihedral angles in the amino
acid conformations using c (cis, 0° - 45°), g (gauche, 45° - 135°), and t (trans, 135° - 180°). The
first letter describes the ZOCCC dihedral angle of the (His-H) ™ ligand starting at the oxygen closest
to the metal center. The three subsequent letters describe the ZHOCC, £OCCC, and £CCCC
dihedrals for the intact His ligand, starting at the terminal carboxylic acid hydrogen. When needed

for zinc species, + and — signs indicate whether the trans angle is positive or negative.

Relative Energies and Structures of Zn Complexes

Table 1 lists the single point enthalpies at 0 K and 298 K Gibbs energies calculated at the
B3LYP, B3LYP-GD3BJ, B3P86, and MP2 levels of theory relative to the lowest energy conformer
for the zinc complex. For the Zn(His-H)(His)" species, the three density functional theory (DFT)
approaches, B3LYP, B3LYP-GD3BJ, and B3P86, predict the ground structure (GS) to be
[Ne,Nz,CO][CO, ](NzH"), Figure 2. This pentadentate zwitterionic structure is characterized by
metal coordination with the (His-H) ligand at the backbone amine nitrogen, m nitrogen of the
imidazole ring, and the deprotonated carbonyl oxygen of the carboxylate. The intact His ligand
differs from the classical histidine structure in that the carboxylic acid proton has shifted to the
nitrogen, making it zwitterionic. This allows strong metal binding to both oxygen atoms of the
carboxylate group. The complex is stabilized by an inter-ligand hydrogen bond between the
hydrogen attached to the © nitrogen and the carboxylate oxygen coordinating with the metal cation
on the (His-H)™ ligand. MP2 theory places this structure ~5 kJ/mol above its GS.

The MP2 GS is [NgNz,CO][Ng,Nx]gtgg, Figure 2, which exhibits the same metal
coordination sites on the (His-H)™ ligand as the DFT GS. In contrast, the intact His ligand is more
“canonical” (not zwitterionic) and binds its amine and = nitrogen to the Zn ion. DFT approaches

predict this structure to be 2 — 16 kJ/mol higher in energy at 298 K than the GS conformer, Table



1. A similar structure, [Ng,Nz,CO J[Ng,Nz]gtgt, was also found, where the most significant
difference with the gtgg analogue is the relative orientation of the carboxylic acid moiety, which
allows an NoH*OC hydrogen bond in gtgt. This second conformer is predicted to be 5 — 13 kJ/mol
higher in energy than the GS and either ~3 kJ/mol below (B3LYP and B3P86) or 3 — 7 kJ/mol
above (B3LYP-GD3BJ and MP2) the gtgg analogue.

The hexadentate [N, Nz, CO ][Ng,Nz,CO] conformer was also identified, Figure 2, and is
characterized by metal coordination with the amine nitrogen, © nitrogen of the imidazole ring, and
the oxygen of the carboxylic acid for both the deprotonated and intact His ligands. Even though
this conformer has the metal coordinating with six overall sites, the energy is predicted to be 3 —
23 kJ/mol higher in energy than the five-coordinate GS. The relative energetics of the 5- and 6-
coordinate species are consistent with previous spectroscopic experiments that indicate Zn>" favors
a coordination number of 5.3 At 17 — 21 kJ/mol above the GS, another zwitterionic structure was
found, [N,Nz,CO ]J[CO2 ](NoH"), where the metal is bound to the same sites as the DFT GS, but
the proton on the intact histidine is attached to the amine nitrogen rather than Nx. This hydrogen
stabilizes the intact His ligand by hydrogen bonding with the & nitrogen of the imidazole ring.
Another structure similar to the DFT GS is [Ng,Nz,CO ][Ny, CO J(N-H"), 13 — 25 kJ/mol above
the GS. Here, the metal is bound to one oxygen and Na in the intact ligand rather than to both
carboxylate oxygens. In addition to these six lowest-lying structures, nine other structures were
found, as listed in Table 1 and shown in Figure S1. In all but one case, these exhibit four coordinate
complexation, such that they lie 15 — 108 kJ/mol above the GS at 298 K.

The six lowest energy structures display a narrow range of metal-ligand bond distances to
the coordination sites on the deprotonated histidine: Zn-Nz (2.03 —2.12 A), Zn-Ngy (2.11 —2.22 A),
and Zn-O (1.97 — 2.04 A). This is consistent with the observed binding motif assigned to all six of
these structures, [N, Nz, CO™]. In these same structures, the intact His ligand samples several
different conformations, and therefore reflects a broader range of metal-ligand bond distances.
When the coordination site is the amine nitrogen, the intact His ligand samples a similarly narrow

range of Zn-N, coordination distances (2.19 — 2.31 A), slightly longer than those seen in the



deprotonated ligand. For [CO2] coordination, nearly identical Zn-O bond distances of 1.95 and
1.96 A are observed for one of the two carboxylate oxygens, and the second Zn-O bond length is
2.49 and 3.02 A for the (N:H") and (N,H") species, respectively. This difference can be attributed
to the protonated N, group withdrawing electron density from the carboxylate oxygen via a
hydrogen bond. For the hexadentate [Ng,Nz,CO ][Ng,Nz,CO] structure, the Zn-N, and Zn-N,
distances are nearly identical in both ligands, whereas the Zn-O coordination distances are 2.04
and 2.89 A for the deprotonated and intact ligand, respectively. A full tabulation of the metal-

ligand distances of all structures can be found in Table 2

Relative Energies and Structures of Cd Complexes

Table 3 presents the relative energies for Cd(His-H)(His)" structures. The B3LYP and
B3P86 GS is [N¢,Nz,CO J[CO2 J(N:H"), which is a qualitatively similar structure to that of the
DFT GSs for the zinc system. The B3LYP-GD3BJ and MP2 levels of theory predict this structure
to be 3 — 10 kJ/mol higher in energy than the alternative GS found for this species,
[Ne, Nz, CO ][N, Nz]gtgg, which B3LYP and B3P86 place ~8 kJ/mol above the GS. The
[N, Nz, CO ][ Na,Nz,CO] hexadentate conformer is also low lying for the cadmium species at 4 —
15 kJ/mol above the GS. All complexes are similar to those shown for the Zn analogues in Figure
2.

In addition to [NgNzCO ][CO2 J(NH"), other zwitterionic species located for
Zn(His-H)(His)", [Ng,Nz,CO ][Na,CO J(N:H") and [N, Nz, CO ][CO2 J(N.H"), were also explored
for the Cd(His-H)(His)" systems. The [Ng,Nz,CO ][Ny, CO J(N:H") structure for Cd is 18 — 29
kJ/mol above the GS, which is only 4 — 10 kJ/mol higher in energy than the zinc analogue. In
contrast, for Cd, the [Ng,Nz,CO ][Nz,CO2 J(NoH") structure is now 51 — 60 kJ/mol above the GS,
an increase of 30 — 40 kJ/mol compared to the relative energies predicted for the zinc analogue.
This change in relative energies could be explained by the change in coordination between the two
structures. The zinc structure, [Ng,Nz,CO J[CO2 ](NoH"), has the metal center coordinating with

both carboxylate oxygens of the intact His ligand; however, when the metal center is changed to



cadmium, it also coordinates with Ny of the His ligand. To verify whether an analogous
hexadentate structure might exist for the zinc species, the cadmium center in this hexadentate
structure was replaced with zinc and recalculated. With a smaller basis set, 6-31G(d), the Zn center
maintains its coordination with the Ny site, which is consistent with the cadmium structure;
however, when optimizing with the 6-311+G(d,p) basis set, the N site swivels away from the zinc
center to form an energetically preferable hydrogen-bond with the NoHs" group.

Compared to the six lowest-lying Zn structures, the various conformers of Cd exhibit
similar binding motifs, but the metal-ligand bond distances associated with the deprotonated
histidine exhibit longer M-N; (by ~0.2 A), M-N,, (by ~0.3 A), and M-O (by ~0.2 A) bond distances.
These differences can be attributed to the different metal ionic radii (0.60 A for Zn** and 0.78 A
for Cd*").1% A full tabulation of metal-ligand bond distances for the Cd(His-H)(His)* conformers
can be found in Table 2.

Additional structures were also located for Cd(His-H)(His)" and can be found in Table 3,
with all structures shown in Figure S2. In general, for both the zinc and cadmium species, the
relative energies at the B3LYP and B3P86 levels are in accord but differ from those at the B3LYP-
GD3BJ and MP2 levels of theory, which agree reasonably well with one another. The relative
single point energies predicted by all four levels of theory trend similarly, but the B3LYP-GD3BJ
and MP2 predict lower energies than B3LYP and B3P86 for the lowest four conformers for
Zn(His-H)(His)" and the lowest three for the Cd(His-H)(His)". Because the GD3BJ empirical
dispersion was developed to handle long-range interactions, which are readily apparent in these
dimeric structures, it seems possible that the MP2 and B3LYP-GD3BJ values may more accurately

describe the relative energetics of each discrete conformer.

Comparison of Experimental and Theoretical Spectra: Zn(His-H)(His)"
Photodissociation of Zn(His-H)(His)" was monitored from 580 to 1800 cm™'. Parent ions
monitored included m/z 373, 374, 375, and 376 for most Zn isotopes. A variety of

photodissociation pathways were observed and correspond mainly to losses of H20, CO, CO2, and
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CsH7N3O (His — H20). A full list of product ions included in the yield calculation can be found in
the Supporting Information Table S1. The IRMPD action spectra presented here correspond to the
sum of all product ions as a function of laser wavelength. When comparing IRMPD spectra to the
theoretically derived spectra, it is essential to note that their intensities may deviate from one
another. Theoretical spectra assume a one-photon absorption process, whereas IRMPD
intrinsically requires the absorption of multiple IR photons of a resonant wavelength to induce
dissociation.

Figure 3 presents the IRMPD action spectrum of Zn(His-H)(His)" and comparisons to five
calculated spectra. Lists of the calculated frequencies and intensities can be found in the
Supporting Information Table S2. Major spectral features are centered at 1704, 1585, 1431, 1272,
1144, 1074, 836 (broad) and 596 cm™', with minor bands present at 1762, 1497, 1180, 1030, 920
(broad), and 664 cm™. The spectrum for the [Ng,Nz,CO ][CO2 (N:H") structure, the DFT GS,
reproduces most of the significant features of the experimental spectrum. Specifically bands at
1710 (uncoordinated CO stretch of (His-H)~ with minor contribution from NH stretch); 1627 and
1607 (NoH2 scissor), 1622 (N:H rock), 1595 (coordinated CO stretch of His); 1441 and 1446 (side-
chain CH; symmetric bend); 1301, 1289, 1277, and 1250 (CH and CH> motions along the backbone
and side-chain); 1143 (NoH> twist); 1066 and 1050 (CN.C imidazole stretch); 826 (N,H> bend of
His); 665 (N:H out-of-plane bend with minor contributions from N¢H> and uncoordinated CO
motions of (His-H)") and 660 (N:H out-of-plane bend of His); 598 and 583 cm™ (imidazole out-
of-plane bend). This structure also has a predicted band of modest intensity at 1354 cm’
(coordinated CO stretch of (His-H)™ with contributions from the backbone CH motion), which
could be the blue tail on the spectral feature observed at 1272 cm™. The hydrogen attached to the
intact His ligand Ny, a defining feature of this structure, is predicted to contribute to a band at 1052
cm™!, which also includes the out-of-plane NoH bending from the (His-H)~ ligand. Experimentally,
this narrow band appears at 1074 cm™'.

Probably the main discrepancies between these two spectra are that this calculated

spectrum lacks the experimentally observed intensity between 1510 and 1580 cm™ and at 1431
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cm’!. In previous studies of metallated amino acids, the NyH> scissor motion was observed at
frequencies lower than those predicted by 22 — 42 cm™, a consequence of this motion being
strongly anharmonic.!! 13-16:26.36-3912 Qych g shift in the NoH> scissor bands predicted at 1607 and
1627 cm™! would reproduce the intensity near 1560 — 1580 cm™ observed in the IRMPD spectrum.
Such anharmonic effects may also be needed to explain the strong experimental band centered at
1431 cm’!. If bands predicted at 1442 and 1447 (CHz bends) and minor bands at 1448 and 1456
cm™ (NH in-plane bend) were redshifted by ~20 cm™, they could match the experimental band
although with a lower intensity than observed. Previous work has shown that linear absorption
calculations may not account for the intensity of the bands located in this area.!!

To explore these anharmonic effects, additional anharmonic frequency calculations were
performed for imidazole and the [N, Nz, CO ][CO,2 ](N-H") structure at the B3LYP/6-311+G(d,p)
level (using the keyword “freq=anharmonic”). The imidazole calculation predicts a harmonic N:H
bending motion at 1430 cm™! with the anharmonic band redshifted to 1385 cm™. As hypothesized
above, this anharmonic shift is larger than for most other modes of the model molecule, although
the scaling factor often applied to harmonic calculations (0.975 in the present case) accounts for
much of this effect (1394 cm™! scaled harmonic frequency). The anharmonic calculation does not
indicate any significant change in the relative intensity of this band (16 vs. 14 km/mol).

Figure S3 compares the experimental IRMPD spectrum with the scaled harmonic and
unscaled anharmonic spectra calculated for the [Ng,Nz,CO ][CO2 J(N:H") structure. The two
spectra are fairly similar, although the anharmonic spectrum reproduces the width of the
experimental band at 1704 cm™! better. Interestingly, the four most intense anharmonic bands in
this region are combination bands arising from coupled NH> and CH motions (1719, 1697, and
1678 cm™) and coupled NHz and N H motions (1703 cm™). The uncoordinated CO stretch present
at 1710 cm™ in the scaled harmonic spectrum is found at 1725 cm™ but with only 2% of its
harmonic intensity. The series of anharmonic bands between 1550 and 1650 cm™ recreate the
experimental feature centered at 1585 cm™!, although shifted to somewhat higher frequencies. The

experimental band at 1431 cm™! remains poorly reproduced in both the harmonic and anharmonic
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spectra, and both still predict rather intense bands near 1360 cm’!, for which there is no
experimental evidence.

Figure 3 also presents a comparison between the IRMPD spectrum and the
[N, Nz, CO][Ng,Nx]gtgg conformer, the MP2 GS. The higher energy gtgt isomer has a similar
spectrum and is compared to the experimental IRMPD spectrum in the Supporting Information
Figure S4. Both species reproduce several features present in the experimental spectrum and,
except for the band at ~1760 cm™, are similar to the [Ng,Nz,COJ[CO2(N:H") calculated
spectrum, which is consistent with their largely similar binding motif on the (His-H)™ ligand. Both
[N, Nz, CO][Ng,Ny] structures predict a fairly intense band for the uncoordinated CO stretch on
the intact His ligand at 1759 (gtgg) and 1767 (gtgt) cm™', for which there is minor experimental
evidence. The observed IRMPD feature at 1762 cm™ could be indicative of a small population of
a [Ng,Nz,COJ[Ng,Nz] species. The main difference between the spectra of these two isomers is
the location of a moderately intense band (C-OH bending) at 1145 (gtgg) and 1157 (gtgt) cm™,
with the lower energy gtgg isomer agreeing better with the experimental band centered at 1139
cm’!. Again these structures do not reproduce the observed intensities near 1431 and 1570 cm™'.

An equilibrium distribution of conformers at 298 K indicates that the
[No,Nz,CO][CO2 ](NLH") is the dominant species (>99%) at the B3LYP and B3P86 levels of
theory. Populations of the [N, Nz, CO ][CO, J(NzH") and [Ng,Nz,CO ][N, Nz]gtgg conformers are
calculated to be 71 and 29%, respectively, at the B3LYP-GD3BJ level of theory and 11 and 89%,
respectively, at the MP2 level. Composite spectra using these percentages are compared to the
experimental spectra in the supplementary material (Figure S5). These comparisons are consistent
with the [Ng,NzCO J[CO2 ](NH") species being the dominant contributor to the IRMPD
spectrum, with a minor contribution from the [N, Nz, CO][No,Nz|gtgg conformer, as suggested by
the small band observed at 1765 cm'.

For completeness, Figure 3 also compares spectra for the hexadentate
[No,Nz,CO ][N, Nz,CO] and the zwitterionic [N¢,Nz,COJ[CO2 J(NoH") and [N¢,Nz,CO ][N, CO

J(NzH") conformers with the experimental action spectrum. The hexadentate conformer predicts
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an intense band at 1759 cm! as well as a doublet feature centered at 600 cm’!, neither of which are
meaningfully present in the experimental spectrum. Both zwitterionic conformers recreate the
intense features at 1704 and 1272 cm™!, but otherwise do not reproduce the experimental spectrum
as well as either [Ng,Nz,CO J[CO2 J(NzH") or [N, Nz, CO ][Nq,Nx]gtgg. In addition, these species
still do not reproduce the observed intensities near 1431 and 1570 cm™'. Further, the relative
energetics of both zwitterionic species are 17 — 21 and 13 — 25 kJ/mol higher in energy than either

GS, which suggests populations of both conformers are negligible.

Comparison of Experimental and Theoretical Spectra Cd(His-H)(His)"

Photodissociation of Cd(His-H)(His)" was monitored from 570 to 1800 cm’!, and the
results are shown in Figure 4. Parent ions monitored included m/z 419, 420, 421, 422, and 423,
which includes all major Cd isotopes. Observed dissociation pathways are similar to those
observed for the zinc species and are listed in the Supporting Information Table S1. Overall the
spectrum for Cd(His-H)(His)" is quite similar to that for the Zn complex, indicating similar binding
motifs. Major spectral features are found at 1696, 1562, 1433, 1286, 1140, 1071, and 1023 cm™,
with a broad band from 750 — 900 cm™ and another band peaking near the 570 cm™ cutoff. Figure
4 compares the experimental spectrum with those calculated for the five lowest energy
conformations. Lists of the calculated frequencies and intensities can be found in the Supporting
Information Table S3. The [Ng,Nz,CO ][COz J(NH") isomer (B3LYP and B3P86 GS) reproduces
several observed spectral features. Namely, predicted bands are found at 1681 (uncoordinated CO
stretch of (His-H)™ with a minor contribution from NzH stretch); 1628 and 1599 (NyH> scissor);
1623 (NzH rock); 1551 and 1383 (coordinated CO stretch of His); 1295 and 1282 (coordinated CO
stretch of His with CH and CH> motions along the backbone and side-chain); 1156 and 1146 (N.H>
twisting); and 1031 (out-of-plane N H> bending). Similar to the [Ng,Nz,CO ][CO, [(N-H") zinc
isomer, the band predicted at 1078 cm™ is indicative of a hydrogen bound to the Ny of the intact
His ligand, which agrees well with the sharp feature observed at 1071 cm™'. The anharmonic effects

leading to a red-shift in the bands associated with the N H2 scissor motion mentioned above would
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contribute to the broad spectral feature centered at 1562 cm™!, which is dominated by the predicted
band at 1551 cm™. The shoulder on this band at 1496 cm™ is reproduced by the C-N-C stretch
predicted for this conformer at 1494 cm™. As for the Zn analogue, the major band observed at
1433 cm! is not reproduced by this species, but again, redshifted bands predicted for backbone
CH: motions and N:H bends (1454 — 1437 cm™') may explain this observation.

[N, Nz, CO ][ Ng,Nz]gtgg, the GS at the B3LYP-GD3BJ and MP2 levels of theory, is also
compared to the experimental IRMPD spectrum in Figure 4. This conformation, unlike the
[No,Nz,CO][CO2 ](N:H") isomer, recreates the high frequency shoulder on the feature centered
at 1696 cm™! and is assigned to the uncoordinated CO stretch of the (His-H) ligand at 1755 cm™.
Other predicted bands are found at 1701 (uncoordinated CO stretch of His ligand); 1293
(coordinated CO and NyH> with minor contributions from backbone stretching); and 1027 cm™!
(NoH> out-of-plane wagging from His and (His-H)™ ligands). The bands predicted at 1143 and
1140 (C-OH bend, N H> twisting, and CN-C imidazole stretch) recreate the spectral feature at 1140

cm! very well.

The B3LYP-GD3BJ and MP2 basis sets also predict a low-lying (4 — 6 kJ/mol)
[No,Nz,CO ][N, N7,CO] isomer, which has a spectrum similar to that for the
[No,Nz,CO ][N, Nx]gtgg isomer with the addition of a more intense band at 997 cm™ (N.H. out-
of-plane wagging from His ligand). As seen in the zinc system, the spectrum for the gtgt isomer
was also found to be similar to that of gtgg and is shown in Figure S3. An equilibrium distribution
at 298 K of the [Ng,Nz,CO ][CO2 J(NzH"), [No,Nz,CO ][N, Nz]gtgg, and [Ng,Nz,CO ][Ng,Nz,CO]
species at the MP2 level predicts conformer populations of 2%, 85%, and 13%, respectively,
whereas B3LYP-GD3BJ predicts a distribution of 17%, 75%, and 8%, and B3LYP and B3P86
suggest 97%, 3%, <1% and 95%, 4%, and <1%, respectively. See Figure S6 for weighted spectra
compared to the experimental IRMPD spectrum.

Conformers [Nz, CO2 ][Na,Nz,CO] and [N¢,Nz,CO ][Ny, CO J(N-H") are also compared to
the experimental spectrum in Figure 4. The former species could only be a minor contributor to

experiment given its intense band at 1741 cm™!, but is unlikely because it lies 16 — 25 kJ/mol above
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either GS. As seen for the zinc system, [Ng,Nz,CO ][Ny, CO (NzH") is neither energetically
favorable, nor does it predict the IRMPD spectrum as well as the spectrum of the GS. Similar to
the Zn system, we conclude that [Ng,Nz,CO ][CO2 J(N-H") is the dominant species contributing
to the experimental spectrum, but minor contributions from the [N, Nz, CO ][Ng,Nz]gtgg and/or

[No,Nz,CO ][N, Nz,CO] conformers are suggested by the intensity observed at 1765 cm™.

Comparison to M(His-H)" and M?* (His)>

Previous IRMPD experiments by Hofstetter et al. have studied the metal-ligand
coordination of zinc and cadmium dications with a single deprotonated histidine (His-H)™ and two
intact histidine ligands over a similar wavelength range.!! Strong spectral evidence supports
tridentate [Ng,Nz,CO "] metal-ligand coordination for the M(His-H)" complexes. These complexes
are qualitatively similar to the low-lying conformations adopted by the (His-H)™ ligand of the
M(His-H)(His)" complexes examined here. The relative theoretical energies indicate that this is
the preferred binding motif of the (His-H)~ ligand for both Zn** and Cd*".

The structures that were calculated for the previously explored M?*(His). systems indicate
a preference by DFT levels of theory for one of the histidine ligands to exhibit a charge-solvated
(CS) structure while the other exhibits a salt-bridge (SB) conformation. In the present study, a
similar preference by DFT levels of theory is observed for M(His-H)(His)", with the exception
being that B3LYP-GD3BJ predicts a CS/CS structure for the Cd species. For both the metallated
dimer and M(His-H)(His)" systems, the MP2 level of theory indicates a strong preference for
CS/CS binding. The similarities between these two systems, especially in regards to the ligating
species and metal centers, mean it is not surprising that theory predicts very similar trends.

Spectral identification of the M?*(His)z system indicated that at least one of the His ligands
was in its canonical form, but whether the other His ligand adopted a zwitterionic conformation
was ambiguous. Relative theoretical energies calculated at the B3LYP and MP2 levels did not
indicate a clear preference for a specific structure. The Cd**(His)z spectrum seemed to agree best

with the identified hexadentate structure, which is similar to that of the [Ng,Nz,CO][Ng,Nz,CO]
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structure presented here (a possible contributor to the observed IRMPD spectrum for the
Cd(His-H)(His)" species). Interestingly, a comparison of the IRMPD spectra of the M**(His), and
M(His-H)(His)" species shows that the former species has several more bands than the latter across
the 600 — 1800 cm™' range. These additional bands contributed to the difficulty in assigning the
presence of specific conformers for the dimeric species, and are a result of mismatches in intensity,
anharmonic effects, multiple conformations present, or some combination of these effects, as
mentioned above. A similar investigation of the M?*(Trp). (M = Zn, Ca, Sr, Ba, Mn, Co, and Cd)
systems revealed evidence for one canonical and one zwitterionic ligand, whereas Ni**(Trp).
uniquely was identified to have both ligands in a canonical form.*>*! The identified M**(Trp)>
conformers did not exhibit intramolecular ligand coordination, as seen for the M(His-H)(His)"
species, which might be relevant in explaining earlier observations that zinc plays a role in the
aggregation of AP peptides.*>

Nair et al. also studied Zn*" complexed with two histidine amino acids using proton
NMR.* The Zn(His), complex was determined to adopt an octahedral-like, hexadentate structure,
where the Zn is bound to the Ng, Nz, and CO groups of both histidine amino acids. This type of
coordination would be similar to the [Ng,Nz,CO ][Ng,NzCO] structure found in the present
computational survey. The spectral comparison indicates that, at least in the gas-phase, this
structure 1s not a significant contributor to the observed species for the Zn species. The Cd(His-
H)(His)" species, on the other hand, has some spectral characteristics that indicate a possible
contribution from this hexadentate structure.
Relative Conformer Stability Predictions using DF'T Methods and MP2

From the above discussions, it is clear that the MP2 level of theory, combined with the
basis sets used here, appears to incorrectly predict the dominant conformations observed in the
IRMPD spectra for both metallated species. As we have now examined a fair number of
functionalized amino acids (eleven) complexed with Zn and Cd, it may be worth reviewing
whether there is a best level of theory to use for such complexes (as suggested by a referee). For

many of these systems (Cys,!? Met,?! Lys,!” Asp and Asp dimer,!” Asn," Glu,'® Gln,"* and one
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His ligand'"), both DFT and MP2 approaches predict the same ground structure, which then
accurately reproduces the observed IR spectra. In our study of Ser and Thr complexes,'* 2 all
levels of theory agreed for the CdCI'(Ser) complex, but for [Zn(Ser-H)ACN]" (where ACN =
acetonitrile), DFT predicted deprotonation at the hydroxyl side chain is preferred, whereas MP2
indicated the carboxylic acid was deprotonated. Spectral analysis indicated that both
conformations were present, but that the latter isomer dominated, consistent with the MP2
prediction. For the comparable [Zn(Thr-H)ACN]" complex, the additional methyl group shifts the
relative energies of the two deprotonation sites to favor the carboxylic acid, which is now predicted
to be the ground structure by B3LYP, B3LYP-GD3BJ, and MP2 (but not B3P86), and this species
is confirmed to be the correct ground state spectroscopically. For Arg,'® now all levels of theory
agree on the [Zn(Arg-H)]" ground structure, but the CdCI1"(Arg) spectrum is accurately predicted
by B3LYP-GD3BJ and MP2 levels, but not by B3LYP and B3P86 as these predict a zwitterionic
structure that may be present but is clearly not the dominant species formed experimentally.
Finally, although CdCI(His)", [Cd(His-H)]", and [Zn(His-H)]" complexes were accurately
predicted by both B3LYP and MP2 theory, predictions for the M?*(His), systems (discussed
above) differ between the two approaches, with MP2 greatly preferring a CS/CS structure and
B3LYP suggesting CS/SB ligation.!! As noted above, the complexity of these spectra did not allow
an unambiguous assignment, although the Cd*’(His), spectrum looked more like the CS/CS
spectrum (the MP2 ground structure) than the CS/SB spectrum and the Zn?"(His), spectrum was
very similar. Overall, it is clear that DFT and MP2 differ in their assessment of zwitterionic
stability, but it appears that the failure of MP2 to correctly predict the correct ground structure of
the M(His-H)(His)" systems is not a robust result. We believe it remains prudent to calculate
relative energies at the B3LYP (which B3P86 generally matches), B3LYP-GD3BJ, and MP2

levels of theory, although other approaches not considered here may also be useful.
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Conclusions

Action spectroscopy was used to measure the IRMPD spectra of M(His-H)(His)" (M = Zn
and Cd) from 580 — 1800 cm™'. The resultant spectra were compared with theoretical IR spectra
calculated at the B3LYP/6-311+G(d,p) and B3LYP/def2-TZVP levels for the Zn and Cd species,
respectively. Good agreement between theory and experiment was observed for the
Zn(His-H)(His)" complex, where the [Ng,Nz,CO J[CO2 J(N:H") structure predicts the
experimental spectrum well, with a small contribution from [Ng,Nz,CO ][N, Nz|gtgg likely. For
Cd(His-H)(His)", the [N¢,Nz,CO J[CO2 J(NH") explains the majority of the recorded spectrum,
with possible contributions from [Ng,Nz,CO™][Ng,Nx]gtgg and/or [Ng, Nz, CO][Ng,Nz,CO].

Overall, the theoretical methods described here disagree about the relative energetics of the
low-lying structures. All levels of theory indicate a tridentate [Ng,Nz,CO™] binding character for
the (His-H)™ ligand, independent of metal identity. For the Zn system, all four levels of theory
predicted a pentadentate GS, which is consistent with previous work that indicates Zn has a
coordination number of five.*® The DFT levels of theory indicate a preference for a zwitterionic
GS that is more consistent with experiment, whereas the MP2 level of theory predicts a canonical
GS. This difference is consistent with previous observations that MP2 disfavors zwitterionic
systems.!!- 18

For the Cd species, the B3LYP and B3P86 levels of theory predict a zwitterionic GS that
matches that of the Zn species, whereas the B3ALYP-GD3BJ and MP2 GS predict the canonical
structure, [Ng,Nz,CO ][Na,Nz]gtgg. This second structure was predicted to be the GS for both
metallated systems at the MP2 level of theory, and to be <4 kJ/mol higher at the B3LYP-GD3BJ
level of theory when metallated with Cd. Again, the DFT results are more consistent with
experiment. Spectral comparison indicates that the Cd system could potentially exhibit more
flexibility in favored coordination, where the presence of both a penta- and hexadentate ligation
could possibly explain the observed bands. To complete an analysis of the metal-binding

characteristics of the (His-H)(His) system, it would be worthwhile to expand to additional M(His-
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H)(His)" species to determine the spectral, energetic, and conformational preferences of this

histidine dimer system in regards to metal identity.

Supporting Information

Tables showing observed fragmentation products and IR vibrational frequencies and intensities of
low-lying conformers. Figures showing additional structures for Zn(His-H)(His)"
and Cd(His-H)(His)*, comparison of harmonic and anharmonic spectra for the Zn(His-H)(His)"
[No,Nz,CO][CO2 (NzH") structure, theoretical spectra for [Ng,NCO][N,,N]gtgt isomers
compared to IRMPD spectra for both metal systems, and composite spectra of theoretical conformer

distributions.
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Table 1. Relative Enthalpies (0 K) and Gibbs Energies (298 K) of Zn(His-H)(His)" Complexes

in kJ/mol“
Structure B3LYP B3LYP-GD3BJ® B3P86 MP2(full)
[No,Nz, CO][CO2 (N-H") 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 79 (5.1)
[N, Nz, CO][No,Nz]gtegg 12.8 (15.6) 0.7 (2.2) 9.7 (12.5) 0.0 (0.0)
[N, Nz, CO ][N, Nz]gtgt 14.4 (12.6) 9.0 (54) 11.6 (9.8) 11.1 (6.5)
[N, Nz, CO][Na,Nz,CO] 22,5 (22.8) 8.8 (7.7) 18.1 (18.4) 55 (3.1)
[N, Nz, CO][CO2 ](NH") 212 (20.7) 18.1 (20.8) 19.1 (18.7) 20.6 (17.4)
[Ne,Nz,CO [N, CO J(N:H") 227 (24.4) 112 (13.4) 19.0 (20.7) 20.1 (19.1)
[Nz,CO2 ][Ng,Nz] 264 (26.7) 193 (188) 272 (27.5) 174 (14.9)
[No, CO ][Na,Nr]ttgt 449 (374) 56.0 (46.4) 451 (37.6) 63.6 (534)
[CO27][Na, Nz,CO] 477 (45.9) 535 (50.2) 48.0 (46.2) 545 (49.9)
[CO2 ][Ng,Nz] 53.0 (50.7) 60.0 (56.6) 54.1 (51.8) 623 (57.2)
[N, CO ][Ne,Nx]tttt 512 (44.0) 623 (532) 514 (442) 70.2 (60.3)
[N, CO][Ne,Nx]gtgt 67.0 (643) 632 (59.8) 659 (63.2) 71.7 (66.2)
[No, CO™][Na,Nz]tcgt- 79.2 (72.2) 89.6 (80.3) 79.2 (72.2) 98.4 (88.7)
[No, CO][No,Nz]gcgt 98.6 (96.0) 93.8 (90.6) 97.1 (94.6) 103.3 (98.0)
[No, CO™][Ne,Nz]tcgt+ 974 (91.0) 107.2 (99.3) 975 (91.1) 117.2 (108.0)

“Relative single point enthalpies at 0 K and 298 K Gibbs energies (in parentheses) calculated at

the level of theory specified using a 6-311+G(2d,2p) basis set and B3LYP/6-311+G(d,p)

geometries and frequencies for ZPE and thermal corrections. > B3LYP-GD3BJ/6-311+G(2d,2p)

energies using B3LYP-GD3BJ/6-311+G(d,p) geometries and frequencies for ZPE and thermal

corrections.
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(His-H)~ His
Structure
M-N.”  M-N; M-O M-N,” M-N; M-O
Zn* [Ny, N, CO J[CO2 |(NH") 2.138 2.031 2.038 | 2.489°¢ 1.958
Zn*[Ng,N,,CO ][N,,N,]gtgg 2.152 2.099 2.039 2.305 2.065
Zn*" [Ny, N5, CO ][Ny, Ny]gtgt 2215 2.089 2.012 2.235 2.074
Zn* [N, Nz, CO ][Ny, N5, CO] 2.138 2.120 2.041 2.188 2.153 2.890
Zn* [Ny, N, CO J[CO2 [(NH) 2.113 2.030 1.974 | 3.016° 1.949
Zn** [Ng,Nr,CO [N, CO J(NH") 2.209 2.085 2.039 2.204 2.006
Zn* [N, CO2 ][Ng,N,] 2.878  2.058 1.941 2.129 2.030
Zn* [Ny, CO [N, Ny ]ttgt 2.055 1.926 2.117 2.020
Zn* [CO; ][N, N5,CO] 2.109°¢ 2.018 2.132 2.029 2.346
Zn*" [CO2 ][Ng,Nx] 2.052°¢ 2.051 2.082 1.985
Zn* [Ny, CO [N, Ny]tttt 2.053 1.930 2.123 2.017
Zn* [Ny, CO [N, Nr]gtgt 2.103 1.917 2.117 2.009
Zn* [Ny, CO ][N, Ne]tegt 2.055 1.923 2.117 2.025
Zn*" [Ng,CO [Ny, Ne]gegt 2.101 1.916 2.117 2.011
Zn%" [Ng,CO [Ny, Ny tegt 2.045 1.937 2.170 1.998
Cd** [Ng,Nz,CO[CO2 (NH") 2.364 2.265 2295 | 2.436° 2.208
Cd* [Ng,Nz,CO ][N, Nr]gtgg 2.368 2.970 2227 2.464 2.284
Cd** [Ng,Nz,CO][Ng,Nz,CO] 2.346 2.351 2216 2416 2.336 2.767
Cd* [Ng,Nz,CO ][Ng,Nz]gtgt 2.379 2.300 2.216 2435 2.269
Cd** [Nz,CO2 1[Ng,Nz,CO] 2.499¢ 2305 2.238 2.404 2.275 2.828
Cd*" [Ng,Nz,CO ][Ny, CO J(NH") 2.373 2.299 2.286 2.407 2.195
Cd* [Nz,CO ][Ny, N7,CO] 2.884¢ 2354 2.137 2.404 2.270 2.703
Cd** [Ng,Nz,CO][Ng,Nz]gegt 2.383 2.283 2.240 2.448 2.260
Cd*" [Nz ,CO |[Ng,Nq] 2736 2301 2.160 2.380 2.229
Cd* [Nz ,CO2 ][Ng,Nx] 2.327¢ 2336 2.305 2.399 2.242
Cd** [CO2 ][Ne,Nx] 2.248°¢ 2.244 2.330 2.199
Cd* [Ng, N, CO ][Nz, CO2 J(N.HY)  2.386 2.269 2.197 | 3.076¢  2.531 2.286

“Geometries are calculated at the B3LYP/ 6-311+G(d,p) and B3LYP/ def2-TZVP for the zinc and

cadmium complexes, respectively. Distances between the metal center and heteroatoms further than 3.1 A

were omitted for clarity. ” Except as noted. “M-O.



Table 3. Relative Enthalpies (0 K) and Gibbs Energies (298 K) of Cd(His-H)(His)" Complexes
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in kJ/mol“

Structure B3LYP B3LYP-GD3BJ® B3P86 MP2(full)
[No,Nz,CO][CO2 |(N-H") 0.0 (0.0 1.5 (3.7) 0.0 (0.0) 8.4 (10.1)

[Na,Nz, CO7][Ne,Nx]gteg 10.3 (8.5) 0.0 (0.0) 9.4 (7.6) 0.0 (0.0)

[No,Nz,CO ][N, Nz, CO] 17.3 (15.1) 7.1 (5.6) 15.1 (12.9) 5.0 (4.6)
[No,Nz,CO][Ne,Nx]gtgt 16.4 (11.3) 15.4 (10.8) 15.8 (10.7) 16.2 (12.8)
[Nz,CO27][Ng,Nz,CO] 26.5 (24.6) 23.7 (23.9) 25.7 (23.8) 169 (16.8)
[No,Nz,CO ][N, CO J(N-H") 27.8 (28.7) 16.4 (18.3) 25.6 (26.5) 263 (28.9)
[Nz,CO ][N, N#,CO] 31.5 (26.7) 25.8 (23.3) 30.8 (26.0) 21.8 (18.7)
[No,Nz,CO][Ne,Nx]gegt 429 (43.5) 31.6 (33.4) 382 (38.8) 30.5 (32.8)
[Nz,CO7][Ng,Nx] 39.0 (31.8) 37.5 (33.7) 39.3 (32.0) 31.6 (26.0)
[Nz,CO2 ][Ng,Nz] 48.2 (40.2) 53.1 (47.3) 48.6 (40.6) 454 (39.1)
[CO2 ][N, Nx] 48.7 (44.0) 56.2 (52.2) 50.2 (45.5) 549 (51.9)
[Ne,Nr, CO ][Nz, CO2 J(N.H") 61.1 (59.6) 53.1 (52.8) 569 (554) 515 (51.7)

“Relative single point enthalpies at 0 K and 298 K Gibbs energies (in parentheses) calculated at
the level of theory indicated using a def2-TZVPP basis set and B3LYP/ def2-TZVP geometries

and frequencies for ZPE and thermal corrections. "B3LYP-GD3BJ/ def2-TZVPP energies using

B3LYP-GD3BJ/ def2-TZVP geometries and frequencies for ZPE and thermal corrections.
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[N,,N.,CO7][N,,N,]gtgg

Figure 1. Illustration of the nomenclature used to describe conformers using the
Zn*[Ng,Nz,CO ][No,Nz]gtgg isomer for comparison. The orange lines indicate the metal
coordination sites (in square brackets), while the red, blue, green, and purple lines correspond to
the dihedral angles that are specified. (Red—2£OCCC of (His-H)™ ligand, blue—2HOCC, green
—20CCC, purple—2CCCC).
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[Na,N=,CO7][Na,N-]gtgt

[Na,Nz,CO7][Na,N#,CO] [No,N7z,CO7J[CO27](NaH") [Ne,Nz,CO7][Na, CO](N=zH")

Figure 2. Structures of select Zn(His-H)(His)" conformers calculated at the B3LYP/6-311+G(d,p) level of theory. Dashed lines
indicate hydrogen bonds. (Red—oxygen, grey—carbon, white—hydrogen, blue—nitrogen, steel grey—zinc).
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Figure 3. Comparison of the Zn(His-H)(His)" experimental IRMPD action spectrum (black and grey dashed lines) with IR spectra
calculated at the B3LYP/6-311+G(d,p) level of theory for low-lying conformers (in color). Relative 298 K Gibbs energies (kJ/mol) are
given at the B3LYP, B3LYP-GD3BJ, B3P86, and MP2 levels, respectively, using the 6-311+G(2d,2p) basis set. Spectra taken with
attenuated laser power or with additional laser pulses are indicated in color in the first panel. The 0 dB spectrum was taken with four

FEL pulses instead of two.
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Figure 4. Comparison of the Cd(His-H)(His)" experimental IRMPD action spectrum (black and grey dashed lines) with IR spectra

calculated at the B3LYP/def2-TZVP level of theory for low-lying conformers (in color). Relative 298 K Gibbs energies (kJ/mol) are
given at the B3LYP, B3LYP-GD3BJ, B3P86, and MP2 levels, respectively, using the def2-TZVPP basis set. Spectra taken with

attenuated laser power are indicated by color in the first panel.
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