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Abstract: We report the first solid-state NMR, crystallographic, and quantum chemical investigation of the
origins of the 13C NMR chemical shifts of the imidazole group in histidine-containing dipeptides. The chemical
shift ranges for Cγ and Cδ2 seen in eight crystalline dipeptides were very large (12.7-13.8 ppm); the shifts
were highly correlated (R2 ) 0.90) and were dominated by ring tautomer effects and intermolecular
interactions. A similar correlation was found in proteins, but only for buried residues. The imidazole 13C
NMR chemical shifts were predicted with an overall rms error of 1.6-1.9 ppm over a 26 ppm range, by
using quantum chemical methods. Incorporation of hydrogen bond partner molecules was found to be
essential in order to reproduce the chemical shifts seen experimentally. Using AIM (atoms in molecules)
theory we found that essentially all interactions were of a closed shell nature and the hydrogen bond critical
point properties were highly correlated with the N‚‚‚H‚‚‚O (average R2 ) 0.93) and Nε2‚‚‚H‚‚‚N (average R2

) 0.98) hydrogen bond lengths. For Cε1, the 13C chemical shifts were also highly correlated with each of
these properties (at the Nε2 site), indicating the dominance of intermolecular interactions for Cε1. These
results open up the way to analyzing 13C NMR chemical shifts, tautomer states (from Cδ2, Cε1 shifts), and
hydrogen bond properties (from Cε1 shifts) of histidine residue in proteins and should be applicable to
imidazole-containing drug molecules bound to proteins, as well.

Introduction

Histidine is an important amino acid in proteins since it is
involved in catalysis by, for example, serine and cysteine
proteases, as well as being a frequent ligand to metals such as
Fe, Cu, and Zn.1-5 Histidine can exist in four different forms:
a protonated, imidazolium form (1), two neutral tautomers
containing Nδ1-H (2), or Nε2-H (3), as well as a formally
anionic imidazolate form (4):

Nuclear magnetic resonance (NMR) spectroscopy is a po-
tentially powerful tool with which to investigate these proto-
nation states in proteins, via1H, 13C, and15N chemical shifts6-8

as well as from13C-15N scalar orJ-couplings,9 and in early
work on model systems it was proposed that the chemical shifts
of 13Cγ in 2 were about 2 ppm more shielded than those of1,
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while the13Cγ shifts of3 were about 6 ppm more deshielded.7

These observations then led to investigations of13Cγ shifts in
proteins, such as myoglobin10 and plastocyanin,11 where it was
found that pKa values could be deduced from the experimentally
observed shifts. The range of chemical shifts observed in
proteins was, however, rather small, about 6 ppm, due most
likely to the relatively small number of residues investi-
gated. With the advent of multidimensional NMR and isotopic
labeling, many more shifts (of Cγ) have now been reported, as
have other (Cδ2, Cε1) shifts, and the overall shift ranges in
proteins for Cγ and Cδ2 are now much larger, some 14 ppm,12

a range making quantum chemical analysis of such shifts of
interest, from the perspective of both understanding the origins
of these shifts and, potentially, providing detailed insights into
hydrogen bonding interactions of histidine residues in proteins.
In earlier work, Wei et al.13 reported the results of quantum
chemical investigations of the15N NMR spectra of HisLeu and
a series of histidine salts but noted13 that there were few
structures reported for the neutral histidine species (2,3) of
importance in enzyme catalysis. Likewise, the results of quantum
chemical calculations of13C NMR chemical shifts in the amino
acid histidine have been reported,14-16 but these results were
compared with only one experiment (on an imidazolium form)
or with theory alone. Clearly then, there is a need to investigate
a much broader range of well-characterized histidine-containing
peptides (whose chemical shifts should ideally cover the same
large ranges as those observed in proteins), to obtain a better
understanding of these shifts and to begin to make use of them
in studies of structure and, potentially, electrostatics. In this
work, we have therefore investigated the solid-state13C NMR
spectra of eight histidine-containing dipeptides, comprising four
Nδ1-H tautomers (2), three Nε2-H tautomers (3), plus one
imidazolium species (1). The structures of all eight species were

determined crystallographically (six being new structures), and
these structures were then used in an investigation of the13C
NMR shieldings and electrostatics in each compound, using
quantum chemistry. Unlike previous13C NMR studies of
peptides and proteins,17-20 tautomeric state and hydrogen
bonding interactions make major contributions to the large
chemical shift ranges seen experimentally. We also investigate
the nature of these hydrogen bonding interactions using atoms-
in-molecules (AIM) theory,21 as a prelude to related studies in
proteins.

Experimental Section

Crystallographic Aspects.We crystallized the eight His-containing
species (5-12) whose structures are shown in Figure 1. All the com-
pounds were obtained from Bachem (King of Prussia, PA).5, 6, 8,
and9 were crystallized from water while7 and10-12were crystallized
from aqueous EtOH. Diffraction data for all eight compounds were
collected at 193 K on a Bruker SMART CCD system. Data reduction
and integration were performed with the software package SAINT,22

and absorption corrections were applied by using the program SAD-
ABS.22 The positions of the non-hydrogen atoms were found by direct
methods using the Bruker SHELXTL software package.22 The same
crystal batches were used in the NMR experiments. Crystal data and
structure refinement information for all of the new structures are shown
in Table 1. The structures of5 and10have been reported previously23,24

and are in good accord with the results we obtained (not shown). More
detailed descriptions of the six novel structures (coordinates, geometries,
hydrogen bonding patterns, and B factors) are provided in the
Supporting Information, Tables S1-S42.

NMR Spectroscopy.Carbon-13 NMR spectra were obtained by
using the cross-polarization magic-angle sample-spinning technique25,26

with either full proton decoupling27 or interrupted decoupling28 (using
a dipolar dephasing time of 150µs), for selection of the nonprotonated
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Figure 1. Structures of the histidine-containing dipeptides investigated.5, His-Leu; 6, His-Met; 7, Gly-His; 8, Leu-His; 9, His-Asp; 10, His-Ala; 11,
His-Glu; 12 Ala-His.
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His aromatic carbon (Cγ). Spectra were typically recorded using a 5 s
recycle time. The1H and 13C 90° pulse widths both were 2.75µs.
Chemical shifts were referred to external glycine, setting theR carbon
to 43.6 ppm downfield from tetramethylsilane (TMS). All spectra were
obtained by using a Varian (Palo Alto, CA) Infinityplus 600 MHz (1H)
NMR spectrometer at an 8 kHz spinning frequency using a 3.2 mm
Varian/Chemagnetics HXY probe.

Computational Aspects.To compute the13C NMR chemical shifts
(or shieldings), we carried out four different sets of calculations. In
each case, we used the Hartree-Fock method as incorporated in
Gaussian 98,29 using the locally dense basis set scheme used previously
(6-311++G(2d,2p)/6-311G) with the denser basis set on the atoms of
interest (and their nearest neighbors), combined with the gauge-
including atomic orbitals (GIAO) method.30 In the first set of calcula-
tions, we used the N-formyl-X-amide model approach described
previously,17 with torsion angles set to the X-ray values, as shown for
example for HisLeu (5) in Figure 2A. Since the results obtained were
only modest, we next used the monomers found in the X-ray crystal
structure, as shown for example for5 in Figure 2B. Third, we used
cluster models, as shown again for5 in Figure 2C, in which the effects
of neighboring residues were included by incorporating methylimida-
zole, acetate, or methylammonium ions, as appropriate, to represent
the histidine’s lattice partners. The structures of each of these eight
“supermolecule” clusters are shown in the Supporting Information
(Figure S1). And finally, we carried out a geometry optimization at
the hydrogen atom positions (using HF/3-21G) in each of the super-
molecule clusters, to see to what extent improvements in the shielding
predictions might be made. In addition, we also carried out DFT
calculations with the cluster models, using the B3LYP functional31 and
a locally dense basis set scheme (6-311++G(d,p)/6-31G) with the
denser basis set again on the atoms of interest (and their nearest
neighbors). The hydrogen bond critical point (BCP) properties were
evaluated by AIM200032 using the wave functions from the HF and
B3LYP cluster calculations.

Results and Discussion

We chose to investigate the solid-state13C NMR shifts in
eight histidine-containing dipeptides (5-12) to provide a basis

for chemical shielding calculations of the origins of the Cγ, Cδ2

and Cε1 shifts in peptides and in proteins. We determined the
structures of all eight dipeptides using X-ray crystallography
and used the same crystal batches for our NMR investigations.
Of these eight molecules, the structures of six are novel and
we show in Table 1 a summary of the crystallographic param-
eters for each, together with, in Figure 3, their crystallographic
structures displayed by using the ORTEP program.33 Among
the eight structures investigated by NMR, four (5-8) exist in
the Nδ1-H (also known as theπ) tautomeric state (2), 9 is in
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Table 1. Crystallographic Data Summary for Histidine Dipeptides

His-Met (6) Gly-His (7) Leu-His (8) His-Asp (9) His-Glu (11) Ala-His (12)

formula C11H18N4O3S C8H16N4O5 C12H22N4O4 C10H20N4O8 C11H16N4O5 C22H42N8O9

mol wt 286.35 248.25 286.34 324.30 284.28 562.64
cryst syst monoclinic monoclinic orthorhombic monoclinic monoclinic orthorhombic
space group P21 P21 P21212 P21 P21 P21212
a (Å) 6.5893(13) 6.0389(7) 12.240(3) 4.8451(18) 4.9316(7) 9.283(2)
b (Å) 5.4676(11) 7.2672(9) 21.081(5) 18.326(7) 15.472(2) 18.035(4)
c (Å) 18.392(3) 12.9258(15) 6.1137(14) 8.678(3) 8.6523(13) 8.549(2)
R (deg) 90.00 90.00 90.00 90.00 90.00 90.00
â (deg) 96.499(6) 99.908(2) 90.00 104.029(7) 99.102(4) 90.00
γ (deg) 90.00 90.00 90.00 90.00 90.00 90.00
V (Å3) 658.4(2) 558.80(11) 1577.6(6) 747.5(5) 649.84(17) 1431.2(6)
Z 2 2 4 2 2 2
Fcalcd(g cm-3) 1.444 1.475 1.206 1.441 1.453 1.306
T (K) 193(2) 193(2) 193(2) 193(2) 193(2) 193(2)
µ (mm-1) 0.257 0.123 0.091 0.125 0.116 0.102
R1 (all data) 0.0664 0.0343 0.0337 0.0481 0.0338 0.0928
wR2 (all data) 0.1338 0.0935 0.0877 0.1235 0.0666 0.0857
crystallization H2O H2O/EtOH H2O H2O H2O/EtOH H2O/EtOH

Figure 2. Models used for calculations: (A) N-formyl-histidine amide;
(B) monomer from crystal structure of His-Leu (5); (C) monomer from
crystal structure of His-Leu (5) with surrounding hydrogen bond partners
included.
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the imidazolium form (1), while 10-12 are in the Nε2-H (also
known as theτ) tautomeric state. In each system, there is a
complex network of hydrogen bonds to both Nδ1 and Nε2 (see
Figure S1 for more details).

Next, we recorded the13C magic-angle sample-spinning
(MAS) NMR spectra of each system under conditions of full
(TPPM)27 proton decoupling or using interrupted decoupling,28

which in the aromatic region selects for the Cγ resonance. The
most highly shielded aromatic peak was then assigned in each
case to Cδ2 (δaverage) 120.9( 4.6 ppm from TMS), while the
most deshielded aromatic methine carbon was assigned in each
case to Cε1 (δaverage) 135.3( 2.5 ppm). Some representative
spectra, of5 and 12, are shown in Figure 4, and the experi-
mentally observed shifts for each compound are presented in
Table 2. Also shown in Table 2 are the solution NMR shifts
for histidine and a protected histidine peptide, which are found
to be very close to the average values found for the eight
crystalline dipeptides.

On examination of the dipeptide shifts, Table 2, it can
immediately be seen that there are large chemical shift ranges,
particularly so for Cγ (∆δ ) 12.7 ppm) and for Cδ2 (∆δ )
13.8 ppm). These chemical shift ranges are very close to those
found in proteins,12 as shown for example in Figure 5 for Cγ,
strongly suggesting that the interactions which dominate13C
shielding in these histidine peptides are the same as those which
dominate shielding in proteins. It is also of interest to note that
the actual values of the Cγ and Cδ2 shifts are highly correlated.
This is shown graphically in Figure 6A where we find anR2 )
0.90 (with a slope of-1.03). For Cε1, which has a much smaller
shift range (∆δ ) 7.7 ppm), no correlations with the Cγ, Cδ2

shifts are seen, presumably since Cε1 is not connected to either

atom and has different factors which dominate its shielding.
The Cγ-Cδ2 shift correlation seen in the peptides is also seen
in proteins, as shown in Figure 6B (and Table S43), where we
present Cγ, Cδ2 shifts for eight proteins (from the BioMagRes
Bank;12 PDB File nos.: 1RCF (recombinant oxidized fla-
vodoxin); 1HOE (R-amylase inhibitor Hoe-467A); 1EY7 (Sta-
phylococcal nuclease); 1HG6 (Microcin J25); 1QH7(xylanase);
5FX2 (flavodoxin); 1EIA (eiav capsid protein); and 1EHK
(ba3-type cytochrome-c oxidase)).34 However, the “raw” cor-
relation (for all data points) in proteins is less clear than with
the peptide data. This effect could be due in part to small
differences in chemical shift referencing between the dif-
ferent protein studies, but in addition to this effect it appears
that there is in fact a cluster of residues which all have sim-
ilar Cγ, Cδ2 shifts falling slightly above the trend line. On
inspection of the X-ray crystallographic structures, we found
that all these residues correspond to solvent exposed histi-
dines, and this is shown more graphically in Figure 6B in
which histidine residues having solvent-exposed surface areas
of >50 Å2 (computed using the POPS program, ref 35) are
shown in red. This type of behavior has been reported previously
by us for Cγ of solvent-exposed Trp residues in proteins19 and
may be due to both solvation and enhanced mobility.19 The
centroid of the cluster of these solvent exposed residues is at
∼131 (Cγ), 119 (Cδ2) ppm, the same as that found for histidine
or a protected histidine peptide, in solution (Table 2), confirming
this idea.

(34) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.; Weissig,
H.; Shindyalov, I. N.; Bourne, P. E. The Protein Data Bank.Nucleic Acids
Res.2000, 28, 235-242.

(35) Fraternali, F.; Cavallo, L.Nucleic Acids Res.2002, 30, 2950-2960.

Figure 3. Crystal structures of compounds6, 7, 8, 9, 11, and12.
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Next, we investigated the use of quantum chemical methods
to see to what extent the experimental shifts in the eight
dipeptides could be predicted and questions as to the origins of
these shifts, probed in more detail. We first used the N-formyl-
histidine amide model approach employed previously17 to
compute, primarily, CR and Câ shifts in peptides and proteins
but found relatively poor accord with experiment. TheR-values
were not unreasonable (0.82, 0.94, and 0.80 for Cγ, Cδ2, and
Cε1, respectively, to be compared with ideal values of 1.0), but

the slopes were poor:-2.17,-2.28, and 0.42, for Cγ, Cδ2, and
Cε1 (Table 3), to be compared with ideal values of-1.00. Full
results are given in the Supporting Information (Table S44).
The predicted Cγ and Cδ2 shifts from this simple model were
very highly correlated, as shown in Figure 6C (R2 ) 0.98) with
a slope (-1.02) similar to that seen experimentally in the eight
histidine dipeptides (-1.03), but as can be seen in Figure 6C
the shifts of the Nδ1-H and Nε2-H tautomers form rather
pronounced clusters corresponding to theπ and τ tautomeric
forms and do not reflect the broad distribution of shifts seen
experimentally, Figure 6A. In addition, the apparently good
agreement with the experimental slope is illusory, since the
computed values are both in error by factors of∼2, Table 3,
and these errors cancel, in Figure 6C. Thus, while these results
do indicate the dominance of tautomeric state on shielding, they
also imply the omission of an essential ingredient in the
calculations, for example, the presence of terminal NH3

+ and
CO2

- groups or other electrostatic effects (in proteins). So, we
next used single, isolated monomer molecules from the crystal
structures, but again found no marked improvement (Table 3;
all shielding values are given in Table S44). These results
indicated the desirability of incorporating additional, intermo-
lecular interactions in the calculations. To do this, we incor-
porated the effects of nearest-neighbor carboxylate groups with

Figure 4. 125 MHz13C MAS NMR spectra of5 and12. (A) 5, fully proton
decoupled and (B) with interrupted decoupling. (C)12, fully proton
decoupled and (D) with interrupted decoupling. The His Cγ chemical shift
range is 12.7 ppm. *) carbonyl group spinning-sideband.

Table 2. Experimental Chemical Shifts and Computed Chemical Shieldings for Cγ, Cδ2, and Cε1a

Cγ (ppm) Cδ2(ppm) Cε1 (ppm)

HF B3LYP HF B3LYP HF B3LYP

compound δexpt σcalc δpred σcalc δpred δexpt σcalc δpred σcalc δpred δexpt σcalc δpred σcalc δpred

5 124.7 58.7 123.4 48.1 123.2 128.3 63.2 127.3 54.3 127.2 135.5 43.4 136.6 43.7 136.5
6 124.9 57.1 124.9 46.8 124.3 124.9 69.8 121.3 60.3 122.2 135.0 41.7 137.7 41.7 137.6
7 127.8 52.4 129.3 42.5 128.0 124.0 66.5 124.3 57.4 124.6 133.6 47.6 133.9 47.6 134.2
8 129.6 51.9 129.7 41.6 128.7 120.1 69.2 121.8 59.6 122.8 133.1 51.5 131.4 51.4 131.9
9 128.9 55.3 126.5 41.7 128.6 120.6 68.9 122.1 60.5 122.1 132.8 48.0 133.6 51.2 132.1
10 131.7 48.1 133.3 36.3 133.2 117.4 73.4 118.0 66.1 117.4 136.4 47.7 133.8 47.7 134.1
11 132.6 51.6 130.0 38.8 131.1 117.6 71.9 119.4 64.4 118.8 140.5 36.7 141.0 36.9 140.5
12 137.4 44.0 137.1 32.8 136.2 114.5 82.2 109.9 74.1 110.8 135.5 46.8 134.4 47.1 134.5
average (5-12) 129.7 120.9 135.3
His (pH ) 7.0)b 131.0 117.7 136.7
TFA‚GGHA‚OMeb 130.3 118.7 135.2

a Calculated with exact crystal structures with surrounding hydrogen bond partner molecules included. The basis sets for the calculations are described
in the Experimental Section of the text. The predicted shifts were from eqs 1-6. b His, protected His peptide shifts in solution, from ref 6.

Figure 5. Schematic illustrating the His Cγ chemical shifts observed in:
(A) model systems (5-12) and (B) in proteins. Protein chemical shift data
from the BMRB database (http://www.bmrb.wisc.edu/).
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acetate ions, histidine ammonium groups as methylammonium
ions, and histidine imidazole rings as methylimidazoles (see for
example Figure 2C for a representative cluster; all clusters
investigated are shown in the Supporting Information, Figure
S1). This protocol gave much better accord with experiment
for Cγ and Cδ2, as shown in the experimental shift versus
theoretical shielding results presented in Figure 7A and 7B, with
R values of 0.94 (Cγ) and 0.88 (Cδ2) and slopes of-1.07 (Cγ)
and-1.09 (Cδ2), and greatly improved results (R ) 0.82, slope
) -1.54) for Cε1 (Figure 7C and Tables 2,3). The predicted

shifts can then be obtained from the regression lines using
calculated shieldings:

which then enables a comparison of all 24 predicted shifts (eqs
1-3) with those determined experimentally, Figure 7D, in which
the R value is 0.97 and the rms error between the shift
predictions and experiment is 1.9 ppm over the entire 26 ppm
experimental shift range, corresponding to about a 7% error in
shift prediction, on average. The effects of hydrogen atom
geometry optimization resulted in little or no improvement to
these results, Tables 3 and S44, at a considerable increase in
computational time.

In addition to these results we also carried out a series of
DFT calculations to investigate the effects of electron correlation
on shielding. The B3LYP-calculated chemical shieldings (Table
2) were found to be highly correlated with the HF data with
correlation coefficientsR of 0.97, 0.99, and 0.98 for Cγ, Cδ2,
and Cε1 shieldings, respectively. Such high correlations between
B3LYP and HF data were also found in13C NMR shift
predictions of Trp-containing peptides19 as well as31P NMR
shift predictions of phosphonates.36 The theory-versus-experi-
ment correlations for the B3LYP results are marginally improved
over the HF predictions (an increase of 0.02-0.03 inR), with
R ) 0.97, 0.90, 0.85 for Cγ, Cδ2, and Cε1 shifts, respectively.
However, the slopes (Cγ: -1.18; Cδ2: -1.21; Cε1: -1.70) of
the B3LYP theory-versus-experiment predictions are much
worse than those of the HF predictions (Cγ: -1.07; Cδ2: -1.09;
Cε1: -1.54). Moreover, the B3LYP computed absolute shield-
ings of TMS (known experimentally to be 186 ppm)37 in the
B3LYP predictions (Cγ: 193.5; Cδ2: 208.2; Cε1: 275.7) are
again as expected worse than the results of the HF calculations
(Cγ: 190.7; Cδ2: 202.0; Cε1: 253.8). Clearly then, the B3LYP
results have poorer slopes (and, hence, absolute shieldings),
suggesting that electron correlation effects do not have any
significant effects on shielding in these systems.

(36) Zhang, Y.; Oldfield, E.J. Phys. Chem. B2004, 108, 19533.
(37) Jameson, A. K.; Jameson, C. J.Chem. Phys. Lett.1987, 134, 461.

Figure 6. (A) experimental shift correlation between Cγ and Cδ2 for the
eight dipeptides. (B) Experimental shift correlation between Cγ and Cδ2 for
proteins. The red points are for solvent accessible histidines (exposed surface
area> 50 Å2). (C) Computed Cγ, Cδ2 isotropic chemical shieldings (σi) for
the eight dipeptides using the N-formyl-histidine amide model. Theπ and
τ tautomeric states stand for Nδ1-H and Nε2-H, respectively.

Table 3. Statistical Results for HF Chemical Shift/Shielding
Calculations

atom
type method R slope

Cγ FHAa 0.82 -2.17
EXb 0.91 -2.80
HBc 0.94 -1.07
HBMINd 0.86 -0.85

Cδ2 FHAa 0.94 -2.28
EXb 0.91 -1.75
HBc 0.88 -1.09
HBMINd 0.80 -0.67

Cε1 FHAa 0.80 0.42
EXb 0.37 -1.09
HBc 0.82 -1.54
HBMINd 0.72 -1.45

a N-formyl-histidine amide model.b Exact crystal structures.c Exact
crystal structures with surrounding hydrogen bond partner molecules
included.d Same as for footnote c but after geometry optimization of
hydrogen bond H-atom positions.

δpred(Cγ) ) (190.7- σcalc)/1.07 (1)

δpred(Cδ2) ) (202.0- σcalc)/1.09 (2)

δpred(Cε1) ) (253.8- σcalc)/1.54 (3)
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Using the correlation lines for the B3LYP results, the
predicted13C shifts can be obtained from following equations:

which again enables a comparison of all 24 predicted shifts
(eqs 4-6) with those determined experimentally. We find an
overall R value of 0.98 and the rms error between theory and
experiment of 1.6 ppm (about a 6% error). This represents a
minor improvement over the HF predictions. It is clear then
that the HF and DFT results have comparableR values (0.97,
0.98) and errors, but the HF results have better slopes and
absolute shieldings than do the DFT predictions. Since such
HF calculations were also used in previous investigations of
13C NMR chemical shifts in proteins and the 20 common amino
acids,17-19 in addition to enabling the accurate predictions of
torsion angles in peptides,38 the HF results are used in the
subsequent discussions of NMR properties, unless otherwise
noted.

In these histidine dipeptides (and most likely in proteins),
the major contributions to shielding are, therefore, the tautomeric
state, together with intermolecular hydrogen bonding contacts
in the “lattice”, since the formyl-His-amide model gave only

modest predictions while the monomer crystal structure results
with hydrogen bond partners gave relatively good correlations
with experiment (Figure 7D). The shift ranges seen in histidine
are larger than those seen in tryptophan,19 due to both tautom-
erism and hydrogen-bond interactions in histidine, the latter
effects being attributable to the much more basic nature of
imidazole versus indole (pKa values of∼7, 17, respectively).
This then raises the question as to whether there are large
shielding tensor magnitude and orientation changes associated
with tautomerism and hydrogen-bond formation in these histi-
dine dipeptides and, by inference, in proteins.

We show in Figure 8 (and Table S45) the computed shielding
tensor element magnitudes (σ11, σ22, andσ33) as a function of
the isotropic shielding, for Cγ (Figure 8A), Cδ2 (Figure 8B),
and Cε1 (Figure 8C). Three representative tensor orientations
(for 5) are shown in Figure 8D-F, and full tensor orientation
information is given in Tables S46 and S47. The most shielded
element (σ33) is perpendicular to the imidazole ring plane, as
expected, withσ22 making the major contribution toσi (followed
by σ33) for each of the three atom types (Cγ, Cδ2, Cε1), Table
S45. As to the tensor orientations: we first investigated the
orientation of σ11 relative to two molecule-fixed axes, the
Cγ-Cδ2 bond vector and the Cε1-Nδ1 bond vector, Table S46.
These results showed that, for Cγ and Cδ2, there are only small
changes in tensor orientation between the two neutral forms
(Table S46) but, for Cε1, which is attached to both nitrogen sites,
there are major changes in the orientation of the in-plane tensor
components in the two tautomers.

(38) Wi, S.; Sun, H.; Oldfield, E.; Hong, M.J. Am. Chem. Soc.2005, 127,
6451.

Figure 7. Correlations between experimental chemical shifts and those computed theoretically using the supermolecule approach and the HF method. (A)
Cγ; (B) Cδ2; (C) Cε1. (D) Cγ, Cδ2, and Cε1 combined chemical shift predictions (using eqs 1-3).

δpred(Cγ) ) (193.5- σcalc)/1.18 (4)

δpred(Cδ2) ) (208.2- σcalc)/1.21 (5)

δpred(Cε1) ) (275.7- σcalc)/1.70 (6)
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While on first inspection these tensor orientation results for
Cγ, Cδ2, and Cε1 in the three different histidine forms may appear
rather complex, they can in fact be greatly simplified and readily
understood using structural and symmetry arguments. More
specifically, in all three imidazole forms (1, 2, 3) the Cγ-Cδ2

bond is formally a double bond, as shown by the average bond
lengths for5-8, 10-12, and9 in Figure 9. Based on symmetry,
one component of the shielding tensor for Cγ and Cδ2 is expected
to be oriented close to the Cγ-Cδ2 bond vector and as can be
seen in Figures 8 and 9, this component isσ22, as expected for
a double bond. For Cγ, we find on average that theσ22/Cγ-Cδ2

angle is∼9° while for Cδ2 we find that this angle is∼11°, Table
S47, for all three types of histidine side chain. When the two
tautomeric forms are compared, Figure 9A,B, it can be seen
that there are even stronger similarities in tensor orientation in

that the site adjacent the protonated nitrogen has on average an
orientation of 7.5° (Figure 9A) or 8.8° (Figure 9B), while the
site adjacent the deprotonated N has an orientation of 15° (Figure
9A) or 13.4° (Figure 9B). For the single imidazolium species
9, the delocalized charge distribution among Nδ1, Cε1, and Nε2

leads to a close toC2V symmetry and the tensor orientations of
both Cγ and Cδ2 are essentially equivalent (0, 0.3°; Figure 9C)
and are similar to the orientations found in His‚HCl found
previously.39 For Cε1, the situation is slightly more complex,
but all the same symmetry principles apply. For5-8, the
relevant double bond is now between Cε1 and Nε2 (Figure 9A)
and on averageσ22 is oriented at∼16° from this bond vector.
For10-12, the double bond is now between Cε1 and Nδ1, Figure

(39) Strohmeier, M.; Alderman, D. W.; Grant, D. M.J. Magn. Res.2002, 155,
263.

Figure 8. Computed shielding tensor magnitude and orientation results for Cγ, Cδ2, and Cε1 sites in histidine dipeptides (HF data). (A) Shielding tensor
magnitudes as a function of the isotropic shielding for Cγ for compounds5-12. (B) Shielding tensor magnitudes for Cδ2 for compounds5-12. (C) Shielding
tensor magnitudes for Cε1 for compounds5-12. The circled blue points are for the imidazolium species,9. (D) Shielding tensor orientation of Cγ for
compound5. (E) Shielding tensor orientation for Cδ2 for compound5. (F) Shielding tensor orientation for Cε1 for compound5.

Figure 9. Schematic illustration of the shielding tensor element orientation for Cγ, Cδ2, and Cε1 in the two tautomeric forms of histidine and in the imidazolium
form. (A) The Nδ1-H tautomer2 (average values shown for5-8). (B) The Nε2-H tautomer3 (average values shown for10-12). (C) The imidazolium form
1 (9). The bond lengths shown are also average values found in this work. The angles shown are relative to the double bonds or in part C, the Nδ1-Cε1-Nε2

bisector (illustrated). The tensor element shown isσ22 in all cases except for Cε1 in part C in which it isσ11. See the text for details.
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9B, and for these three species we find thatσ22 is oriented at
∼11° to the Cε1-Nδ1 bond vector. The mean bond lengths for
the two sets of tautomers (5-8 and10-12) are shown in Figure
9 and strongly support this bonding picture in the dipeptides
investigated here.

For the imidazolium species (9), the tensor orientation
situation for Cε1 is rather different, but we can still apply a
symmetry principle. More specifically,9 exists as two resonance
forms with essentially identical (1.332, 1.328 Å) Cε1-Nδ1 and
Cε1-Nε2 bond lengths, as shown in Figure 9C. It therefore
follows that one in-plane tensor element will lie along the
Nδ1-Cε1-Nε2 bisector. As can be seen in Figure 9C and Table
S47, we find thatσ11 is oriented at∼12° from this bisector. In
addition, the Cε1 shielding tensor has close to axial symmetry,
as illustrated by the circled points in Figure 8C. Overall then,
the basic shielding tensor orientations for all three sites in all
three basic structures can be readily understood based on simple
symmetry arguments.

Of course, small deviations from these simple pictures are
not unexpected since we have already demonstrated that inter-
molecular interactions contribute to shielding, but these effects
appear to contribute more to the magnitudes ofσii (Figure 8)
than to their orientation (Figure 9). To explore these intermo-
lecular interactions in more detail, we next investigated their
nature using Bader’s atoms in molecules (AIM) theory,21 an
approach we used previously to investigate hydrogen bonding
in asparagine‚H2O and in a series of other model compounds,
as well as in the GB1 protein.40

We evaluated the charge density,F(r ); the Laplacian of
the charge density,∇2F(r ); the electronic kinetic energy den-

sity, G(r ); the electronic potential energy density,V(r ), and
G(r )/F(r ), all at hydrogen bond critical points (BCPs) between
Nδ1(Hδ1) or Nε2(Hε2) and a H-bond partner ligand (methylimi-
dazole, MeNH3+, CH3CO2

-, H2O, or EtOH). BCP results for
the Nδ1 and Nε2 sites from the HF calculations are shown in
Table 4. The B3LYP results (Table S48) were found to be highly
correlated with the HF results, havingR values of 1.00, 0.98,
0.98, 0.92, 0.96 forF(r ), G(r ), V(r ), ∇2F(r ), G(r )/F(r ) and slopes
all very close to 1.

In all cases, the Laplacian∇2F(r ) is positive, as found in all
closed-shell interactions, including hydrogen bonds and van der
Waals bonds.21,40 The ratio G(r )/F(r )21 was also used to
investigate the nature of these interactions. As shown in Table
4, the range ofG(r )/F(r ) in hydrogen bonds in these His-
containing dipeptides is 0.84-1.03, very similar to that found
(0.81-1.03) with the hydrogen bonded dimer complexes
investigated by Bader,21 as well as the values found for protein
backbone hydrogen bonds (0.77-0.93) we reported previously.40

Clearly, these results indicate strong similarities in the nature
of the hydrogen bonds in the histidine dipeptides, peptide
backbones, and simple dimers and are quite distinct to the values
found in stronger hydrogen bonds found in species such as
[FHF]- or the cis-maleate monoanion,41-42 where ∇2F(r ) is
negative andG(r )/F(r ) is ca. 0.52-0.64, close to the values
found in typical covalent bonds, Table 4.

(40) (a) Arnold, W. D.; Oldfield, E.J. Am. Chem. Soc.2000, 122, 12835. (b)
Arnold, W. D.; Sanders, L. K.; McMahon, M. T.; Volkov, A. V.; Wu, G.;
Coppens, P.; Wilson, S. R.; Godbout, N.; Oldfield, E.J. Am. Chem. Soc.
2000, 122, 4708.

(41) Barich, D. H.; Nicholas, J. B.; Haw, J. F.J. Phys. Chem. A2001, 105,
4708.

Table 4. Hydrogen Bond BCP and Geometry Results for Nδ1, Nε2 Sites for Histidine Dipeptides and Some Other Molecules

F(r) (au) G(r) (au) V(r) (au) ∇2F(r) (au) G(r)/F(r) (au) dNX (Å)

Hydrogen Bond in Dipeptidesa
Nδ1 5 Nδ1-H‚‚‚O 0.0298 0.0290 -0.0269 0.1248 0.9732 2.706

6 Nδ1-H‚‚‚O 0.0351 0.0348 -0.0331 0.1464 0.9915 2.637
7 Nδ1-H‚‚‚O 0.0262 0.0249 -0.0227 0.1080 0.9504 2.786
8 Nδ1-H‚‚‚O 0.0289 0.0286 -0.0262 0.1240 0.9896 2.726
9 Nδ1-H‚‚‚O 0.0320 0.0317 -0.0296 0.1356 0.9906 2.696
10 Nδ1‚‚‚H-O 0.0278 0.0276 -0.0252 0.1196 0.9928 2.775
11 Nδ1‚‚‚H-N 0.0304 0.0256 -0.0256 0.1024 0.8421 2.818
12 Nδ1‚‚‚H-O 0.0296 0.0288 -0.0270 0.1228 0.9730 2.728

NE2 5 Nε2‚‚‚H-N 0.0315 0.0271 -0.0263 0.1116 0.8603 2.843
6 Nε2‚‚‚H-N 0.0323 0.0281 -0.0274 0.1148 0.8700 2.833
7 Nε2‚‚‚H-N 0.0347 0.0312 -0.0309 0.1256 0.8991 2.783
8 Nε2‚‚‚H-N 0.0357 0.0319 -0.0320 0.1268 0.8936 2.782
9 Nε2-H‚‚‚O 0.0388 0.0375 -0.0368 0.1532 0.9665 2.635
10 Nε2-H‚‚‚O 0.0258 0.0265 -0.0232 0.1188 1.0271 2.786
11 Nε2-H‚‚‚O 0.0221 0.0199 -0.0186 0.0848 0.9005 2.840

Closed-Shell Interactionsb
Hydrogen bond in (H2O)2 0.0198 0.0623 0.806
Hydrogen bond in (HF)2 0.0262 0.1198 1.027
van der Waals bond inb

Ne-HF 0.0099 0.0484 1.096
Ar-HF 0.0077 0.0311 0.828
Strong Hydrogen Bond in
[F‚‚‚H‚‚‚F]-c 0.1795 0.1113 -0.3370 -0.4572 0.6201
[NH4]+[F‚‚‚H‚‚‚F]-d 0.1912 -0.3735
[NH4]+[F‚‚‚H‚‚‚F]-d 0.1882 -0.7056
[H-O-H‚‚‚O-H]-c 0.1122 0.0695 -0.1291 -0.0397 0.6194
[H3N‚‚‚H-NH3]+c 0.0765 0.0401 -0.0667 -0.0542 0.5242
cis-maleate monoanione 0.1338 0.0851 -0.1754 -0.0210 0.6360
Shared Interactionsb

CC bond in ethylene 0.3627 -1.1892 0.383
CC bond in benzene 0.3268 -1.0134 0.293

a Using the hydrogen-bonded supermolecule cluster model and HF wave functions.b Reference 21.c B3LYP/6-311++G(2d,2p) calculation on the geometry
taken from ref 41 (optimized by MP2/aug-cc-pVTZ).d X-ray crystal data from ref 42.e B3LYP/6-311++G(2d,2p) calculation on the geometry taken from
ref 41 (optimized by MP2/6-311++G(d,p)).
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We next investigated whether there might be some more
quantitative correlations between each of the BCP properties
and various structural and spectroscopic features, perhaps the
most likely candidate being the proximity of the N-atoms in
the histidine rings to their hydrogen bond partner atoms. We
show these nearest neighbor distances,dNO anddNN, in Table 4
and, on inspection, there are clearly correlations between each
of the BCP properties and thedNO, dNN heavy atom hydrogen
bond distances. Graphs ofF(r ) andG(r ) plotted versusdNX are
shown in Figure 10A and 10B, and other plots of V(r ) and
∇2F(r ) versus dNX are given in Figure S2A and S2B. Even better

correlations are obtained when the H-bond distances are sorted
according to whether the bond is N‚‚‚H‚‚‚O or N‚‚‚H‚‚‚N, an
effect which actually combines results for the Nδ1 and Nε2 sites.
Results forF(r ) andG(r ) plotted versusdNO are shown in Figure
10C and D, with similar results for V(r ) and∇2F(r ) given in
Figure S2C and D. The N‚‚‚H‚‚‚O site results (a combination
of Nδ1-Hδ1‚‚‚O, Nδ1‚‚‚H-O, and Nε2-Hε2‚‚‚O sites) have an
averageR2 value of 0.93 for thedNO correlations withF(r ), G(r ),
V(r ), and ∇2F(r ). For the N‚‚‚H‚‚‚N data, we find good
correlations with the Nε2 site BCP results (averageR2 ) 0.98)
but not for the Nδ1 site, as shown in Figure S2E-H, an effect
which may simply be attributable to the small range indNN and
the small number (N ) 4) of data points for this site. Clearly

(42) van Reeuwijk, S. J.; van Beek, K. G.; Feil, D.J. Phys. Chem. A2000, 104,
10901.

Figure 10. Correlations between BCP properties and geometric, spectroscopic observables. (A) Plot ofF(r ) versusdNX (0: X ) O; 9: X ) N). (B) Plot
of G(r ) versusdNX (0: X ) O; 9: X ) N). (C) Plot ofF(r ) versusdNO (0: Nδ1; 9: Nε2). (D) Plot of G(r ) versusdNO (0: Nδ1; 9: Nε2). (E) Plot of Nε2

F(r ) versusδ(Cε1). (F) Plot of Nε2 G(r ) versusδ(Cε1). The lines in plots A-D are straight line fits to the data. In plots E and F, the fitting equations were
F(r ) ) 501.4 exp(-0.07163δ) (E) andG(r ) ) 471.2 exp(-0.07182δ) (F). Data are from HF calculations.
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then, all of the BCP results are correlated with hydrogen bond
length. The charge density, as expected, is largest for the shortest
hydrogen bond distance and, over this relatively small range of
distances, appears to vary in a linear manner with hydrogen
bond length. An exponential relationship is expected40,43but is
not observed over the small range indNX in these dipeptides.

But are there correlations between the BCP properties and
the13C NMR chemical shifts? To make these comparisons, we
plotted the BCP propertiesF(r ), G(r ), V(r ), and∇2 F(r ) versus
the Cγ, Cδ2, and Cε1 chemical shifts using both the Nδ1 and Nε2

BCP results. For Cγ and Cδ2, there were no correlations, but
for Cε1, there were clear correlations, but only with the Nε2 BCP
data set. These results are shown in Figure 10E and F and S2I
and J for each of the four BCP properties and, on average, the
correlation coefficientR2 ) 0.92. These results strongly suggest
that Cε1 is highly sensitive to the effects of hydrogen bonding,
and indeed in our initial calculations (Figure 7C), shielding at
Cε1 was clearly the most sensitive to the nature of the fragments
employed, with reasonable results only being obtained with the
supermolecule calculations. On the other hand, the Cγ/Cδ2

shieldings were highly (anti)correlated, even in the single
N-formyl-histidine amide model calculations. The fact that the
shifts of Cε1 are particularly sensitive to intermolecular interac-
tions is perhaps not unexpected given its low pKa value and
the observation that Hε1 readily exchanges under basic condi-
tions;44 that is, the Cε1-Hε1 bond is quite polar. The good shift
correlation with only the Nε2 BCP results is more surprising
but appears to be related to the relatively larger covalence and
the larger ranges of the BCP properties at this site, as described
above.

Conclusions

The results we have described above are of interest for a
number of reasons. First, we have obtained the X-ray crystal-
lographic structures of six histidine-containing dipeptides
containing Nδ1-H and Nε2-H tautomers or an imidazolium side
chain. Second, we have obtained the13C MAS NMR spectra
of these plus two other His dipeptides. The chemical shift ranges
are very large for Cγ (12.7 ppm) and for Cδ2 (13.8 ppm); plus,
the Cγ and Cδ2 shifts are highly (anti)correlated (R2 ) 0.90;
slope) -1.03). A similar chemical shift range and correlation
is also seen in proteins, but only for solvent inaccessible histidine
residues, with the solvent accessible (>50Å2 exposed surface
area) residues having essentially the same shifts seen with His
or a histidine-containing peptide, in aqueous solution. Third,
we have used quantum chemical methods to investigate the
histidine dipeptide MAS NMR chemical shifts. The use of

N-formyl-histidine amide or crystal monomer structures did not
give good predictions of the experimental shifts; however,
incorporation of near-neighbor residues in a fully quantum
mechanical “supermolecule” calculation provided much im-
proved predictions, with an overall rms error of 1.6-1.9 ppm
over a 26 ppm chemical shift range;R ) 0.97-0.98. The Cε1

shifts appear to be dominated by intermolecular interactions with
hydrogen-bond partner molecules. Changes in isotropic shielding
were dominated byσ22, and σ11/σ22 tensor orientations were
correlated with imidazole structure types (π, τ, imidazolium)
via simple symmetry-based models. Fourth, we used AIM theory
to probe the details of the interactions between imidazole and
its hydrogen bond partners. In all cases, the interactions could
be classified as closed shell interactions. The BCP properties
F(r ), V(r ), G(r ), and∇ 2F(r ) were all highly correlated with
hydrogen bond lengths (dNO and dNN) and for Cε1, BCP
properties were correlated with the Cε1 chemical shift, supporting
the dominance of intermolecular interaction effects on shielding
at this site. Taken together, the results of these experimental
and theoretical investigations indicate the need to incorporate
lattice partners (or in a protein, neighboring residues) in order
to reproduce imidazole Cγ, Cδ2, and Cε1 NMR chemical shifts.
With the availability of high quality wave functions from such
supermolecule clusters, the way is then open to evaluate the
details of these hydrogen bond interactions. In addition, in the
“reverse direction”, when structures are not known, knowledge
of Cγ and Cδ2 shifts enables in most cases good predictions of
the tautomeric state, while knowledge of Cε1 shifts enable
predictions of BCP properties and from these more detailed
insights into the nature of these hydrogen bonds. These results
are of general interest in the context of NMR and quantum
chemical studies of protein structure and function. In addition,
it is to be expected that many imidazole-containing drugs will
exhibit extremely large chemical shift ranges when bound to
proteins and that13C shifts of these species can be expected to
be useful probes of local structure, providing information not
directly obtainable from protein crystallographic investigations,
such as protonation, tautomer, and conformer states.
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