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1. ABSTRACT

New C8—H---0 histidine hydrogen bonding interactions in various proteins are identified by neutron
diffraction and computationally characterized. Neutron diffraction data shows several H-bond motifs with the
C6—H moiety in histidine side chains, including interactions in $-sheets and with coordinated waters, mostly
with histidinium and t-tautomers. In yellow protein, an active site histidine H-bonds via C6—H to a main chain
carbonyl while the Ce—H bond coordinates a water molecule. Although the H-bonding ability of Ce—H bonds in
histidine have been previously identified, analysis of neutron diffraction structures reveals Ce~H H-bonds in
notable active site interactions: for the proximal histidine in myoglobin; a zinc-bound histidine in human
carbonic anhydrase II; within the Ser-Asp-His catalytic triad of the trypsin active site; and a histidine in the
proton shuttle mechanism of RNase A, in addition to more general roles of coordinating water and forming H-
bonds with carbonyl groups in (-sheets within a number of proteins. Properties of these H-bonds were
computationally investigated using 5-methylimidazole and 5-methylimidazolium as models for histidine and
histidinium. The m- and t-tautomeric states of 5-methylimidazole were investigated, as both histidine
tautomers are observed in the crystal structures. The newly characterized Ce—H---O and C6—H---O model
complexes with water and acetone meet the overwhelming majority of IUPAC H-bonding criteria. 5-
methylimidazolium forms complexes that are nearly twice as strong as the respective neutral t-5-
methylimidazole and m-5-methylimidazole complexes. While the t- and m-tautomers form Ce—H:--O
complexes of similar strength, the T-C6—H-:-O interaction is approximately twice as strong as the m-C6—H::-O
interaction. Calculated charges on C—H (and N-H) hydrogens not participating in the H-bond are only slightly
perturbed upon complex formation, implying that formation of one H-bond does not diminish the molecule’s
capacity for further H-bond formation at other sites in the imidazole ring. Overall, findings indicate that
the C6-H---0O interaction may be important for 3-sheet stability, conformation, interactions with solvent, and
mechanisms in the active site. Recognition of C—H bond polarity and hydrogen bonding ability in histidine
may improve molecular modeling and provide further insight into the diverse roles of histidine in protein
structure-function-dynamics.

2. INTRODUCTION

The C-H--X hydrogen bonding interaction, where X is most commonly oxygen, often plays an
important role in the structure and function of biomolecules. In nucleic acids, the C6—H of pyrimidines and
C8-H of purines can interact with oxygen of the phosphate group in single nucleotides, forming an
intramolecular H-bond.»? The backbone-backbone axial C2’(H):-04’ and C5’(H)--02 interactions between
two nucleotides that can lead to 7-membered ring formation in RNA is a consequence of hydrogen bonding.?
In the (-sheet structures of proteins, carbonyl groups along the main chain can form hydrogen bonding
interactions with Ca—H donors of an adjacent chain.* > For a more in-depth survey of C—H+X interactions in
biological systems, including roles in structure, molecular recognition, and enzyme catalysis, the excellent
review by Horowitz and Trievel is recommended.® In general, hydrogen bonds in proteins are directional
interactions that play a key part in governing protein folding and structure. The strength and directionality of
H-bonding interactions are also important in molecular recognition.”

Histidine is a chemically versatile amino acid, with a variety of hydrogen bonding motifs, that is
present in ~50% of enzyme active sites.® Within protein environments, it can exist as the t-tautomer, -
tautomer, or be protonated as histidinium (the free amino acid side chain has an aqueous pKa ~ 6.0). Among
the side chains, it offers a wealth of different hydrogen bond motifs. In particular, the protonated histidine
residue, an imidazolium species, offers a rich arrangement of potential hydrogen bond donor sites, e.g., the
Nel-H (protonated in the t-tautomer) and N62—H (protonated in the m-tautomer) H sites, and the Ce—H and
C6—H sites (see Figure 1). Furthermore, our previous work indicated from calculated charges on the histidine
ring that the polarized ring of imidazolium even contains polarized C—H bonds in the t-tautomer and
protonated form, leading to this inquiry on the ability of the C—H groups to hydrogen bond.® Buncel et al.
have presented data showing that the hydrogen/tritium exchange rate constant at the Ce—H site at 85°C is
over two orders of magnitude larger for histidinium than for neutral t-histidine.!? It follows that hydrogen
bonding at Ce—H is enhanced in histidinium over the neutral t-histidine species, as we will see below.

Data from Nanda and Schmiedekamp suggests, based on structural database studies, that C—H---X
interactions involving a neutral histidine residue are not statistically biased toward achieving a linear
configuration.'® It might in fact be that Ce—H--X and C6—H---X interactions in neutral histidine energetically
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prefer linearity, but by and large are unable to overcome protein packing forces to direct a linear H-bonding
interaction. In fact, this study will show that unconstrained geometric optimizations of Ce~=H+-*O and Cé-H-*-O
complexes of 5-methylimidazole do tend toward such a linear configuration. It should be noted that data from
Nanda and Schmiedekamp revealed that all N-H-+O interactions involving nitrogen of histidine (and
histidinium) showed a propensity for the H-bond to dictate the geometry of the atoms involved in the
hydrogen bond.!! In our previous studies of fluorohistidine,® 12 13 14 evaluation of charges calculated by
electrostatic potential indicated that the t-tautomer and protonated (histidinium) forms of histidine have a
quite polar C8—H bond, which prompted this investigation.

The focus of the current study is twofold. First, protein structures from neutron diffraction data were
scrutinized to search for histidine residues involved in potential C—H---X hydrogen bonding interactions.
Through neutron diffraction, it is easy to differentiate the tautomeric and protonation states of histidine side
chains, as this technique allows acquisition of well-defined positions of all the atoms, including hydrogen.
Secondly, a computational study involving implicitly solvated 5-methylimidazole (both tautomers and 5-
methylimidazolium) and its various complexes with water and acetone (see Figure 4) help to elucidate the
hydrogen bonding capacity of the different tautomeric states of histidine; specifically, this study seeks to
examine whether or not the tautomeric form of the imidazole species impacts its hydrogen bonding potential
at the Ce—H and C6-H sites. Experimental 13C NMR evidence found that the tautomeric ratio (t : 1) for the
imidazole ring in basic solution at 32 + 3°C is approximately 4 : 1,'> and so it would seem quite relevant to
seek to investigate the hydrogen bonding potential of each tautomeric state.

5-methylimidazole and 5-methylimidazolium were used as model compounds for histidine and
histidinium, respectively. H-bonding complexes of these model compounds with water and acetone are
investigated below, with acetone being used to model interaction of the C—H hydrogen bond donor group
with a C=0 hydrogen bond acceptor group. The numbering scheme for 5-methylimidazole ring atoms is
shown in Figure 1, with ring numbering beginning at the nitrogen atom adjacent to the carbon bearing the
methyl substituent. Here, the number following the atomic symbol simply represents the ring position of each
atom. The complexes of interest to this work involve the C2—H (Ce—H) and C4—-H (C8—H) groups acting as H-
bond donors.

Nl(n) c5 (1)

T

N3 (1)

Figure 1. Left to Right: m-5-methylimidazole, t-5-methylimidazole, 5-methylimidazolium. The ring numbering scheme
shown for the m-tautomer is the same for the t and the imidazolium species. Alternate nomenclature for the nitrogen
atoms is indicated in the imidazolium structure.

3. METHODS

Structural Data. The protein database was searched for all available neutron diffraction structures,
so that proton positions and histidine tautomeric form/protonation state could be determined. Given the
relative paucity of neutron diffraction structures, the histidine environments were evaluated manually. Thus,
all solved neutron diffraction structures containing histidine, and having a resolution cutoff of < 2.0 &, were
examined as follows: 1.) In PyMOL (The PyMOL Molecular Graphics System, Versions 2.2 and 2.5, Schrédinger,
LLC.), the backbone structure was visualized. 2.) All residues and water molecules within 5 A of any histidine
were selected and highlighted with all atoms visualized. 3.) Each histidine was visually inspected. The
tautomeric/protonation state was determined. 4.) Atoms in proximity to C—H bonds were inspected, and if
they qualified as hydrogen-bond acceptors (O, N on side chains, O in crystallographic water), the C-H--X
distance and angle were determined using PyMOL tools (precision of 0.1 A measurements). For this work,
three researchers independently evaluated the protein structure in Table 1, for validity and reproducibility of
the manual data analysis.

Electronic Structure Calculations. Structural optimizations were performed by Gaussian 09 (G09)¢
after preparing initial geometries with GaussView 5.0.17 The G09 default for closed shell systems of restricted
(as opposed to unrestricted or restricted open-shell) was used, along with the default “fine” integration grid
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for DFT calculations. The G09 default SCF=Tight was used as convergence criterion for all calculations. The
textual format for a given method will be written as “level of theory/basis set”; for example, MP2/aug-cc-
pVTZ. The two DFT functionals used for optimizations were the global-hybrid meta-GGA functional M06-2X8
and the hybrid GGA functional BHandHLYP.'° Unless otherwise noted, all calculations were performed using
the conductor-like polarizable continuum (C-PCM) implicit solvation model,2%?! with water as the solvent (& =
78.36). Gas phase calculations were used for H3N:—F;)~F(; and H,0:-Cl;;—Cl) adduct analysis, and also
NMR calculations at the PBE0?2/cc-pVTZ level. All geometry optimizations were unconstrained. Frequency
calculations were performed in tandem with optimizations to confirm that a given stationary point on the
potential energy surface of a molecule or complex was an equilibrium geometry; only optimized geometries
with all real frequencies are presented herein. Natural population analysis (NPA) calculations?® and Hirshfeld
population analysis?* calculations were carried out within the G09 set of codes. For calculation of isotropic
shielding values for NMR analysis, Gauge-Including Atomic Orbital (GIAO)%> and Continuous Set of Gauge
Transformations (CSGT)?® calculations were performed with GO9 on structures optimized at the
BHandHLYP/6-31+G(d,p) level. For the bond critical point (bcp) analysis, MP2/aug-cc-pVTZ single point
energy calculations were carried out on BHandHLYP/6-31+G(d,p) optimized geometries. Checkpoint files
from the single point calculations were used to generate density cube files using the GO9 cubegen utility. The
density cube files were then analyzed for bond critical points using AIM-UC v1.6.4 software.?” For analysis of
electrostatic potential surfaces, MP2/aug-cc-pVTZ single point energy calculations were performed on
BHandHLYP/6-31+G(d,p) optimized geometries, density and potential cube files were generated in the G09
cubegen utility, and the electrostatic potential was mapped onto the 0.002 au isodensity surface in GaussView
5.0. For more details and figures pertaining to the electrostatic potential analysis, see S12-S17 in supporting
information.

The concern of basis set superposition error (BSSE) and basis set incompleteness error (BSIE) was
considered. Many of the calculations in this paper are based on double-zeta 6-31+G(d,p) geometries without
using a counterpoise correction. To investigate the potential for significant geometric errors, the geometries
of the water and acetone complexes were also optimized at the BHandHLYP/6-311+G(d,p) level. A basis set of
at least triple-zeta quality is recommended to avoid BSSE and reduce other BSIE errors.?® It was found that
the optimized geometries from BHandHLYP/6-31+G(d,p) and BHandHLYP/6-311+G(d,p) methods were
remarkably similar; full results are shown in Table S.5. As such, 6-31+G(d,p) geometries, and other
calculations based on these geometries, should be satisfactory.

4. RESULTS
X-RAY AND NEUTRON DIFFRACTION DATA

Twelve neutron diffraction structures were found to contain hydrogen bonds containing C—H groups
of histidine as hydrogen bond donor, with even the possibility of multiple C—H bonds within a single histidine.
The results are presented in Table 1, which provides the protonation state/tautomeric form of each histidine
and describes the H-bond geometry and donor/acceptor pair. Hydrogen bonds between both Ce (C2) and C6
(C4) were observed between histidine side chains and oxygen-containing functionalities. As can be seen, the
hydrogen bonds satisfy geometric criteria of linearity/near-linearity and most heavy atom distances at or
below 3.3 A.

Hydrogen bonding between histidine C—H groups and main chain (backbone) carbonyl groups were
observed in structures of D-xylose isomerase (C6—H in m-tautomer His71; PDB ID 4QDW); in a signaling
protein prototype (Ce—H in t-tautomer of His166; PDB ID 4RSG); human heart fatty-acid binding protein (Ce-
H in t-tautomer of His 119; PDB ID 5CE4, shown in Figure 2a); photoactive yellow protein (PYP) (C6—H in
protonated His108; PDB ID 2ZOI); HIV-1 protease (C6-H in protonated His69; PDB ID 2ZYE); PYP mutant
E46Q (C6—H in protonated His 108; PDB ID 5GX9); and class A B-lactamase (C6-H in t-tautomer His 112; PDB
ID 5A90). Also observed is an intra-helix C—H to backbone hydrogen bond that appears to position the side
chain of His71 in D-xylose isomerase so that its N-H group can coordinate water within a solvent hydrogen
bond network, as seen in Figure 2b. An intra-helix H-bond with a C6—H group is also seen in B-lactamase
(Figure 2c). This hydrogen bond may act as an anchor for the side chain, inhibiting rotation, for this residue is
shown coordinating three water molecules that are in turn part of a broader hydration network. Thus, both
C6-H and Ce—H bonds are seen to interact with the peptide backbone in B-sheets and a-helices (viewed in
Figure 2a-c), ostensibly contributing to the stabilization of the secondary structures of proteins.
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In the active site of trypsin, within the Ser-Asp-His catalytic triad, Ce—H in protonated/cationic His57
is observed to hydrogen bond to the main chain carbonyl group of Ser214. Although it is Ser195 that is a
member of the catalytic triad in trypsin, the interaction between His57 and Ser214 is demonstrated in an ab
initio study to be important in the transition state, contributing to the interaction energy.?° The same ab initio
study indicates through mutant studies that together Asp102 and Ser195 position the His57 ring into a
catalytically competent state; when the His57 ring is in a flipped conformation, there is an additional
energetic penalty for catalysis. Further, the Ser214 residue is implicated in stabilizing the ionic intermediate
state in which His57 is cationic. Our structural analysis shows a heavy atom distance of 3.1 A between Ce of
His57 and the carbonyl oxygen of Ser195. It is remarkable that the ab initio simulations find this distance to
be 3.065 A during the tetrahedral intermediate transition via single proton transfer mechanism, lending
further credence to the importance of the Ce-H hydrogen bond within the critical His57-Ser195 interaction.

Figure 2. C8—H hydrogen bonds in histidine observed in neutron diffraction structures. a. His119 in human heart fatty-
acid binding protein, PDB ID 5CE4: t-tautomer C§-H---0=C b. His71 in D-xylose isomerase, PDB ID 4QDW: ni-tautomer C6-
H:-0=C c. His112 in B-lactamase, PDB ID 5A90: t-tautomer C8-H---:0O=C d. His*36 in myoglobin, PDB ID 2MB5:
histidinium* C8-H::+Oyater. H-bonds designated by yellow dashed lines. Atom coloring scheme: carbon (orange, green),
hydrogen (white), nitrogen (blue), oxygen (red).

In addition to interactions with carbonyl groups, another common motif in the hydrogen bond data
in Table 1 is hydrogen bonds with water molecules. Hydrogen bonds between histidine C-H groups and
water oxygen atoms are seen twice in met- (oxidized) myoglobin (Ce—H in m—tautomer His 24 and t-tautomer
His119; PDB ID 1L2K); carbonmonoxide-bound myoglobin (C6—H in protonated His36; PDB ID 2MB5; shown
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in Figure 2d); and photoactive yellow protein (PYP) mutant E46Q (Ce—H in protonated His108; PDB ID 5GX9).
Note that in this last example, the structure of PYP also shows that the same histidine, His108, interacts with a
backbone carbonyl through the C6—H bond! In fact, Figure 3d shows that His*108 of PYP is capable of
engaging in four hydrogen bonds. The C6—H hydrogen bonding interaction is conserved in the wild-type
protein, too. As shown below in the electronic structure calculations, protonated/cationic histidine is the
most highly polarized form of histidine, and the most strongly interacting in hydrogen bonds, primarily due to
its charge. In bovine pancreatic ribonuclease A (PDB ID 3A1R), water is also observed to be coordinated
through multiple hydrogen bonds of protonated His12 as shown in Figure 3a. In this structure, the histidine is
fully protonated and coordinating water molecules at the N3, C6—H, and Ce—H positions. This histidine residue
is part of the proton transfer process, in the highly-studied enzymatic mechanism.3? 31 Although solution state
tautomeric form has not been definitively established, experimental and theoretical studies suggest His12 of
RNase A is in the m-tautomer prior to accepting a proton (and protonated afterward, as seen in this
structure).'?32Hydrogen bonds help stabilize changes in charge.

Figure 3. Histidine C—H hydrogen bonds in neutron diffractions structures. a. His*12 in RNase A, PDB ID 3A1R has both
C6—-H and Ce—H hydrogen bonded to water molecules. b. His93 in the m-tautomer, which is the proximal histidine in
myoglobin, PDB ID 2MBS5, has a hydrogen bond between Ce—H and a carboxylate group on the heme. c. His119 in the t-
tautomer in human carbonic anhydrase II, PDB ID 4Q49, has a hydrogen bond between Ce-H and the carboxylate of
Glu106 in the active site. d. His*108 in photoactive yellow protein, PDB ID 5GX9 has a C6—H hydrogen bond to a backbone
carbonyl and a Ce—H hydrogen bond to water; note that all four X-H sites of the imidazole ring are involved in hydrogen
bonds. H-bonds designated by yellow dashed lines. Atom coloring scheme: carbon (orange, green), hydrogen (white),
nitrogen (blue), oxygen (red).
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For two active site histidines coordinated to metals, C-H hydrogen bonds are observed. In the apo
form of human carbonic anhydrase II (HCAII) (PDB ID 4Q49), there are 3 histidines coordinated to zinc. As
seen in Figure 3c, one of them, His119, has a Ce—H bond to the carboxylate of Glu106. This glutamate residue
has been shown to control interactions around the zinc ion, positioning zinc-bound hydroxide in an optimal
geometry for attack on the substrate CO,. The present results suggest that Ce—H of His119 may also
contribute to the intricate hydrogen bond network in human carbonic anhydrase that mediates the water
network and active site architecture.??

Meanwhile, in carbonmonoxy-myoglobin structure 2MB5, the active site residue His93 is the
proximal histidine directly bound to the heme iron.3* It has been noted previously that metal-bound histidine
side chains are potent hydrogen bond donors.?5 36 37 The His93 is hydrogen bonded to a carboxylate group on
the heme via the Ce—H bond, as shown in Figure 3b. The heme is known to undergo a conformational change
in which the Fe-N bond distance between His93 and heme adjusts after release of CO/0,.38

Table 1. Data showing Ce and C§ carbon in hydrogen bonding interactions with electronegative atom captured in protein
crystal structures. the C to O distance, represented by O - - - C, is the C5/Ce to Oyeer 07 C5/Ce t0 Ocarponyi distance. Values not in
parenthesis are from crystallographic data, and values in parenthesis are data from the corresponding model complexes
optimized at the BHandHLYP/6-31+G(d,p) level (see Table 2a). Percent difference values between crystal structure and
model complex data are listed. The average and standard deviation of the percent differences are given at the bottom of the
table.

Protein His H-bond H-bond 0---C H-bond
PDB ID description Residue type donor H-bond acceptor distance distance angle
) A) (degrees)
4QDW3? | D-xylose isomerase His71 s Cs-H C=Oir(l){xl?§zll<i§)(one 2.11(620'/36) 3'11(33:)'/?4) 14;(%/079)
1L2K* Metmyoglobin His24 T Ce-H oxygen of water 2'%%&2” 3'31.(23(;24) 16;,%/079)
2MB5* Carr:;;‘g‘ﬁ)‘;)‘;gxy His93 T Ce-H 00" on heme 2'61(220'/03 0) 3'3_%018) 132 (53/076)
e |t [ s | | e | g | g | sagw | g
1L2K40 Metmyoglobin His119 T Ce-H oxygen of water 2'31%0'/?)6) 3'31.(23(;24) 16(1)1(3/079)
4RSG* RAS GTPase Hisl66 | Ce-H | C=0ofbackbone | 23 (gczyf 0) 3'25.(53(;28) 14? (53/077)
5A90% | Class A Blactamase | Hisl12 | C8-H C=Oir‘l’gfﬁzll‘i§’(°“e 2"2%2“ 33’3(33(;: B 14¢ é}/zg)
5A90# Class A B-lactamase His112 T Ce-H oxygen of water 2'82(120'/026) 3'67.(53(;24) ~1(?_(;6(3/079)
scas | Mmmben | g | o | con | COotbadbone | 24234 | 3301 | 162070
22014 Wild-type PYP His108 | His* C8-H c=c;;> gf}iﬁone 2'35%'5/17) 3.‘2.[835/34) 162.8/070)
2ZYEY HIV-1 Protease His69 His* Cé6-H C;?;f:j;}(tbuor?le 2.35%0'/17) 3.21.(23‘;/34) 162.8/070)
3A1R*8 Bg;ﬁgiﬁsg;ngc His12 His* Ce-H oxygen of water 2'31(220'/(?3) 3'22.(93(;/21) 1332)(%/079)
3A1R*8 Bg;ﬁgiﬁsg;ngc His12 His* Cs-H oxygen of water 2'61E320'/:4) 345(430/3 2) 1121((}/36)
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5GX9% Mutant (E46Q) PYP His108 His*t Ce-H oxygen of water 2'31(220'/33) 3'22.(93(;/(1)1) 1431(3/079)
56x9% | Mutant (E46Q) PYP | His108 | His* | C8-H C=?);’ fgbsﬁleff e 2'35.(825/(1)7) 3.31.(83‘;/?) 162.%/07 v
SMNX50 Trypsin His57 His* Ce-H C=0 of backbone 2'41(620'/24) 3'(1).&1'022) 121236(‘}/075)
2MB538 Ca::;glgrﬂ)(;)rilgxy His36 Hist C6-H oxygen of water 2'51(620'/:4) g't.(j(;/iz) 14i(§(}/36)
Average * standard deviation 9% 4+£3)% (17 +12)%

Examples of C6—H--+O interactions in protein crystal structures are shown in Figure 2. While Ce—H---O
have been more thoroughly investigated in previous work, these present results show that C6—H--0,, and
C6—H---0=C interactions with backbone amides appear to be true hydrogen bonding interactions, as seen by
the geometries reported in Table 1. In addition to the structural characterizations of C—H hydrogen bonds in
the neutron diffraction data, the hydrogen bond lengths, geometries, and heavy atom distances for model
complexes are provided in parentheses in the last three columns of Table 1, along with the percent difference.
Although protein structures impose steric constraints on hydrogen bond geometries, it can be seen that C6—H
interactions have the possibility to undertake energetically-preferred near-linear configurations in protein
structures, with possibilities of both shorter and longer heavy atom distances than are found in the model
complexes that are fully characterized in the subsequent section.

Hydrogen bonds are observed for all protonation states of histidine, but are found in this data set to
be most common for histidinium and least common for the m-tautomer. For Ce—H---O interactions, the t-
tautomeric state was most common, with histidinium the next most prevalent. The C6—H bond is sterically
hindered relative to the previously identified histidine Ce~H hydrogen bond donor. However, this work
suggests that the C8—H--O interaction, when sterically feasible, should be considered an H-bonding
interaction, and researchers should be aware of it when analyzing protein structures to understand stability
and structure-function relationships. Interaction energies and molecular properties characterized by
electronic structure calculations in the sections below suggest that the C—H+--O interactions can be considered
to play an important role in protein folding and stabilization.

Computational Analysis

H-bonding interactions involving X—H**Y—Z may be identified through a combination of geometric
parameters, energetic data, electron density data, and IR and NMR data. For characterization of H-bonding
interactions in the 5-methylimidazole--water and 5-methylimidazole---acetone complexes displayed in Figure
4, IUPAC criteria® for hydrogen bond identification will be utilized. Koch and Popeliers? have previously
proposed eight conditions to serve as necessary criteria for the existence of H-bonding, a few of which (bond
critical point analysis and loss of charge of the hydrogen atom) will also be discussed below. Three forms of 5-
methylimidazole are examined: the t (tau) tautomer, the T (pi) tautomer, and the imidazolium ion in which
both ring nitrogen atoms are protonated.

Geometric data provides evidence for H-bonding interactions. IUPAC notes (for a Z-Y:»H-X
hydrogen bonding interaction) that “historically, the X to Y distance was found to be less than the sum of the
van der Waals radii of X and Y and this shortening of the distance was taken as an infallible indicator of
hydrogen bonding. This empirical observation is true only for strong hydrogen bonds. This criterion is not
recommended.”>! However, for the sake of curiosity, this van der Waals concept applied to H-bonding is
explored. In the present work, Z-Y:—»H—X may be written as Z—0:—=H—Ciyiqazole » and the C to O distance is the
Cimidazole t0 Owater OT Cimidazole t0 Oacetone distance, represented by O - - - C in Table 2a.

tau-S-methylimidazole pi-5-methylimidazole 5-methylimidazolium
/C4(0)—H---water /C4(8)—H- - -water /C4(3)-H:--water

Page 8 of 26
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tau-5-methylimidazole pi-5-methylimidazole 5-methylimidazolium
/C2(e)-H"-water /C2(g)-H---water /C2(e)-H"-water

tau-5-methylimidazole pi-5-methylimidazole 5-methylimidazolium
/C4(8)—H---acetone /C4(6)—H:--acetone /C4(8)—H:---acetone
A,
=~ oy ), 4\
. J o
X o '
:z /‘j fej ‘/&-J
&
tau-5-methylimidazole pi-5-methylimidazole 5-methylimidazolium
/C2(¢)—H--acetone /C2(g)—H:-acetone /C2(g)—H:-acetone

4

-

Figure 4. BHandHLYP/6-31+G(d,p) optimized geometries of the water and acetone complexes. Atoms are displayed with
covalent radii scaled to 50%. Atom coloring scheme: carbon (grey), hydrogen (white), nitrogen (blue), oxygen (red).
Visual images captured from GaussView 5.0 software. Note that the imidazolium species carry a +1 charge.

Analysis of over five million interatomic “non-bonded” distances from 603,297 crystals within the
Cambridge Structural Database (CSD) led Alvarez to propose a consistent set of van der Waals radii for most
naturally occurring elements.53 Reported values therein for carbon and oxygen are 1.77 and 1.50 A
respectively. In the neutron diffraction structure analysis in Table 1, 71% of listings have C to O lengths < 3.3

9
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A. The optimized O - - - C lengths of the model complexes match well with crystallographic data, with an
average percent difference of only (4 + 3)% across all 17 listings in Table 1. H-bond angle data (for the
C—H-0 geometric arrangement) is also reported in Table 2a. IUPAC notes that “the X—H**Y hydrogen bond

angle tends toward 180° and should preferably be above 110°.°! All optimized complexes have C—H:0
angles well above this 110° threshold, as do all the experimental listings in Table 1. The larger average
percent difference between model complexes and crystallographic data for bond angles (17 * 12)% is not
surprising. For unconstrained optimizations, the angle clearly tends toward 180°. However, when crystal
packing forces are a factor, Nanda and Schmiedekamp'! note that C—H-**X interactions in neutral histidine are
not statistically biased toward a linear configuration. According to the crystallographic data in Table 1, this
observation appears to be true for C—H-:X interactions of both histidine and histidinium, with many
experimental angle listings well below 180°, but above the 110° IUPAC value. According to crystallographic
data in Table 1, the Ce—H*-X and C8—H++X interactions in neutral histidine and histidinium show a similar

propensity toward linearity.

Table 2a. Geometric data for the model complexes. H-bond length (4), O - - - C distance (4), C=H--0 angle (degrees).

BHandHLYP/6- BHandHLYP/6- MO06-2X/6- MP2 /aug-cc-
Complex Name 31+G(d)/ 31+G(d,p)/ 31+G(d,/p) MP2/6-31+G(d) p/VTZg
tau-5-methylimidazole/C4-H--water | 2.30,3.37,179 2.30,3.37,176 2.24,3.31,172 2.25,3.33,179 2.30,3.37,172
tau-5-methylimidazole/C2-H--water | 2.26,3.34,178 2.26,3.34,179 2.23,3.31,178 2.24,3.32,179 2.29,3.37,178
pi-5-methylimidazole/C4-H~water | 2.39,3.46,178 2.39,3.47,178 2.35,3.39,161 2.33,3.42,179 2.43,3.46,160
pi-5-methylimidazole/C2-H~-water | 2.26,3.34,179 2.27,3.34,179 2.24,3.32,180 2.24,3.33,179 2.29,3.37,179
5-methylimidazolium/C4-H--water | 2.14,3.21,176 2.14,3.22,176 2.12,3.20, 180 2.12,3.21,179 2.14,3.22,175
5-methylimidazolium/C2-H~water | 2.03,3.10,179 2.03,3.11,179 2.03,3.11,179 2.05,3.13,178 2.06,3.14,178
tau-5-methylimidazole/C4-H-acetone | 2.35,3.41,173 2.34,3.41,178 2.44,3.33,139 * *
tau-5-methylimidazole/C2-H--acetone | 2.31,3.38,174 2.30,3.38,177  2.27,3.35,175 * *
pi-5-methylimidazole/C4-H--acetone | 2.48,3.56,179 2.46,3.54,179 2.52,3.38,136 * *
pi-5-methylimidazole/C2-H--acetone | 2.31,3.38,175 2.30,3.38,176 2.30,3.35,164 * *
5-methylimidazolium/C4-H--acetone | 2.18,3.24,169 2.17,3.24,170 2.25,3.10,134 * *
5-methylimidazolium/C2-H--acetone | 2.05,3.12,173 2.04,3.12,175 2.06,3.14,177 * *

Table 2b. AC-H bond length (in pm) upon complex formation, AH—O\yqter (01 AC=0gcerone) bond length (in pm) upon complex
formation.

tau-5-methylimidazole/C4-H--water 0.214,0.019 0.202,0.031 0.262,0.024 0.133,0.109 0.166, 0.033
tau-5-methylimidazole/C2-H--water 0.206, 0.022 0.200, 0.031 0.273,0.028 0.115,0.100 0.152,0.029
pi-5-methylimidazole/C4-H--water 0.076, 0.030 0.097, 0.026 0.116,0.027 0.022,0.101 0.048, 0.035
pi-5-methylimidazole/C2-H-water 0.196, 0.021 0.195,0.031 0.271,0.023 0.111, 0.099 0.150, 0.030
5-methylimidazolium/C4-H-~-water 0.441, 0.041 0.429, 0.040 0.496, 0.025 0.339,0.120 0.381,0.038
5-methylimidazolium/C2-H--water 0.734, 0.059 0.713, 0.054 0.792, 0.046 0.602, 0.105 0.644, 0.045
tau-5-methylimidazole/C4-H-acetone 0.105, 0.043 0.131, 0.040 0.126, 0.084 * *
tau-5-methylimidazole/C2-H--acetone 0.081, 0.051 0.094, 0.052 0.151, 0.085 * *
pi-5-methylimidazole/C4-H-acetone 0.036,0.018 0.047,0.019 -0.027,0.046 * *
pi-5-methylimidazole/C2-H-acetone 0.110, 0.053 0.129, 0.055 0.311,0.129 * *
5-methylimidazolium/C4-H---acetone 0.331,0.123 0.388, 0.107 0.160,0.170 * *
5-methylimidazolium/C2-H--acetone 0.665,0.211 0.704, 0.215 0.753,0.243 * *

* Unable to geometrically optimize

Intramolecular bond length variations for a species participating in an H-bonded complex may be
interpreted through the lens of Gutmann’s rules for electron pair donor-acceptor interactions.>* Upon
complex formation (X—H-**Y—Z), respective intramolecular geometric changes occur within X—H and :Y-Z, not
simply at the sites directly participating in the donor-acceptor interaction, but at more remote sites as well.
Gutmann'’s first bond-length variation rule predicts that as the intermolecular distance between H,0:—H-C
(or C=0:»H-C) becomes smaller, the induced lengthening of the H—0,4; and H-C bonds becomes larger. If
the H,0:—»H-C interaction is a true donor-acceptor pair, bond lengthening of H=0,; (or C=0 in acetone) and
H—C will be observed. In terms of induced C—H bond lengthening, the bond-length variation rule appears to
hold quite well for the imidazolium complexes of water and acetone; these complexes are calculated to have
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the shortest H-bonds and also the greatest magnitude of induced C—H bond lengthening. A notable outlier in
Table 2b appears to be the pi-C4—H---acetone complex at the M06-2X/6-31+G(d,p) level, which predicts a
AC—H < 0. It should be noted that, overall, the BHandHLYP functional with a double-zeta quality basis set gave
optimized geometries in good agreement with MP2/aug-cc-pVTZ geometries for the water complexes. While
the bond-length variation rule does not appear to be strictly obeyed across the board, a cursory glance at
Tables 2a and 2b reveals that it is still a useful rule of thumb.

Studies of changes in fractional charges on atoms in electron pair donor-acceptor species upon
adduct formation were pioneered decades ago. For example, in the H3;N:—F—F(,) interaction, calculations
revealed a charge transfer of 0.0483e from ammonia to fluorine.>®> Changes in fractional charges (Ae) upon
adduct formation were as follows: each H atom, +0.0282; N, -0.0362; F(;), +0.0181; and F(;), -0.0664.
Calculations by Leroy and Louterman-Leloup on the H,0:—Cl(;)—Cl;) interaction indicated a charge transfer
from donor to acceptor of 0.003e. Changes in fractional charges upon adduct formation were as follows: each
H atom, +0.186; O, -0.369; Cly), +0.023; and Cly, -0.026.5¢ In these two specific examples and many others
highlighted by Gutmann,* within an adduct, electron density increase is observed at the Lewis basic donor
atom, described as the “pileup effect” and electron density decrease is observed at the Lewis acidic acceptor
atom, described as the “spillover effect”.>” These studies showed that atoms adjacent to the donor atom
become more positively charged while atoms adjacent to the acceptor atom become more negatively charged.
The aforementioned charge transfer studies® 3¢ are relatively old, and so geometric optimization and NPA
calculations on these adducts in the gas phase were carried out at the levels of theory relevant to this current
study, the results of which are shown in Table 3.

Table 3. Total NPA charge transfer (units of e) from electron pair donor to acceptor and change in fractional NPA charge
(also units of e) on respective atoms upon adduct formation. The change in fractional NPA charge for a given atom is
calculated using: ANPA charge = NPA charge of atom in adduct - NPA charge of atom in isolated species.

change in fractional NBO charge on each respective atom
H3N.'—)F(1)—F(2) Total charge
transfer H N 0 Fp F Clgy Cl
BHandHLYP/6-31+G(d) 0.027 0.006 0.010 - 0.021  -0.048 - -
BHandHLYP/6-31+G(d,p) 0.025 0.005 0.010 - 0.021 -0.046 - -
MO06-2X/6-31+G(d,p) 0.030 0.006 0.010 - 0.017 -0.047 - -
MP2/6-31+G(d) 0.495 0.045 0.359 - -0.280 -0.215 - -
MP2/aug-cc-pVTZ 0.457 0.037 0.345 - -0.266 -0.191 - -
H20.'—)CI(1)—CI(2)
BHandHLYP/6-31+G(d) 0.023 0.010 - 0.002 - - 0.020 -0.043
BHandHLYP/6-31+G(d,p) 0.019 0.010 - 0.000 - - 0.022 -0.041
MO06-2X/6-31+G(d,p) 0.022 0.011 - 0.000 - - 0.019 -0.041
MP2/6-31+G(d,p) 0.016 0.010 - -0.003 - - 0.021 -0.037
MP2/aug-cc-pVTZ 0.013 0.007 - -0.001 - - 0.018 -0.031

As seen in Table 3, the pileup effect as described by Gutmann is observed in two cases, for
H,0:-Cl(;)—Cl(z) at the MP2 level. The spillover effect is observed for both adducts for all DFT methods, and
the expected charge decrease on F(;; and Clz in their respective adducts is seen at all levels. Also, the
expected charge increase on hydrogen is seen at all levels of theory. This NPA charge study was extended to
the Z-Y:—»H—X hydrogen bonding interaction. In the Z-Y:—»H—X interaction, Y: donates its electron pair to the
Lewis acidic hydrogen and an electron density transfer (EDT) between the donor and acceptor species occurs.
Numerical values for the EDT for each respective complex are shown in Table 4a. From the results displayed
in Table 3 for the H3N:—F()—F(; and H,0:-Cl;j—Cl;) adducts, the following reasonable predictions can be
made for NPA charge studies of the 5-methylimidazole complexes using the computational methods relevant
to this study:

1.) In terms of NPA charge, an EDT from the electron pair donor (hydrogen bond acceptor) to the electron pair acceptor
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(hydrogen bond donor) will be observed.

2.) The pileup effect on the oxygen atom of water or acetone may not always be observed using NPA charge calculations.

3.) The H-0:»H—C (or C=0:-H-C) interaction will likely display the following properties: a decrease in NPA charge on the
methylimidazole carbon, an increase in NPA charge for the hydrogen atom involved in the H-bond, and an increase in the

NPA charge of the hydrogens of water (or the carbonyl carbon of acetone).

Table 4a. Total NPA charge (units of e) transferred from water (or acetone) to the respective 5-methylimidazole

isomer.

Complex Name

tau-5-methylimidazole/C4-H--water
tau-5-methylimidazole/C2-H--water
pi-5-methylimidazole/C4-H--water
pi-5-methylimidazole/C2-H~-water
5-methylimidazolium/C4-H---water
5-methylimidazolium/C2-H-~-water

tau-5-methylimidazole/C4-H-acetone
tau-5-methylimidazole/C2-H-acetone
pi-5-methylimidazole/C4-H--acetone
pi-5-methylimidazole/C2-H-acetone
5-methylimidazolium/C4-H--acetone
5-methylimidazolium/C2-H-acetone

BHandHLYP
/6-31+G(d)
0.009
0.008
0.004
0.008
0.013
0.018

0.004
0.006
0.004
0.004
0.011
0.019

BHandHLYP
/6-31+G(d,p)
0.005
0.007
0.004
0.006
0.008
0.016

0.005
0.006
0.003
0.006
0.011
0.020

M06-2X/6-
31+G(d,p)
0.007
0.009
0.006
0.008
0.013
0.018

0.005
0.007
0.012
0.004
0.012
0.020

MP2/6-
31+G(d)
0.010
0.010
0.007
0.010
0.015
0.022

MP2 /aug-cc-
pVTZ
0.007
0.007
0.007
0.007
0.012
0.017

Table 4b. NPA charge study of electron pair donor component (water or acetone). Change in calculated NPA charge
(units of e) on Hyyqter or carbonyl carbon, change in calculated NPA charge on oxygen atom participating in the H-bond.
The change in fractional NPA charge for a given atom is calculated using: ANPA charge = NPA charge of atom in
complex - NPA charge of atom in isolated species.

tau-5-methylimidazole/C4-H--water
tau-5-methylimidazole/C2-H--water
pi-5-methylimidazole/C4-H---water
pi-5-methylimidazole/C2-H--water
5-methylimidazolium/C4-H-~-water
5-methylimidazolium/C2-H-~-water

tau-5-methylimidazole/C4-H-acetone
tau-5-methylimidazole/C2-H-acetone
pi-5-methylimidazole/C4-H-acetone
pi-5-methylimidazole/C2-H-acetone
5-methylimidazolium/C4-H--acetone
5-methylimidazolium/C2-H---acetone

0.003, 0.003
0.003, 0.002
0.001, 0.002
0.003, 0.002
0.007,-0.001
0.010,-0.002

0.005,-0.003
0.006, -0.004
0.002, 0.000
0.004,-0.002
0.009,-0.005
0.015,-0.008

-0.001, 0.007
-0.001, 0.008
-0.002, 0.007
-0.001, 0.007
0.002, 0.005
0.005, 0.006

0.005,-0.003
0.006,-0.005
0.002, 0.000
0.005, 0.000
0.009,-0.005
0.015,-0.009

0.003, 0.000
0.003, 0.001
0.002, 0.001
0.003, 0.001
0.008, -0.004
0.011,-0.004

0.003, 0.003
0.008, -0.007
-0.108,0.129
0.005, 0.000
0.012,-0.010
0.015,-0.008

0.004, 0.003
0.004, 0.003
0.002, 0.004
0.004, 0.003
0.007,0.002
0.009, 0.005

0.003, 0.002
0.003, 0.002
0.002, 0.004
0.003, 0.002
0.006, 0.001
0.008, 0.002

Table 4c. NPA charge study of electron pair acceptor component (5-methylimidazole). Change in calculated NPA
charge (units of e) on hydrogen atom participating in the H-bond, change in calculated NPA charge on C4 or C2
carbon. The change in fractional NPA charge for a given atom is calculated using: ANPA charge = NPA charge of atom
in complex - NPA charge of atom in isolated species.

tau-5-methylimidazole/C4-H--water
tau-5-methylimidazole/C2-H--water
pi-5-methylimidazole/C4-H-~-water
pi-5-methylimidazole/C2-H--water
5-methylimidazolium/C4-H-~-water
5-methylimidazolium/C2-H-~-water

tau-5-methylimidazole/C4-H:acetone
tau-5-methylimidazole/C2-H:acetone

0.014,-0.006
0.015,-0.007
0.014,-0.006
0.015,-0.008
0.013,-0.006
0.012,-0.007

0.011,-0.005
0.012,-0.005

0.040, 0.058
0.037,-0.031
0.035, 0.045
0.037,-0.030
0.045, 0.066
0.040,-0.026

0.011,-0.004
0.012,-0.005

0.014,-0.006
0.015,-0.008
0.013,-0.006
0.015,-0.007
0.013,-0.007
0.012,-0.007

0.009, -0.003
0.010,-0.006

0.013,-0.008
0.014,-0.009
0.014,-0.005
0.015,-0.012
0.012,-0.007
0.011,-0.009

*

*

0.016,-0.015
0.016,-0.011
0.013,-0.014
0.017,-0.012
0.018,-0.018
0.019,-0.016

*

*

Page 12 of 26



Page 13 of 26

Physical Chemistry Chemical Physics

pi-5-methylimidazole/C4-H---acetone | 0.010,-0.005 0.011,-0.005 -0.076,-0.015
pi-5-methylimidazole/C2-H--acetone | 0.012,-0.006 0.011,-0.006 0.007,-0.005
5-methylimidazolium/C4-H--acetone | 0.011,-0.006 0.012,-0.006 0.008, -0.003
5-methylimidazolium/C2-H-acetone | 0.010,-0.007 0.010,-0.007 0.007,-0.008

* % % ¥
* % % ¥

* Unable to geometrically optimize

As seen in Table 4a, a net EDT from water (or acetone) to 5-methylimidazole is calculated for all
complexes across all levels of theory. Table 4c reveals that the spillover effect is observed for all water
complexes except for the C4—H--water complexes at the BHandHLYP/6-31+G(d,p) level, and for all acetone
complexes except for the pi-C4—H---acetone complex at the M06-2X/6-31+G(d,p) level. Both the pileup and
the spillover effect are observed for the imidazolium complexes using DFT with the exception of the two
water complexes at the BHandHLYP/6-31+G(d,p) level. While Gutmann’s rules were established some 40
years ago, Denmark and Beutner invoke a Gutmann analysis several times in a relatively recent (2008)
review of base-catalyzed organic synthesis, demonstrating the usefulness and modern applicability of the
concept.58

Wiberg and Rablen recently conducted a study of atomic charges using seven different charge
calculation methods, including both the NPA and Hirshfeld methods.>® They examined the calculated charges
on hydrogen for 23 different small organic molecules and also for an H-bonded methanol dimer at the
MP2/aug-cc-pVTZ level and noted that the Hirshfeld method gave the most satisfactory results of the seven
methods. Table 5 presents results of the Hirshfeld method at the level used by Wiberg and Rablen. The
hydrogen charges at the C2—H (Ce—H) position are nearly the same for both the pi and tau-5-methylimidazole
tautomers. However, the hydrogen charge at the C4—H (C6—H) position is 42% larger in the tau tautomer as
compared to the pi tautomer; this aligns qualitatively with electrostatic potential data (Table 10), in which
the electrostatic potential is 153% larger at the C4 site in the t-tautomer as compared to the m-tautomer,
while the potential at the C2 site is identical in the two tautomers. The Hirshfeld charges on C2—-H and C4-H
hydrogens in 5-methylimidazolium are approximately double that of the two neutral tautomers at the
respective hydrogen positions. The charges on hydrogens in each complex are also shown in Table 5 to
emphasize the fact that the charges on the C-H (and N-H) hydrogens not participating in the H-bond are only
slightly perturbed upon complex formation (on the order of 0.001-0.003 e); from a strictly electrostatic point
of view, this would seem to suggest that formation of the first H-bond does not diminish the molecule’s
capacity for further H-bond formation at the other H-bond donor sites. Such multiple H-bonding capacity can
be seen in Table 1 and Figure 2 with structure 5GX9 (mutant E46Q PYP), in which the Histidinium108 is H-
bonded at both the C2—H and C4—H sites.

Table 5. Hirshfeld charges on hydrogen atoms (units of e) calculated at MP2/aug-cc-pVTZ level on MP2/aug-cc-pVTZ
geometries. Refer to Figure 1 for hydrogen atom locations.

Compound/Complex Name N1-H C2-H N3-H C4-H
tau-5-methylimidazole - 0.0671 0.1766 0.0674
tau-5-methylimidazole/C4-H--water - 0.0657 0.1748 0.0424
tau-5-methylimidazole/C2-H--water - 0.0408 0.1746 0.0662
pi-5-methylimidazole 0.1758 0.0664 - 0.0475
pi-5-methylimidazole/C4-H---water 0.1750 0.0651 i 0.0286
pi-5-methylimidazole/C2-H--water 0.1739 0.0401 i 0.0461
5-methylimidazolium 0.2090 0.1223 0.2119 0.1001
5-methylimidazolium/C4-H--water 0.2078 0.1207 0.2093 0.0642
5-methylimidazolium/C2-H--water 0.2061 0.0781 0.2088 0.0982

According to IUPAC, “The length of the X-H bond usually increases on hydrogen bond formation
leading to a red shift in the infrared X-H stretching frequency and an increase in the infrared absorption
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cross-section for the X-H stretching vibration.”>! Table 6 summarizes the results of IR calculations, including
shifts in the respective C—H stretching frequencies and concomitant changes in band intensity upon complex
formation. Most complexes analyzed in this study display red-shifted C—H bonds, with notable exceptions
underlined in Table 6. The C2-H complexes at all levels display negative Avcy values with concomitant
increases in Avcy intensity. Hobza and Havlas note that “formation of the X—H--Y hydrogen bond results in
weakening of the X-H bond. This weakening is accompanied by a bond elongation and a concomitant
decrease of the X—H stretch vibration frequency compared to the noninteracting species.”® Hobza and Havlas
were describing a classic red-shifting H-bonding interaction, which they prefer to describe simply as an “H-
bond”, in contrast to a blue-shifting H-bond, which they prefer to describe as an “improper, blue-shifting” H-
bond. The m-C4—H---acetone complex at the BHandHLYP/6-31+G(d) level displays both a blue-shifted C—H
stretching mode and a band intensity decrease, which is evidence for an improper, blue-shifting H-bond.®° 61 It
would be expected that the C—H bond in this complex would be shortened relative to the isolated 5-
methylimidazole, but curiously, the AC-H bond length for this complex is +0.036 pm as seen in Table 2b.

Table 6. IR Data. Avcy (cm™), Avc.y intensity. A negative value of Avcy and a positive value of Avc.y intensity indicates
evidence for a red-shifting H-bond interaction. Underlined data indicates outliers, which have either a positive Avc.y or a
negative Avc.y intensity (or both). Avcy calculated from AVe.y = Ven in complex = VC-H in separated species And similarly for Ave.y
intensity.

Complex Name BHandHLYP/6-  BHandHLYP/6- M06-2X/6- MP2/6- MP2/aug-cc-
31+G(d) 31+G(d,p) 31+G(d,p) 31+G(d) pVTZ
tau-5-methylimidazole/C4-H--water -26.0,56.4 -23.2,54.2 -24.5,77.4 -14.7,64.3 -18.9,54.2
tau-5-methylimidazole/C2-H--water -23.6,51.4 -22.4,52.6 -44.5,70.6 -9.5,60.1 -15.8,57.4
pi-5-methylimidazole/C4-H---water -3.4,-0.3 -6.7,3.3 -22.9,10.2 3.1,12.3 -1.3,2.6
pi-5-methylimidazole/C2-H-~-water T T -10.6,73.9 -8.1,62.9 -14.6, 63.7
5-methylimidazolium/C4-H--water -61.3,166.5 -59.3,156.2 -61.1,186.3 -44.9,168.0 -52.8,169.3
5-methylimidazolium/C2-H-water -113.6,347.8 -112.3,350.6 -99.3,364.0 -91.1,335.9 -101.2,363.9
tau-5-methylimidazole/C4-H-acetone -5.9,44.1 -11.8,51.5 12.3,20.2 * *
tau-5-methylimidazole/C2-H--acetone -1.0,37.6 -4.3,44.9 -22.0,59.2 * *
pi-5-methylimidazole/C4-H--acetone 4.2,-41 14,04 -2.8,-4.0 * *
pi-5-methylimidazole/C2-H--acetone -7.0,45.4 -11.3,57.8 T * *
5-methylimidazolium/C4-H--acetone -43.8,177.6 -54.0,190.9 T * *
5-methylimidazolium/C2-H-acetone -102.3,417.7 -111.6,449.2 -76.9,431.7 * *

*Unable to geometrically optimize
fUnable to visually distinguish v,y and vy stretching modes in GaussView 5.0

The imidazolium complexes display the largest C-H frequency shifts and intensity increases. [UPAC
notes that upon formation of an H-bond, “new vibrational modes associated with the formation of the H---Y
bond are generated.”! Indeed, new low energy IR vibrational modes are calculated for all complexes at all
levels of theory (for full listing, see Table S2 in supporting information). As an arbitrary example, in the
imidazolium-C4—H---water complex at the MP2/aug-cc-pVTZ level, seven new low energy vibrational modes
associated with the complex are calculated at 143, 132, 110., 58.5, 50.3, 39.0, and 27.2 cmL. GaussView 5.0
software allowed for visual identification of these new modes. The new mode at 110. cm™ is a very
pronounced H+**Oyter Stretch of the C—H+=-O,ya¢er hydrogen bond.

According to IUPAC, “the X—H---Y-Z hydrogen bond leads to characteristic NMR signatures that
typically include pronounced proton deshielding for H in X-H, through hydrogen bond spin-spin couplings
between X and Y, and nuclear Overhauser enhancements.”>! Table 7 reports changes in calculated isotropic
shielding (o) tensors upon complex formation for the hydrogen atom participating in the H-bond. The
isotropic shielding tensors decrease (i.e. predicted downfield shift in the NMR spectrum) on the respective
hydrogen atoms involved in H-bonding upon complex formation, with the most pronounced changes
occurring for the imidazolium complexes. Two methods for proton NMR shift prediction,
WPO04/aug-cc-pVDZ6? and PBE0Q/cc-pVTZ®, were recommended in the literature. For neutral histidine, both
methods give very similar predictions. The differences between methods for the imidazolium complexes are
larger, but the qualitative trends are similar.
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Table 7. Change in calculated isotropic shielding (Ao in units of ppm) on hydrogen atom participating in H-bond. A
isotropic shielding = isotropic shielding of atom in complex - isotropic shielding of atom in separated species. Calculations
performed on BHandHLYP/6-31+G(d,p) geometries.

Complex Name WPO04/aug-cc-pVDZ* PBEO/cc-pVTZt
tau-5-methylimidazole/C4-H-water -1.07 -1.11
tau-5-methylimidazole/C2-H-water -1.08 -1.06

pi-5-methylimidazole/C4-H---water -0.83 -0.86
pi-5-methylimidazole/C2-H--water -1.06 -1.05
5-methylimidazolium/C4-H---water -1.61 -1.86
5-methylimidazolium/C2-H---water -2.06 -2.33
tau-5-methylimidazole/C4-H-acetone -1.41 -1.41
tau-5-methylimidazole/C2-H:acetone -1.38 -1.33
pi-5-methylimidazole/C4-H-acetone -1.12 -1.16
pi-5-methylimidazole/C2-H:acetone -0.98 -0.95
5-methylimidazolium/C4-H-acetone -2.03 -2.19
5-methylimidazolium/C2-H-acetone -2.51 -2.81

*These calculations were performed using the GIAO method and with IEF-PCM(Water)®* implicit solvation. WP04: BLYP 10p
(3/76=1000001189, 3/77 = 0961409999, 3/78 = 0000109999).

1These calculations were performed using the CSGT method in the gas phase.

IUPAC states that “The Gibbs energy of formation for the hydrogen bond should be greater than the

thermal energy of the system for the hydrogen bond to be detected experimentally.”>! Tables 8a and 8b do
not display AG values, but rather the change in electronic energy upon complex formation. In a similar study,
gas-phase counterpoise corrected calculations using MP2(frozen core approximation)/6-31+G(d,p) by
Scheiner and coworkers found the following interaction energies: for imidazole, the Ce—H--*OH, complex AE =
—2.4 kcal/mol and the C6—H---OH; complex AE = —2.3 kcal/mol; for imidazolium, the Ce—H--*OH, complex AE =
-11.3 kcal/mol and the C8-H-+OH, complex AE = —-9.5 kcal/mol.%> Results in the present study on 5-
methylimidazole (and 5-methylimidazolium) complexes most comparable to Scheiner’s results are gas phase
MP2 calculations shown in Table 8b below. Although a different basis set was used in the present study,
values in Table 8b are similar to those from Scheiner and coworkers.®> Values for AEyp, between these two
studies for complex formation with water are within about 1 kcal/mol. Also reported in Figure 8b are AEy;p;
values for complexes involving the N-H groups acting as H-bond donors, and complexes with the C=0 group
of N-methylacetamide (the “amide” complexes) acting as an H-bond acceptor. The optimized structures and
geometric parameters for these complexes can be seen in Figures S1 and S2. As expected, complexes where
N-H acts as the H-bond donor group have more negative AEy;p; values than the comparable C—H complexes.
The complexes with N-methylacetamide have more negative AEyp, values than the corresponding complexes
involving acetone; this can perhaps be explained simply by examining the resonance structures for N-
methylacetamide. Two resonance structures of N-methylacetamide place a negative formal charge on the
oxygen atom, as opposed to acetone, where only one resonance structure places a formal negative charge on
the oxygen atom.

Table 8a. AE of complex formation (kcal/mol). AEpyananiyr , AEmos-2x , and AEyp, , respectively. Energies taken from
output files of geometric optimizations (with C-PCM implicit solvation in water). AE = E (complex) - X E (separated
species).

Complex Name BHandHLYP BHandHLYP/6- MO06-2X/6- MP2/6-31+G(d) MP2 /aug-
/6-31+G(d) 31+G(d,p) 31+G(d,p) cc-pVTZ
tau-5-methylimidazole/C4-H--water -0.88 -0.95 -1.39 -1.66 -1.37
tau-5-methylimidazole/C2-H-water -1.05 -1.11 -1.43 -1.63 -1.33
pi-5-methylimidazole/C4-H-water -0.44 -0.52 -0.89 -1.16 -0.99
pi-5-methylimidazole/C2-H--water -1.03 -1.09 -1.37 -1.63 -1.32
5-methylimidazolium/C4-H--water -1.96 -1.98 -2.40 -2.75 -2.27
5-methylimidazolium/C2-H--water -3.12 -3.11 -3.38 -3.53 -2.95
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tau-5-methylimidazole/C4-H--acetone -0.69 -0.74 -2.15 * *
tau-5-methylimidazole/C2-H--acetone -0.81 -0.86 -1.06 * *
pi-5-methylimidazole/C4-H--acetone -0.36 -0.40 -0.94 * *
pi-5-methylimidazole/C2-H--acetone -0.78 -0.85 -1.74 * *
5-methylimidazolium/C4-H--acetone -1.60 -1.68 -2.34 * *
5-methylimidazolium/C2-H--acetone -2.68 -2.81 -3.06 * *

Table 8b. AEyp; (kcal/mol) of complex formation at MP2/aug-cc-pVTZ level using BHandHLYP/6-31+G(d,p) optimized
geometries. Solvents of different dielectrics (given in parenthesis) were tested using the C-PCM solvation model. AEyp; = Eyp;
(complex) - X Eyp; (separated species). Gas phase calculations are included for reference.

Complex Name water DMSO acetonitrile ethanol acetone ?rlz}tl}l:;?s; heptane plgla:se

(78.36) (46.83) (35.69) (24.85) (20.49) (8.93) (1.91) (1.00)

tau-5-methylimidazole/C4-H-water -1.35 -1.36 -1.37 -1.40 -1.41 -1.52 -2.12 -2.64
tau-5-methylimidazole/C2-H-water -1.32 -1.33 -1.34 -1.36 -1.37 -1.46 -1.98 -2.48
pi-5-methylimidazole/C4-H--water -0.97 -0.97 -0.98 -0.98 -0.98 -1.01 -1.20 -1.47
pi-5-methylimidazole/C2-H--water -1.32 -1.33 -1.34 -1.36 -1.37 -1.46 -1.98 -2.48
5-methylimidazolium/C4-H--water -2.28 -2.34 -2.39 -2.47 -2.53 -2.99 -5.86 -9.06
5-methylimidazolium/C2-H--water -2.94 -3.01 -3.06 -3.16 -3.22 -3.72 -6.83 -10.26
tau-5-methylimidazole/C4-H--acetone -1.82 -1.84 -1.85 -1.87 -1.88 -1.99 -2.57 -3.05
tau-5-methylimidazole/C2-H--acetone -1.71 -1.72 -1.73 -1.75 -1.76 -1.85 -2.39 -2.90
pi-5-methylimidazole/C4-H--acetone -1.42 -1.42 -1.42 -1.42 -1.43 -1.44 -1.61 -1.89
pi-5-methylimidazole/C2-H--acetone -1.79 -1.80 -1.82 -1.84 -1.86 -1.98 -2.70 -3.35
5-methylimidazolium/C4-H--acetone -2.88 -2.96 -3.02 -3.13 -3.20 -3.77 -7.44 -11.60
5-methylimidazolium/C2-H--acetone -3.58 -3.68 -3.75 -3.88 -3.97 -4.63 -8.83 -13.49
tau-5-methylimidazole/C4-H---amide -2.15 -2.18 -2.20 -2.23 -2.25 -2.42 -3.31 -4.03
tau-5-methylimidazole/C2-H--amide -2.25 -2.27 -2.28 -2.30 -2.32 -2.43 -3.10 -3.75
pi-5-methylimidazole/C4-H-—-amide -1.65 -1.65 -1.65 -1.66 -1.66 -1.68 -1.94 -2.34
pi-5-methylimidazole/C2-H-—-amide -2.11 -2.13 -2.14 -2.17 -2.19 -2.35 -3.21 -4.01
5-methylimidazolium/C4-H--amide -4.02 -4.12 -4.20 -4.33 -4.43 -5.13 -9.57 -14.51
5-methylimidazolium/C2-H--amide -4.83 -4.96 -5.05 -5.23 -5.35 -6.25 -11.77 -17.67
tau-5-methylimidazole/N3-H-water -4.93 -4.95 -4.97 -4.99 -5.01 -5.13 -5.81 -6.39
pi-5-methylimidazole/N1-H-water -5.04 -5.06 -5.07 -5.09 -5.11 -5.23 -5.90 -6.46
5-methylimidazolium/N1-H--water -7.37 -7.44 -7.50 -7.60 -7.68 -8.22 -11.68 -15.54
5-methylimidazolium/N3-H--water -7.31 -7.39 -7.45 -7.56 -7.64 -8.21 -11.79 -15.75
tau-5-methylimidazole/N3-H--acetone -5.83 -5.86 -5.88 -5.92 -5.94 -6.13 -7.13 -7.95
pi-5-methylimidazole/N1-H--acetone -5.97 -6.00 -6.02 -6.06 -6.09 -6.27 -7.27 -8.06
5-methylimidazolium/N1-H--acetone -8.40 -8.51 -8.59 -8.75 -8.86 -9.66 -14.76 -20.50
5-methylimidazolium/N3-H--acetone -8.28 -8.39 -8.48 -8.64 -8.75 -9.57 -14.75 -20.49

*Unable to geometrically optimize

Hydrogen bond interaction energies depend on dielectric environment, and amino acids within a
protein can experience a range of dielectric values depending on location (exterior vs. interior) and
microenvironment. According to Anslyn and Dougherty, “Often an ‘effective dielectric’ constant anywhere in
the range of 4-37 is ascribed to the interior of a protein. However, we are no longer in a relatively
homogeneous medium like in a pure solvent, and so any such approximation must be considered fairly
crude.”®® Refinements to modeling the dielectric environment of proteins have been examined.®’ It is clear
from Table 8b that the dielectric of the environment impacts interaction energies, especially for the charged
imidazolium complexes; the AEy;p; value for a given complex becomes more negative as the solvent dielectric
(g) is decreased using the C-PCM model. In a plot of AEy;p; vs. solvent dielectric for pi and tau complexes of
acetone and water (see Figures S3 and S4), dAEyp,/de has a small positive sign and is essentially constant
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from €=10 to €=78. Below 10, dAEyp,/de noticeably increases for the m- and t-complexes. For the protonated
complexes, the slope dAEyp,/de is slightly larger relative to the m- and t- complexes and is constant from
about 20 to 78. Below 20, dAEyp,/de dramatically increases for imidazolium complexes, and AEyp, becomes
quite negative when € < ~10. The overall trend for the acetone and water complexes is that as solvent
dielectric increases, AEyp, becomes more positive and dAEyp,/de decreases. Therefore, generally, C-H
hydrogen bonds of histidine in the protein interior can be expected to be stronger than equivalent ones at the
protein surface.

Bond critical points (bcp) were analyzed using both the HF and MP2 electron densities. According to
IUPAC, “analysis of the electron density topology of hydrogen bonded systems usually shows a bond path
connecting H and Y and a (3, —1) bond critical point between H and Y”>! It is expected that for C-H+-0
hydrogen bonding complexes that the Laplacian of the HF charge density (V2g) at the bcp will be positive and
fall roughly between 0.024 and 0.139, as small variation is observed across different basis sets.’? For a set of
four H-bonding complexes (formaldehyde+-chloroform, acetone::-chloroform, benzene--formaldehyde, and
1,1-dichloroethane--acetone) involving C—H-+O interactions, HF calculations revealed a range of electron
densities (@) at the bond critical points from 0.0039 to 0.0205 au.>? All complexes of interest to this study
have computed V?g and g values that fall within these established ranges, as shown in Table 9, with the
imidazolium complexes having larger V2 and o values than the comparable neutral complexes.

Table 9. bcp analysis of the complexes. Electron density (¢) at bep and Laplacian of the charge density at the bep (V2g) using
MP2 densities. Values using HF densities are shown in parentheses to enable direct comparison with reference 49.
Vo

o (au) BCP distance from hydrogen (A)

Complex Name

tau-5-methylimidazole/C4-H-water
tau-5-methylimidazole/C2-H-+water
pi-5-methylimidazole/C4-H--water
pi-5-methylimidazole/C2-H-water
5-methylimidazolium /C4-H--water
5-methylimidazolium /C2-H--water

tau-5-methylimidazole/C4-H--acetone
tau-5-methylimidazole/C2-H--acetone
pi-5-methylimidazole/C4-H--acetone
pi-5-methylimidazole/C2-H--acetone
5-methylimidazolium/C4-H--acetone

0.01101 (0.01102)
0.01193 (0.01192)
0.01101 (0.00896)
0.01193 (0.01184)
0.01521 (0.01524)
0.01982 (0.01983)

0.00914 (0.00913)
0.00962 (0.00960)
0.00696 (0.00696)
0.01016 (0.01015)
0.01394 (0.01395)
0.01906 (0.01907)

0.05468 (0.05450)
0.05569 (0.05563)
0.05468 (0.04314)
0.05569 (0.05460)
0.07455 (0.07409)
0.09230 (0.09213)

0.04640 (0.04656)
0.05101 (0.05140)
0.03642 (0.03631)
0.05181 (0.05177)
0.06866 (0.06845)
0.09114 (0.09107)

0.889 (0.889)
0.868 (0.868)
0.889 (0.948)
0.868 (0.876)
0.807 (0.807)
0.735 (0.735)

0.931 (0.931)
0.907 (0.907)
0.998 (0.997)
0.953 (0.907)
0.825 (0.825)
0.742 (0.742)

5-methylimidazolium/C2-H--acetone

Electrostatic potential surfaces were generated for tau-5-methylimidazole, pi-5-methylimidazole, and 5-
methylimidazolium. The electrostatic potential was mapped onto the 0.002 au electron density isosurface in
GaussView 5.0, as the 0.002 au contour may be used to reasonably represent the size and shape of a molecule
in the condensed phase.®® Numerical values of electrostatic potential are displayed in Table 10 and the
electrostatic potential maps are displayed in Figure 5.

Table 10. Electrostatic potential (kcal/mol) on the 0.002 au isodensity surface. See text for identification of the respective
sites.

N1 site C2 site N3 site C4 site
tau-5-methylimidazole -62 35 80 38
pi-5-methylimidazole 80 35 -65 15
5-methylimidazolium 173 149 172 122

To define the sites listed in Table 10, a specific example is given as follows: For the C2 site, the line
representing the C2—H bond path is extrapolated and followed out and away from the molecule to the 0.002
au isodensity surface; the potential is recorded at this point. A similar process is followed for the other three
sites (see Figure S5 for an explicit pictorial representation of the site locations). This process was carried out
in GaussView 5.0. Clearly, the electrostatic potential at each hydrogen bond donor or hydrogen bond acceptor
site is dependent upon both tautomeric and protonation state. The electrostatic potential at the C4 site of tau-
5-methylimidazole is over twice that of pi-5-methylimidazole, while the C2 site in both tautomers is
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equivalent in terms of the potential. In 5-methylimidizolium, the potential at the C2 site approaches that of
the N1 and N3 sites. The electrostatic potential values trend with the hydrogen bond strengths indicated by
AE values. In summary, electronic structure calculations show that histidinium forms the strongest C—H
hydrogen bonds, with somewhat stronger hydrogen bonds for C2 than C4. The tau tautomer forms the next
strongest hydrogen bonds, with nearly equal H-bond strength at the C2 and C4 sites. The pi tautomer forms
the weakest hydrogen bond at the C4 site, while its C2—H hydrogen bond is near in strength to those in the
tau tautomer.

Figure 5. Electrostatic potential mapped on the 0.002 au isodensity surface in GaussView 5.0. Color bar ranges from -38
kcal/mol (most red) to +38 kcal/mol (most blue). Left: m-5-methylimidazole. Right: t-5-methylimidazole.

5. DISCUSSION

The observations of C—H hydrogen bonds from histidine in the active sites of enzymes sheds new
light on several highly-studied systems, including trypsin, human carbonic anhydrase II, myoglobin, and
RNase A. Some of these interactions involve coordination of water, while others involve interactions with key
residues, such as that between His57 and Ser214 of trypsin. In the crystal structure, we observe Ce—H of
cationic His57 coordinated to the main chain of Ser214, which may function to orient the His57 for the critical
side chain interaction between the Nel of histidine with the O—H of Ser195 to stabilize the tetrahedral
intermediate transition state.?? Mechanistic studies using QM-MM simulations indicate that His57 undergoes
a subtle reorientation, rather than a ring flip, as it abstracts a proton from the weak acid side chain.®® The
authors note that His57 “needs to be ideally positioned to deprotonate [Ser195]” in the tetrahedral
intermediate during acylation. Zhou and Zhang observed that the H-bond between the carboxylate of Asp102
and the proton on N&2 shortens during the transition state.®® Our identification of the hydrogen bond
between Ce—H of His57 and Ser214 invites a revisitation of mechanistic data to understand to what extent
this interaction also influences His57 positioning and reorientation during the transition state, and also how
it plays a role in the electrostatic microenvironment around His57 that facilitates charge build up and proton
transfer steps from Ser195 to His57 and then from His57 to substrate.

Meanwhile, in myoglobin, the His93 Ce—H bond to the heme carboxylate group must affect the
rotational barrier of this proximal histidine coordinated to the heme iron. A hydrogen bond between Ser92
and His93 (Ne—H) has previously been identified to influence histidine rotation.”® It is known that energetic
barriers for internal bond rotation are influenced by hydrogen bonds, but not restricted entirely.”! In
myoglobin, after release of 0,/CO ligand, the protein undergoes a conformational change involving change in
the Fe—N bond, which was described as “proteinquake” relaxation in seminal work on protein dynamics.”?
The contributions of the carboxylate-Ce-H interaction to the proteinquake rearrangement, also described as
heme doming,3® could be an area for future investigation.

In RNase A, cationic His12 is seen to coordinate water molecules via both the Ce—H and C6—H bonds,
which are in turn coordinated to water H-bonded to the adjacent N(g1)-H group. The solvation shell
attenuates pKa and tautomeric equilibria of histidine side chains, although it remains an open question
whether the same water coordination network observed in the crystal structure exists in solution phase.
Given the open questions about tautomeric form in the mechanism of RNase A, 13303132 the structure of His12
and His119 solvent shells merits further investigation. However, for MD simulations to effectively do so,
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special attention to methods (and tautomeric form) is needed to capture C—H bonding effects in histidine.
This could involve, for instance, use of QM/MM simulations or custom charges on active site residues with
fixed-charge force fields (as was done by Merz and co-workers in HCA II, PDB ID 4Q49, discussed below).”3 In
summary, the present results suggest water coordination by multiple atoms in the histidine side chain may
participate in stabilization or facilitation of the charge transfer/proton transfer steps. Furthermore, atomic
charge calculations indicate that participation in a C—H hydrogen bond does not reduce polarity, in line with
the observation of multiple hydrogen bonds by many of the histidine residues observed in multiple neutron
diffraction structures (Table 1), including -lactamase and RNase A.

The active site C-H hydrogen bond between His119 and Ser214 in HCA II provides new information
about a hydrogen bond network that has been shown to be critical in enzymatic function. His119 is one of
three histidine residues coordinated to zinc, which binds H,0/0H-, surrounded by an ordered water network
mediated by hydrophilic residues.”* Simulations by Merz and co-workers, in which custom charges were
calculated for the histidine residues by QM methods show that this region of the active site has low RMSF
(high rigidity). They concluded that the low flexibility in the cavity around the active site leads to an optimal
geometry for enzymatic activity.”? In fact, His119 was observed to have the lowest RMSF value among the
three histidine residues bound to zinc. The H-bond between Glu106 and Ce—H of His119 must contribute to

the low flexibility of this particular histidine, as well as contributing to the rigidity of Glu106.”3 This
glutamate residue has been shown to dictate ligand preferences at the HCAII active site.3® The Glu106 H-
bonded to Ce—H of His119 is in turn also H-bonded to Thr199. This latter H-bond between Thr199 and
Glu106 was shown previously in MD simulations to be long-lived, locked into catalytically-favorable
geometries through a rigid H-bond network.”> Thus, the His119 C-H bond in the active site of HCA Il may
make an underappreciated contribution to the enzymatic selectivity and efficiency of the enzyme.

Although we relied on neutron diffraction data in this study, as it provides more accurate proton
locations that aid in particular with assignment of protonation/tautomeric state, it is possible to identify
histidine C6-H and Ce-H hydrogen bonds in X-ray crystal structures. Therefore, the interactions identified
herein can be looked for within past, current, and future systems of interest regardless of diffraction method.
As a proof of principle, we arbitrarily selected 6 X-ray diffraction structures of protein crystals. Using a heavy
atom distance cut-off of 3.6 A, numerous histidine C-H hydrogen bonds were identified. These are presented
in Table So6 and Figures S6-S17. The average heavy-atom bond distance for C-H hydrogen bonds in Table S6 is
3.2+03A.

Most of the heavy atom distances observed for histidine C-H bonds in the neutron and X-ray
diffraction structures are longer than many “traditional” N-H and 0-H hydrogen bonds, ranging from 3.1-3.4 A
in most cases, concomitant with the larger van der Waals radius of carbon. A recent survey by Merski et al. of
heavy atom distances in protein H-bonds found the average for C-H hydrogen bonds to be 3.3 A.75 A longer
H-bond distance typically indicates a weaker interaction, but even longer and weaker hydrogen bonds can
still be critical: recent work shows that the synergy of multiple hydrogen bonds in peptides shapes the
conformational landscape.® 76 77 78 It is notable that comparison of C-H---O and N-H---O interactions in an ab
initio study by Scheiner indicated that the hydrogen bonds are essentially isoenergetic in parallel (-sheets
while N-H---0 interactions are slightly stronger in antiparallel B-sheets.” It is also interesting to note that the
newly-identified C6—H hydrogen bond of histidine shows redshifted vibrational frequencies, a common
hallmark of “traditional” H-bonds, in contrast with blueshifting Ce~H hydrogen bonds.

It appears that the C6—H group, particularly, can act as a hook that reaches back in toward a carbonyl
hydrogen bond acceptor in the protein structure to anchor the histidine side chain in a specific orientation,
including in the active site. Meanwhile, C6 and Ce groups were observed to serve as a bridge “reaching across”
in secondary structures like 3 sheets, and this was especially prominent for C6—H groups, in spite of the steric
restrictions inherent in the C6 position on the histidine aromatic ring. It has been previously shown that side
chain O-H interactions with backbone carbonyls seem to have an important effect on protein structural
stability.?° Both types of C—H bonds in the histidine ring were observed to coordinate water, and protein-
water hydrogen bonds influence solvent shell structure and dynamics,8! 82 83 8% which in turn play a role in
both the stability and flexibility/conformational dynamics of the proteins.?®> 8 In summary, the finding and
characterization of C6—H hydrogen bonds in histidine adds to the growing knowledge of the diversity of
hydrogen bonds, which are crucially involved in myriad ways in protein structure-function-dynamics.

6. CONCLUSIONS
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For hydrogen bonds in proteins, strength lies in numbers. Collectively, hydrogen bonds inform the
folded shape, the structure and dynamics of the hydration layer, and how substrate interacts and reacts at the
active site of enzymes. Hydrogen bonds vary in strength, but taken all together they are integral to protein
structure-function-dynamics. Our previous analysis of electronic structure calculations of histidine suggested,
from bond polarity, that the C4(C8)—H bond of histidine is a viable hydrogen bond donor.? 12 1314 [nvestigation
of neutron diffraction structures, allowing for identification of tautomeric/protonation state, yielded
experimental evidence for C6—H hydrogen bonds in proteins, in addition to C2(Ce)—H hydrogen bonds, which
have been identified previously as a type of hydrogen bond. Common motifs for histidine C6—H hydrogen
bonds in crystal structures include coordinated water molecules and interactions in beta sheets and loops
that presumably help stitch together the secondary structure. Notable was the observation of a double C—-H
hydrogen bond (at both the C2/Ce and C4/C6 sites) at His108 of photoactive yellow protein and in the active
site residue His12 in RNase A. Computational analysis has characterized the properties of the C—H:--O
hydrogen bonds in methylimidazole-water, —acetone, and —N-methylacetamide complexes in various
protonation/tautomeric states of the imidazole ring. [IUPAC H-bonding criteria were used to make this
characterization systematic.

The C6—H::-0 complexes within the crystal structures shown in Figure 2 meet the IUPAC bond angle
criteria for H-bonding (C—H---O angle > 110°), and many of the experimental listings meet an older empirical
van der Waals criteria (C to O length < 3.3 A), although the latter criterion is not recommended by IUPAC.
Based on the model compounds used for electronic structure calculations, there is ample evidence that all
complexes presented here can be characterized as H-bonded complexes, and the C8—H bonds in histidine and
histidinium should be viewed as viable H-bond donor groups. The model systems show that, if there is
sufficient configurational freedom for all atoms in a real system, that the equilibrium geometries fulfill the
overwhelming majority of IUPAC criteria for H-bonding, as seen in Table 11 for Ce—H:--O and C6—H---O model
complexes with water and acetone. Moreover, from Hirshfeld charge data, multiple H-bond formation at one
histidine residue is viable from a purely electrostatic viewpoint.

Table 11. The following IUPAC H-bonding criteria® were examined with respect to the BHandHLYP/6-31+G(d,p) optimized
geometries. Whether the criteria are met for a given methylimidazole---water or acetone complex is indicated by “Yes”, “No”,
or “Inconclusive”.

T-C6-H 1-Ce-H m-C8-H m-Ce-H imidazolium-  imidazolium-
water, water, water, water, C8-H water, Ce-H water,
IUPAC Criteria acetone acetone acetone acetone acetone acetone
AG for H-bond formation > Not Not Not Not Not Not
thermal energy of the system calculated calculated calculated calculated calculated calculated
(3,-1) Bond Critical Point found Yes, Yes Yes, Yes Yes, Yes Yes, Yes Yes, Yes Yes, Yes

along C-H---0O bond path

Charge transfer from water or
acetone, respectively, to the Yes, Yes Yes, Yes Yes, Yes Yes, Yes Yes, Yes Yes, Yes
methylimidazole species

AE ompiex Shows good correlation
with extent of charge transfer Yes (R?=0.934), Yes (R? = 0.996) - See tables S3A and S3B
between donor and acceptor

Nuclear deshielding of proton

due to C=H---0 interaction Yes, Yes Yes, Yes Yes, Yes Yes, Yes Yes, Yes Yes, Yes
Red-shifted C-H IR stretching Yes, Yes Yes, Yes Yes, No Inconclusive, Yes, Yes Yes, Yes
frequency Yes
Increased C-H I.R st.retchl.n 8 Yes, Yes Yes, Yes Yes, Yes Inconclusive, Yes, Yes Yes, Yes
absorption intensity Yes
New vibrational modes
associated with C-H:--0 Yes, Yes Yes, Yes Yes, Yes Yes, Yes Yes, Yes Yes, Yes
interaction
C-H:--O angle > 110° Yes, Yes Yes, Yes Yes, Yes Yes, Yes Yes, Yes Yes, Yes
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AC-H bond length > 0 Yes, Yes Yes, Yes Yes, Yes Yes, Yes Yes, Yes Yes, Yes

Compared to its neutral form, 5-methylimidazolium forms Ce—H+-O and C8—H---O hydrogen bonding
complexes roughly twice as strong (or more) than the respective neutral tau-5-methylimidazole or m-5-
methylimidazole complexes. The t- and the m-tautomers form Ce—H**O complexes of very similar strength,
the t-C6—H---0 interaction is approximately twice as strong as the m-C6—H---O interaction, and the n-C6—H---0
interaction forms the weakest complexes. The data indicates that in the neutral form, tautomeric state
matters, which can perhaps be most vividly demonstrated by examination of the electrostatic potential maps
in Figure 5 and examination of Hirshfeld charges (Table 5) at the C8—H site in the m- and t-tautomers.
Stronger H-bonds are formed with the C=0 group of acetone than with the H-0O group of water for each
respective methylimidazole species, and stronger H-bonds are formed with the C=0 group of N-
methylacetamide than with the C=0 group of acetone. When identifying C—H---O interactions of histidine in
proteins, if possible, the tautomeric and protonation state should be characterized to help gauge the relative
strength of the interaction.

Recognition of the histidine C§(C4)-H hydrogen bond motif in proteins is important for protein
structure-function analysis, as well as biomolecular modeling. Neutron diffraction structures indicate C4—H
(C6—H) is capable of coordinating water, thus contributing to solvation layer structure and dynamics. In the
active site, the hydrogen bond is anticipated to be capable of participating in catalytic steps, such as proton
transfer reactions, hydrolysis and hydrogen bond network formation. Histidine is present in ~50% of enzyme
active sites.® Furthermore, the C4—H hydrogen bond of histidine (and particularly histidinium) needs to be
considered in modeling. Currently, the commonly used force fields in molecular modeling/dynamics do not
reflect the C—H bond polarity calculated for histidine, histidinium, and values implied by structural data.
Previous QM/MM studies with custom charges on histidine have shown critical interactions of histidine in the
active sites, but could be re-evaluated for more information about the C—H hydrogen bonds identified in this
work. The C6—H hydrogen bond to a main chain carbonyl in an active site histidine of photoactive yellow
protein, in addition to Ce—H interactions observed in the Ser-Asp-His catalytic triad of trypsin, and the active
sites of human carbonic anhydrase II, RNase A, and myoglobin, suggest that C-H hydrogen bonding
interactions in the chemically versatile histidine side chain may make underappreciated contributions to
active site protein dynamics, positioning of residues, and formation of hydrogen bonding networks that are
critical for enzymatic activity.
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