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A full structural assignment of the neutral, protonated, and deprotonated histidine conformers in the gas
phase is presented. A total of 3024 unique trial structures were generated by all combinations of internal
single-bond rotamers of these species and optimized at the B3LYP/6-311G* level and further optimized at
the B3LYP/6-31#+G** level. A set of unique conformers is found, and their relative energies, free energies,
dipole moments, rotational constants, electron affinities, ionization energies, and harmonic frequencies are
determined. The population ratio of histidine and its tautomer is 1:0.16 at 298 K. Massive conformational
changes are observed due to protonation and deprotonation, and the intramolecular H-bonds are characterized
with the atoms in molecules theory. The calculated proton dissociation energy, gas-phase acidity, proton
affinity, and gas-phase basicity are in excellent agreement with the experiments. The deprotonation and
protonation of gaseous histidine both occur on the imidazole ring, explaining the versatile biofunctions of
histidine in large biomolecules. The UV spectra of neutral and singly and doubly protonated histidine are
investigated with the TDDFT/B3LYP/6-3#1G(2df,p) calculations. The,S S, S—S, and $—S; excitations

of histidine are mixedrz*/nz* transitions at 5.37, 5.44, and 5.69 eV, respectively. The three excitation
energies for histidine tautomer are 4.85, 5.47, and 5.52 eV, respectively. The three excitations for protonated
histidine are mainly a* transitions at 5.45, 5.67, and 5.82 eV, respectively. T§eS excitation of protonated
histidine produces ImHCgH,—C,H(COOH)}-NH,", while the $—S, and $—S; transitions produce ImH
CsH,—CyH(NH2)—(COOH)". These data may help to understand the mechanisms of the UV fragmentation
of biomolecules.

1. Introduction species HisHI[NH,] and HisH[N?], respectively. Doubly
protonated histidine has only one tautomeric form, denoted as
HisH,2". Similarly, a proton can be detached on two possible
sites, forming anionic species H€OOH] and His[N¢H],
respectively, corresponding to deprotonation sites of the carboxyl
group and the imidazole side chain. Doubly deprotonated
histidine, Hig~, has only one tautomeric form. The possible
protonation/deprotonation processes of gaseous histidine are
sketched in Scheme 1. The protonation/deprotonation processes
of gaseous histidine are not clearly known yet, but can be
identified by accurate first-principle calculations of proton
affinity (PA), gas-phase basicity (GB), proton dissociation
energy (PDE), and gas-phase acidity (GA) of the possible

dynamic properties in larger biosystems. Indeed, we will rotonation/deprotonation processes in comparison with the
demonstrate in this contribution that both the deprotonation and P h P P P
experimental data.

protonation processes of gaseous histidine molecule occur on ) ) . )
the imidazole ring, and the effect of peptide chain formation 1€ acid-base properties of a biomolecule affect physico-
should be inconsequential. chemical activities such as solubility, hydrophobicity, and

The biological function of a molecule is often intimately electrostatic interactions which directly impact the biological

dependent upon the conformations that the molecule adopts. activity of the molecule in a living system. Many biochemical
The imidazole side chain of free neutral histidine may exist in Processes carry out the message transferred by proton-transfer
two forms: the N—H tautomer, His[NH], and the N—H reaction. The rate of reaction is directly related to the special
tautomer, His[NH] (see Scheme 1). The equilibrium between acidity/basicity of the blomolecular compound. The PA and GB
these two forms generally exists at high pH. Histidine takes Of the protonation reaction and PDE and the GA of the
the preferential conformation of HisfN] in natural protein and deprotor_1at|_on reaction are_fundament_al properties es;ennal for
other biological molecules. In protonated canonical histidine, @ quantitative understanding of the intrinsic properties of a
one proton may be attached to two alternative sites, namely, peptide in the absence of solvents. Several experiments have

the amine group and the imidazole side chain, forming cationic Peen dedicated to provide accurate measurements of these
chemical properties for amino aciéis. Theoretical calculatiofs'®

* To whom correspondence should be addressed. Telepho@:551- have also provided the gas-phase conformational information
3606345. Fax:+86-551-3606348. E-mail: zjlin@ustc.edu.cn. and thermodynamics parameters that relate the experimental GB
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Histidine is one of the most versatile protein residues. Its
imidazole side chain has &p near neutrality and frequently
serves as a general acid or base in catalysis and in ligation of
essential metal ionsThis property is inherent neither to the
standard nucleotides nor to the remaining natural amino acids.
As a consequence, histidine is one of the residues most
frequently used to form the active sites of protein enzymes. Even
though the value of studying isolated molecules is affected by
the neglect of environmental influence, detailed knowledge of
the structures and properties of histidine and the related
molecules is important for our understanding of their static and




Histidine and Related lons Protonation Processes

J. Phys. Chem. A, Vol. 111, No. 20, 2004341

SCHEME 1: Reaction Paths for Protonation and Deprotonation of Histidine in the Gas Phase
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SCHEME 2: Schematic lllustration of the Degrees of
Freedom of Rotamers of Neutral, Deprotonated, and

Protonated Histidine®
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a(a) 2-fold: 0, 180 (except HiCOOH] and Hig"). (b) 6-fold: 30,
90, 150, 210, 270, 330. (c) 3-fold-120, 0, 120 (except HisHNH,]
and HisH?"). (d) 6-fold: —120,—60, 0, 60, 120, 180. (e) 3-fold : 60,
120, 180.

LS

and PA in a protonation reactidk?%-2! As a proton transfer is
usually coupled with a conformational chan§e!® thorough
conformational searches of the neutral, protonated, and depro
tonated histidines need to be performed in order to obtain

accurate computational results of the thermodynamics proper-

ties2?
Here we performed intensive computations to locate all the

stable conformers of the tautomeric, deprotonated, and proto-

nated histidines. The intramolecular H-bonding properties of

the tautomeric, deprotonated, and protonated histidine conform-

acid€%2’ and thus have been the subject of most laser
spectroscopic studies on amino acids so?fat® It is found
that the peptide or the amide chromophores absorb in the region
of 220 to 190 nm (5.646.53 eV), and tyrosine and tryptophan
absorption occurs in the region around 280 nm (4.43%Whe
excited states of neutral and protonated tryptohan have been
calculated by time-dependent density functional theory (TD-
DFT)3334 and are in good agreement with the experiments.
Resonance enhancement of imidazole vibrations is weak, and
histidine UV resonance Raman (UVRR) bands are usually
obscured by stronger signals from the rest of the protein.
However, it has been possible to detect certain histidine
signals when the imidazole is protonatédr bound to metal
ions38.39

The TDDFT method was used in this work to calculate the
electronic spectra of gaseous histidine and related ions. The
charge-transfer processes in the excitation transition of neutral
and protonated histidine were revealed in detail.

2. Computational Method

The conformational spaces of histidine and its related ions
were explored by allowing for all combinations of the internal
single-bond rotators (see Scheme 2). The total numbers of trial
structures thus generated for Higf¥, HisHT[N°], HisH*-
[NH_], His~[N<H], HisT[COOH], HisH,2", and Hig~ are 648,

ers were characterized in detail using the atoms in molecules648, 216, 648, 324, 216, and 324, respectively. These trial

(AIM) theory.2324 The PDE, PA, GA, and GB of canonical
neutral histidine were calculated and compared with the
experimental dafz® to unravel the protonation and deproto-
nation processes of gaseous histidine.

The rich photophysics of DNA bases due to numerous,n,
and o electrons is very important since the ultraviolet (UV)

geometries were optimized at the B3LYP/6-311G(d) level, and
a set of unique conformers were located. All stationary points
were verified as local minima by frequency calculations, and
the data from which were also used to compute thermal
contributions to gas-phase enthalpies and Gibbs free energies
using the standard ideal-gas, rigid-rotor, harmonic-oscillator

spectra and the excited-state lifetimes control the crucial partition-function approximations. To ascertain the structural
questions of radiation-induced damages in DNA and the possibleaccuracy and stability, all conformers obtained at the B3LYP/
occurrence of undesired photochemical effects. Laser-based6-311G(d) level were further optimized at the B3LYP/6-
techniques combined with supersonic jets now allow experi- 311++G(d,p) level with no noticeable structural changes,
mentalists to distinguish the contribution of different tautomers consistent with the finding for neural canonical histidine His-
as well as to measure their intrinsic photophysical features. The[N<H].%° Single-point energy calculations were performed at the
main features of the near- and far-ultraviolet spectra of proteins B3LYP/6-311G(2df,p) and MP2/6-31£G(2df,p) levels of
are related to the absorption properties of the aromatic aminotheory for all the found conformers. The vertical ionization
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Figure 1. Structures of the four most stable conformers of tautomer histidine PH§[N

TABLE 1: Relative Electronic Energies, Enthalpies, Free Energies, Rotational Data, and Dipole Moments for the Four Most
Stable Histidine Tautomeric Conformers in the Gas Phase

relative energy rotational constants
Conformer B1 B2 M relative enthalpy relative free energy A B C dipole moment (D)
1 0.00 0.00 0.00 0.00 0.00 1.886 0.790 0.712 4.43
2 0.64 0.55 1.43 0.60 0.54 3.019 0.561 0.493 7.86
3 1.40 1.38 3.20 1.36 1.14 3.017 0.558 0.484 5.07
4 2.08 1.83 3.56 1.61 1.35 2.422 0.677 0.555 2.85

2 Relative energies in kilocalories per mole at the B3LYP/6-311G* (B1), B3LYP/6+&(Rdf,p) (B2), and MP2/6-3HG(2df,p) M) levels.
Relative enthalpy and free energy at 298 K in kilocalories per mole are the B3LYP/B&2tf,p) electronic energy plus the respective vibrational
energy correction to enthalpy and free energy obtained at the B3LYP/6-311G* level. Rotational constants (GHz) and dipole moments (D) were
obtained at the B3LYP/6-311G(2df,p) level. Note that the vibrational frequencies were scaled by the factob?0.96.

energies and electron affinities of histidine species were also Each species of gaseous histidine and related ions is populated
computed at the B3LYP/6-3#iG(2df,p) level. The B3LYP over a few conformers. The relative abundances of different
method was shown to provide accurate molecular structures andconformers are determined by the differences in their free
the associated vibrational spectra of amino &éitfand applied energies. The conformational equilibrium effect (CEE) should
in this study due to its high efficiency. The MP2 method was in general be considered in calculating the thermodynamic
used in this work for comparison. All calculations were properties. This can be easily done with population averaging.
performed using the Gaussian 98 software package. For example, a population-averaged free energy may be
Intramolecular hydrogen bonds of the canonical neutral, calculated a&® = —RTIn(Z; e @°/RT), whereR s the universal
deprotonated, and protonated histidine conformers were analyzedyas constant] is the absolute temperature (298.15 K), and
with the AIM theory*~4¢ based on the B3LYP/6-3#1G(2df,p) runs over all conformers.
densities. The hydrogen bond strength was characterized with The excited states of the canonical neutral histidine and related
a simple empirical relationship between the potential energy ions were calculated by the TDDFT/B3LYP/6-3tG(2df,p)
density at the bond critical poin{e, and the gross hydrogen  method as the method gave results in good agreement with
bond energyEg as derived by Espionsa et &l.Eg = Y,Vep. experiments as well as those by more sophisticated methods
Notice that the expression for the H-bond energy disregards such as CASPT8:50-51
the energy cost of steric interaction of forming the H-bond and
is larger than the net H-bond energf@levertheless, the results 3. Results and Discussion

are indicative of the.relative Ijl-bond.st.re.nQEh. . . 3.1. Conformations and Ground-State Properties of His-
The thermodynamic properties of histidine and its related ions tidine and Related lons in the Gas PhaseCanonical Neutral
were calculated at the reference state of 1 atm and 298 K. PrOtonHistidine (His[N'H] and His[N°H]). We focus here on the

affinity (PA) was determined as the negative enthalpy change ,herties of histidine tautomer His{N] as the properties of
of protonation reaction C, D, G, or H (see Scheme 1). Gas- gaseqys histidine HisfiM] have been reported in detail befdfe.
phase basicity corresponded to the negative Gibbs energy chang total of 40 stable conformers of His[iM] were located. The
of the protonation reaction. Pro'gon disso_ciation energy was the 45 ~onformers span an energy range of 14 kcal/mol at the
enthalpy change of deprot_or_latlon reaction A, B, E, or F (see B3LYP/6-31HG(2df,p) level. As the hydrogen on the nitrogen
Scheme 1). Gas-phase acidity corresponded to the Gibbs freg, iha imidazole ring may be near the backbone in H$JN
energy change of the deprotonation reaction. The enthalpyand form intramolecular H-bond with amino group and car-
change was calculated as boxylic group, the characteristics of the Hi$fM conformers
5 are somewhat different from those of Hisf. Table 1 lists
AH, = AE(0) + AE,(0) + A(AE,(298))+ SRT the relative energies, rotational constants, and dipole moments
for the four most stable gaseous Hi$Hy conformers. The
where AE¢(0) was the change of the total electronic energy, structures of the four most stable conformers are shown in Figure
AE,(0) the change in the zero point vibrational eney{/AE,- 1. The two most stable conformers, with the dipole moments
(298)) the change of vibration energy during heating from 0 to of 4.43 and 7.86 D, respectively, are found to be stabilized by
298 K, and,RT the classic term accounting for the effect of the intramolecular interaction of OHNH, and NH+:-O=C
losing three translational degrees of freedom. The Gibbs energyH-bonds. At 298 K, the percent shares of the most stable and
change was obtained as followAG = AH — TAS At 298 K, the second most stable conformers are respectively 65 and 10%
TYH) = 7.76 kcal/mol and the enthalpy and Gibbs free energy of the total His[NH] population. The Gibbs free energy of the
of proton are 1.48 kcal/mol ane6.27 kcal/mol, respectively.  most stable His[RH] conformer is 1.1 kcal/mol higher than
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Figure 2. Structures of the four most stable conformers of deprotonated histidin¢GQOH].

TABLE 2: Relative Electronic Energies, Enthalpies, Free Energies, Rotational Data, and Dipole Moments for the Four Most
Stable Conformers of Deprotonated Histidine His[COOH] in the Gas Phasé

relative energy

rotational constant

conformer B1 B2 M relative enthalpy relative free energy A B C dipole moment (D)
1 0.00 0.00 0.00 0.00 0.00 2.283 0.689 0.574 8.13
2 0.42 0.11 -1.04 0.19 0.22 2.074 0.739 0.697 9.37
3 0.45 0.13 -1.26 0.19 0.13 1.994 0.790 0.691 8.74
4 0.80 0.47 144 0.43 0.21 2.490 0.656 0.541 9.05

a See footnote of Table 1.

TABLE 3: Relative Electronic Energies, Enthalpies, Free Energies, Rotational Data, and Dipole Moments for the Four Most
Stable Conformers of Deprotonated Histidine His[N<H] in the Gas Phasé®

relative energy

rotational constant

conformer B1 B2 M relative enthalpy relative free energy A B C dipole moment (D)
1 —-793 —7.35 —11.43 —8.15 —7.50 2.491 0.726 0.652 3.17
2 —-552 —3.83 —7.56 —3.73 —3.06 3.133 0.568 0.503 5.11
3 -341 -1.27 —4.55 —1.18 —0.62 3.158 0.564  0.490 5.40
4 —2.67 —-1.12 —4.94 —1.16 —0.56 2.038 0.733 0.673 7.06

aThe relevant energies of the most stable HXDOH] conformer are used as the referenéedee footnotea of Table 1.

that of His[NfH], corresponding to a tautomeric form ratio of
0.16. The tautomeric form ratio is similar to that by the
experiment&f and molecular dynamics estimat&or histidine

conformers were found. Table 2 summarizes the relative
energies, rotational data, and dipole moments for the four most
stable HiS[COOH] conformers. The energies of the 12

in solution. Notice, however, the agreement is only coincidental conformers vary in the range of 4 kcal/mol at the B3LYP/6-

as the tautomeric states of histidine in solutions, pepfities,
protein§® may have rather different relative energies. For

311+G(2df,p) level. The AIM analysis of the 12 conformers
identified three types of H-bond, NHO, CH---O (see Figure

example, the most stable tautomers of gaseous GlyHis and2), and CH:--NH, (conformer 8, not shown). The average

HisGly were found to be the NH and N~H tautomers,
respectively®

According to the AIM analysis, seven types of H-bonds,
OH-+*NH,, N°H++-O=C, N°H:+OH, N°H :*NH,, CH;:--O=C
(r denotes the imidazole ring), GHOH, and OH--C,, are
identified in the 40 His[NH] conformers. Some of the H-bonds
resemble that found in thé-formyl-L-histidinamide, where the
N°H group may act as a donor of H-bond to interact with the
oxygen of the carbonyl group and the nitrogen of the amino
group?® As in the case for phenylalanifé®’CH, is found here

H-bond energies of NH-O, CH---O, and CH---NH, are,
respectively;—6.1,—3.6, and—2.2 kcal/mol. The six most stable
conformers have similar structures, containing both NGl and
CHi+--O H-bonds. Their energy gap is very small by about 1
kcal/mol. The three highest conformers only contain a NGl
H-bond. Notice that there is no NHO H-bond in the neutral
species® The presence of the NHO H-bond in His[COOH]

is due to the increased electron denisty of oxygen in the anionic
carboxyl group. The strength of G+O also increases. The
H-bond energy of CH--O in HisT[COOH] is higher than its

to serve as an H-bond donor and interact with the oxygen of counterpart in the neutral species by 1.5 kcal/mol or more.

the carboxylic group?-*¢The OH--NH, H-bond is moderately
strong, with an average energy-698.0 kcal/mol, similar to that
found in His[N'H] conformers?® Other H-bonds are relatively
weak, and their average energies are as follofgg(NOH:--
0=C) = —3.9 kcal/mol Eyg(N°H-++OH) = —2.6 kcal/mol Enz-
(N°H-+-NH) = —3.5 kcal/mol Exg(CH;+-O=C) = —1.9 kcal/
mol, Epg(CH;++-OH) = —1.4 kcal/mol, andEyg(OH:+-C,) =
—2.9 kcal/mol. Overall, the His[NH] tautomer has higher
hydrogen bonding capabilities than that of the Higfijl
tautomer.

Deprotonated Hisditine (HIJCOOH] and His [N€H]).
Detachment of a proton from the carboxylic group of histidine
is denoted His[COOH]. On the potential energy surface, 12

When a proton is detached from the imidazole ring, the
tautomer is denoted HigN<H]. A set of 29 unique His[N¢H]
conformers was located. The energies of the 29 conformers vary
by about 20 kcal/mol at the B3LYP/6-3+5G(2df,p) level. Table
3 shows the relative energies, rotational constants, and dipole
moments for the four lowest-energy conformers. Four types of
H-bonds (OH:*N?%, OH-+*NHy, NH:+- N°, and OH--C,) were
found on the basis of AIM theory. The N of imidazole ring is
an excellent proton acceptor in the deprotonated tautomer
His[N<H]. The OH--N? bond is very strong and has an energy
of —26.3 kcal/mol. The average H-bond energies of-ONH_,
NH-:-N%, and OH--C, are —11.3, —5.1, and—6.1 kcal/mol,
respectively. The OH-NH, energy is slightly higher than that
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Figure 4. Structures of the four most stable conformers of histidine dianioA His

TABLE 4: Relative Electronic Energies, Enthalpies, Free Energies, Rotational Data, and Dipole Moments for the Four Most
Stable Conformers of Doubly Deprotonated Histidine in the Gas Phase

relative energy rotational constant
conformer B1 B2 M relative enthalpy relative free energy A B C dipole moment (D)
1 0.00 0.00 0.00 0.00 0.00 3.084 0.555 0.496 2.82
2 1.41 0.71 0.55 0.57 0.32 3.075 0.546 0.505 2.99
3 212 1.23 1.17 1.13 0.66 3.092 0.532 0.506 2.38
4 3.35 3.20 3.67 2.95 2.78 3.081 0.554 0.485 291

a See footnotea of Table 1.

of neutral tautomers due to the cooperative interaction of (Figure 4). From Table 4, the dipole moments of dianionic forms
H-bonds3? The most stable conformer is stabilized by the N of are much lower than those of anionic forms. Such configuration
the imidazole ring simultaneously interacting with the amino helps to reduce the electron repulsion and increase the confor-

group and hydroxyl group (see Figure 3). Conformerslare mational stability. When the two negative charges are close to
stabilized by the OH-NH,, NH--- N; H-bonds. The most stable  each other as in conformers-20 (not shown), the energy of
conformer of HiS[N¢H] is more stable than its Hi§COOH] the conformer increases and the structure is disfavored.

counterpart by 7.5 kcal/mol in the free energy scale. Therefore, Protonated Histidine (HisH[NH] and HisH"[N?]). Both the
the His [COOH] tautomers can be ignored in the gas phase. amino group and imidazole ring can provide protonated sites
There is also a big free energy gap (4.4 kcal/mol) between thein the canonical neutral histidine. Protonation of Higfi{l or

most and the second most stable conformers of [NisH], and His[N°H] produces the same most important protonation tau-
the most stable HigN<H] conformer can be viewed as the sole tomers, and we focus here on the protonation of His[[Nlue
equilibrium structure at 298 K. to its high abundance. Attachment of the proton to the amino

Doubly Deprotonated Histidine (His). Deprotonation of the group forms the tautomeric species Hi§NH,]. After optimi-
second proton from the remaining possible losing site plays a zations of all possible trial structures, 11 stable conformers were
vital role in biological functions of histidine in the peptides and located. The energies of the 11 conformers vary by about 20
proteins. A total of 10 conformers was found. The relative kcal/mol at the B3LYP/6-31+G(2df,p) level. Table 5 sum-
energies, rotational constants, dipole moments, and thermody-marizes the relative energies, rotational constants, dipole mo-
namic data of the four most stable conformers are listed in Table ments, and thermodynamic data for the four most stable
4. The energy span of the 10 conformers is about 9.5 kcal/mol conformers. The ammonium after protonating the amino group
at the B3LYP/6-311G(2df,p) level. can serve as a strong donor of H-bond due to its positive

Only two types of H-bond, NH-O and NH--N?, were found electronic charge but cannot act as an acceptor of a H-bond.
in the 10 conformers by the AIM analysis. The average strengths Three types of strong H-bond (N#+-N°, NHz"+--O=C, and
of NH--:O and NH--N° bonds are-6.9 and—2.4 kcal/mol, OH:-++N9%) were identified by the AIM analysis. The average
respectively. The structures of the six most stable conformers energies of H-bonds argg(NHs:-N%) = —15.6 kcal/mol,
are similar, with the anionic carboxyl group deviating away from Epg(NHz™+-:O=C) = —10.3 kcal/mol, andEpg(OH-+-N%) =
the imidazole ring and the amino group lying in the middle to —22.4 kcal/mol, respectively. In the four most stable conformers,
interact with the two groups and forming a NHD H-bond the ammonium lies between theans-carboxyl group and the
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Figure 6. Structures of the four most stable conformers of protonated histidine g

TABLE 5: Relative Electronic Energies, Enthalpies, Free Energies, Rotational Data, and Dipole Moments for the Four Most
Stable Conformers of Protonated Histidine HisH[NH ] in the Gas Phasé

relative energy rotational constant
conformer B1 B2 M relative enthalpy relative free energy A B C dipole moment (D)
1 0.00 0.00 0.00 0.00 0.00 3.029 0.563 0.493 2.68
2 0.21 0.27 -0.49 0.20 0.47 1.907 0.765 0.707 2.16
3 248 3.07 2,97 3.00 2.80 3.077 0.562 0.486 4.09
4 2.55 3.13 2.15 2.99 3.15 1.925 0.759 0.710 3.96

a See footnotea of Table 1.

TABLE 6: Relative Electronic Energies, Enthalpies, Free Energies, Rotational Data, and Dipole Moments for the Four Most
Stable Conformers of Protonated Histidine HisH[N?] in the Gas Phaséb

relative energy rotational constant
conformer B1 B2 M relative enthalpy relative free energy A B C dipole moment (D)
1 -051 -169 -0.54 -2.07 —2.10 1.880 0.772 0.721 5.88
2 -0.53 -1.53 0.64 -1.81 —1.95 3.007 0.559 0.490 8.33
3 122 -1.32 2.13 -1.72 -1.16 2.468 0.666 0.541 8.36
4 0.23 —0.90 0.16 -1.18 -1.10 2.021 0.751 0.704 5.40

aThe energies of the most stable HifNH;] conformer are used as the referenceSee footnote of Table 1.

imidazole ring (Figure 5). As found in the protonated gly- CH,---O=C) were found on the basis of the AIM analysis. The
cinel417serinel’ cysteinel’ and tryptophari4 the most stable ~ OH:+-NH,, N°H+:-NH,, N°H+:-O=C, and NH---OH H-bonds
conformation shows an intramolecular hydrogen bond betweenare moderately strong with average energies—8t3, —8.6,
NHs™ and the carboxylic oxygen and a favorable interaction —10.2, and—6.3 kcal/mol, respectively. The G+NH, and
between NH™ and the side chain. When the carboxyl group CH,---O=C H-bonds are weak with the average energies of
lies between the ammonium and imidzole ring with the positive —2.2 and—3.0 kcal/mol, respectively. The two most stable
charge exposed on the molecular external surface, the energyconformers are stabilized by theM--NH, H-bond and through
of the conformer increases and the structure is energeticallythe favorable interaction between the amino group and the
unfavorable. carboxylic group, while the third most stable conformer is
The tautomer with proton attached to the imidazole ring is stabilized by the OH:NH, and NH---O=C H-bonds
denoted HisH[N?]. A set of 27 unique conformers was located. (Figure 6).
Table 6 lists the relative energies, relative zero-point vibrational ~ The most stable conformer of HisiiN?] is more stable than
energies, relative enthalpies, relative free energies, rotationalits HisHT[NH;] counterpart by 2.1 kcal/mol in the free energy
data, and dipole moments for the four most stable conformers scale. Consequently, HiSEN?] is the dominant product of the
of HisH*[NY]. Because the MH on the imidazole ring can  protonation process.
serve as a good H-bond donor, six types of H-bond {(©OH Bivalent Cation (HisH?"). The two protons are respectively
NHy, NOH-+NH,, N°H:--O=C, N°H---:OH, CH-:*NH,, and attached to the amino group and the imidazole ring. A set of
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1 2 3 4

Figure 7. Structures of the four most stable conformers of doubly protonated histidine ion2tisH

TABLE 7: Relative Electronic Energies, Enthalpies, Free Energies, Rotational Data, and Dipole Moments for the Four Most
Stable Conformers of Doubly Protonated Histidine in the Gas Phase

relative energy rotational constant
conformer Bl B2 M relative enthalpy relative free energy A B C dipole moment (D)
1 0.00 0.00 0.00 0.00 0.00 2.393 0.641 0.525 5.29
2 3.03 2.68 2.64 2.62 2.36 2.381 0.634 0.517 4.72
3 3.76 3.67 3.34 3.63 3.71 2.074 0.708 0.598 6.01
4 5.19 3.76 3.67 3.67 2.73 2.182 0.659 0.586 5.20

a See footnote of Table 1.

17 conformers was located, and their energies vary by aboutstate3” The protonation state and hydrogen bonding of the
24 kcal/mol at the BLYP/6-31:tG(2df,p) level. Table 7 histidine residues in HasASM may be responsible for the heme
summarizes the relative energies, rotational constants, dipolecapture and release proces&es.
moments, and thermodynamic data for the four most stable Characteristic IR Spectrakigure 8 shows the simulated IR
conformers. Due to the repulsive Coulomb interaction in the spectra of the most stable conformers of neutral, protonated,
bivalent cation, the most stable conformers adopt the structuresand deprotonated histidine. The IR spectra of imidazole are also
in which the carboxyl group lies between the ammonium and shown for comparison. The IR spectra for the corresponding
imidazole ring (Figure 7). The COOH group is the only H- tautomers of histidine species can be found in the Supporting
bond acceptor in the bivalent cation. Four types of H-bond Information. Naturally, there are some characteristic differences
(N¢H---O=C, N¢H++-OH, NHz*+-:O=C, and CH:--O=C) were in the IR spectra of different species. For example, the
identified in the 17 conformers by the AIM analysis. The characteristic peak for the imidazoleHlwag at 496 cm! is
average energies for'N---O=C, N¢H---OH, NHz*---O=C, and preserved in His[KH] (though shifted to 514 crni) but is absent
CH;+--O=C H-bonds are-4.5,—2.8,—7.3, and—2.2 kcal/mol, in His[N°H]. This vibrational mode can be used for the gas-
respectively. phase IR measurement to distinguish the two tautomers unam-
Brief Comment on the Hydrogen Bond and the Role of biguously.
Imidazole Ring.lt is clear from the above analysis that the The most distinct feature of the HigEN?] spectrum is a high-
intramolecular H-bond is a key factor in the relative stability intensity band at about 3000 céndue to thev(N°H) stretching
of histidine and its related ions. Establishing an H-bond vibration. Due to the strong Mi--*NH, H-bond, they(N°H™)
requires the donation of a proton toward the nonbonding electron stretching frequency is red-shifted by about 490 émelative
pair of a heteroatom. Many proton donors and proton acceptorsto the N—H stretching vibration. If the amino group were
exist in each neutral, deprotonated, and protonated speciesprotonated, one would observe a strong band at about 2570 cm
resulting in the formation of various intramolecular hydrogen due to the N-H symmetric stretching vibration of the NH
bonds. To benefit from the intramolecular interaction, the group and red-shifted significantly by the strong NH:N°
protonation or deprotonation process typically involves massive H-bond, similar to that observed for the zwitterionic
and characteristic conformational changes, as observed abovetryptopharf! For the most stable deprotonated histidine
As discussed in the previous sections, the imidazole ring is His"[N<H], there is a very strong band at 2176 chaue to the
an excellent donor as well as a good acceptor in the canonicalcarboxyl O-H stretching vibration and it is red-shifted greatly
neural, deprotonated, and protonated species. Both the proto-due to the Ok+N? H-bonding interaction. This band is absent
nation and deprotonation of histidine occur on the imidazole in HisT[COOH]. However, there is add wag band at 441 cm
ring. This property of histidine is unique and characteristically in HisT[COOH]. Therefore, both the protonation and deproto-
different from any other single amino acid, where either nation forms of gaseous histidine and their tautomers have their
protonation or deprotonation or both take place mainly in the characteristic vibrational modes and can be determined by IR
backbone. Due to this special property and that the imidazole measurements.
ring is preserved with the peptide chain formation, the imidazole  Gas-Phase Thermodynamic Properties of Histidine and
ring in histidine can provide ligand to bind free proton and metal Related lons.Calculated proton affinity, proton dissociation
ions such F& in heme as well as act as a donor to form the energy, and gas-phase basicity and acidity for the histidine and
intermolecular interaction and salt bridefeThe capability its related ions through possible reaction paths (Scheme 1) are
enables histidine residues to serve critical functional roles, acting listed in Table 8. As shown in Table 8, the calculated PDE and
either as nucleophiles or as electrophiles. The oxygen transport-GA of reaction A and PA and GB of reaction C at the B3LYP/
ing function of hemoglobin can be realized by altering histidine 6-3114++G** or B3LYP/6-311+G(2df,p) level are both in
residue protonation on Nof the imidazole ring in thd vs R excellent agreement with the experimental d&falhese results
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with the finding of Chung-Phillips for glycin&: Therefore, the
properties of the most stable species are often representative of
the full equilibrium ensemble.

Vertical lonization eEnergy and Electron Affinitpnization
energies (IEs) and electronic affinities (EAs) are important for
understanding the charge transfer, electrophilicity, and reactivity
redox potential of biological molecules. Table 9 shows the
calculated vertical IEs of the four most stable conformers of
gas-phase histidine tautomers and their protonated and depro-
tonated species. The vertical IEs of histidine are conformation-
dependent, but the variation is limited for the equilibrium
population with the observable IE of about 8.5 eV and
characteristically different from that of phenylalanftié*%°By
the same computational method, the vertical IEs of gaseous
imidazole and 4-methylimidazole molecules are found to be 8.96
and 8.48 eV, respectively. Therefore, the IEs of histidine are
close to that of 4-methylimidazole instead of imidazole. As noted
in passing, our calculations show that substituting the proton
with Na™ on the imidazole of histidine reduces the vertical IE
by almost 2 eV. Understandably, metal ion substitutions are
very effective in reducing the redox potential of a biological

molecule.

It may be pointed out that our vertical |IE result of 8.52 eV
for the most stable conformer of His{N] is quite different
from the former result of 7.76 eV by the outer-valence-Green'’s-
functions (OVGF) metho8 On the other hand, our VIE result
of 8.43 eV for the most stable conformer of HisH is in good
| agreement with the OVGF value of 8.34 eV. The inconsistent

1 - Jﬂ " agreement between our IE results and the OVGF IE results is
O e ————— l}wa%:ﬁfbt caused mainly by the incomplete conformational search of the
200 224M) 2400 2600 2800 SI!INII 320 JH00 3604 preViOuS Study.
Pragusyicn The adiabatic ionization energies of histidine, 2-methylimi-
Figure 8. Simulated IR spectra of the most stable conformers of dazole (or 4-methylimidazole) and the vertical ionization
imidazole and neutral, deprotoated, and protonated histidine Sipec'es'energies of 1-methylimidazole and 2-methylimidazole were
The IR bands are Gaussians with the full width at half-maximum - 268 :
(fwhm) of 10 cn®: (A) fingerprint region; (B) high-frequency vibration experlmentgllﬁ #?determined to b_e 8.20, 8.50, _8'66’ and 8.50
eV, respectively. The corresponding computational results we

region. ] :
are consistent with the energy ordering of HBOOH] and obtain are 7.92 (for His[N]), 8.25, 8.69, and 8.47 eV,
respectively. The measured and the calculated values are in

His~[N<H] and that of HisH[NH] and HisH[N°] discussed o _
above and show clearly that the deprotonation and protonationagreeeq1ent within a range of 0.3 eV, as also observed previ-
processes of gaseous histidine molecule both take place on th&@USly=* To avoid arriving at an incorrect conclusion, it is
imidazole ring (i.e., the reaction paths A and C in Scheme 1, important to bear in mln.d the t'heor'etlcal error bar of 0.3 e\(.
respectively). The nature of the proton-transfer processes of theFO; example, the theoretical adiabatic [E of the most stable His-
imidazole ring through its two side chain nitrogen atoms enables [N“H] conformer is 8.17 eV and is in better agreement with
histidine residues the key role to serve as a general acid or basdN€ €xperiment than that of HisfN]. However, the global
in different biological processes such as that observed in refs Minimum is of the tautomeric form of HisfiM] instead of His-
62 and 63. [N°H] as determined by the relative conformational energies
As shown in Table 8, the B3LYP/6-311G* results for PDE @nd the PDE and GB results discussed above.
and GA are higher than the B3LYP/6-3t3+G** or B3LYP/ The observable vertical IE of deprotonated histidine is 3.78
6-311H-G(2df,p) results by about 5 kcal/mol for reactions Aand €V for the most stable HigN“H] conformer. The vertical IEs
B and by 9 kcal/mol for reactions E and F. This indicates that Of deprotonated imidazole, formic acid, and acetic acid anion
diffuse functions and polarization functions are important for are respectively 2.75, 3.61, and 3.76 eV according to our
providing accurate results about anionic species. On the contrarycalculations. Clearly, the ionization energy of deprotonated
the augmentation of diffuse and polarization functions has a histidine is best represented by deprotonated acetic acid instead
small influence on the calculation of cationic species and the of deprotonated imidazole. This unexpected correspondence is
B3LYP/6-311G* results for PA and GB are close to that of due to that a significant portion of the electron is transferred
B3LYP/6-31H-+G** and B3LYP/6-311G(2df,p) calculations. from the imidazolate ring to the carboxyl in deprotonated
It appears that the B3LYP method with a medium-size basis histidine.
set including diffuse and polarization functions (such as  The vertical IEs of Hi$~ are about—0.2 eV. Negative
6-311++G** and 6-31H-G(2df,p)) is suitable for calculating  ionization energies of dianions were observed experimentally
gas-phase thermodynamic properties for amino acids and theirbefore®®70 The conformers of H& are stabilized by the
derivatives. However, the results at the MP2/6-8GI2df,p) repulsive Coulomb potential barrier between the negative charge
level as shown in Table 8 are much less satisfactory. centers of carboxylic ion and imidazole ion. The vertical IEs
It is worthy noting that the GA/GB results have little change of protonated and doubly protonated histidines are 13.1 and 17.4
when the conformational equilibrium is considered, consistent eV, respectively.

1M ~

Intensity/km

500
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TABLE 8: Theoretical Proton Affinity/Proton Dissociation Energy and Gas-Phase Basicity/Acidity for Gaseous Histiding

proton dissociation energy gas-phase acidity
reaction theory expt theory expt
A 338.00 333.F 333.6 327.¢ 331(3.1) 330.8 326.0 326.4 319.8 326.8 324.1(3.1)
B 346.7 341.5 341.7 339.4 338.9 333.6 333.9 3315 3335
E 423.3 414.0 414.7 414.5 415.0 405.8 406.5 406.2 406.1
F 414.6 405.7 406.6 402.1 407.0 398.1 399.0 3945 399.4
proton affinity gas-phase basicity
reaction theory expt theory expt
C 237.4 235.0 235.3 231.2 236.1 229.8 227.3 227.6 223.5 227.8 227.1
D 236.6 233.2 233.2 230.8 228.9 225.4 225.5 222.8 225.3
G 140.8 138.7 138.6 134.9 133.3 131.3 131.2 127.5 130.6
H 141.6 140.5 140.7 135.3 134.2 133.2 133.3 128.2 133.1

a All energies are in kilocalories per mole. All the thermodynamic data correspond to the reference state of 1 atm, 298 K. Only the most stable
conformers were considered for the reactions in the b, ¢, d, and e col@iRasults for the electronic energies obtained at the B3LYP/6-311G*
level. ¢ Results for the electronic energies obtained at the B3LYP/6-31G** level. ¢ Results for the electronic energies obtained at the B3LYP/
6-311+G(2df,p).¢ Results for the electronic energies were obtained at the MP2/6-G(adf,p) level.! Experimental data were taken from NIST.

9 Results at the B3LYP/6-311G(2df,p) level with conformer population-averaged free energies.

TABLE 9: Vertical lonization Energies (eV) of the Four Most Stable Conformers of Histidine and Related Species

conformer His[NH] His[N°H] His~[N<H] His~[COOH] His?~ HisH*[N?] HisH*[NH] HisH2*
1 8.43 8.52 3.78 3.60 —0.25 13.09 12.60 17.37
2 8.58 8.26 3.35 3.67 —0.18 13.39 12.58 17.48
3 8.56 8.14 3.29 3.50 —0.17 13.43 12.57 17.56
4 8.60 8.25 3.23 3.59 —0.32 12.88 12.55 17.22

TABLE 10: Vertical Electronic Affinities (eV) of the Four Most Stable Conformers of Histidine and Related Specie3

conformer His[NH] His[N°H] His™[N<H] His"[COOH] His?~ HisH'[N°]  HisH'[NHz]  HisH2"
1 —0.53(-0.31) —0.15(0.06) —3.58(-3.52) —3.12(-3.04) —6.62(-6.57) 3.44(4.00) 3.17(3.51) 7.44(8.08)
2 —0.48 —0.10 —3.58 —3.07 —6.58 3.42 3.35 7.40
3 —0.39 —-0.24 —3.70 —-3.14 —6.51 3.41 3.33 7.64
4 —0.50 —0.23 —3.37 —-3.11 —6.58 3.38 3.42 7.39

aNumbers in parentheses are the adiabatic electronic affinities.

TABLE 11: Excitation Energies AE (eV) and Dipole Transition Oscillator Strengthsf(r) of Imidazole, Imidazolium,
4-Methylimidazole, 5-Methylimidazole, and Methylimidazolium

Im ImH* 4-Melm 5-Melm MelmH"
transition state AE f(r) AE f(r) AE f(r) AE f(r) AE f(r)
S0-S1 5.40 0.0004 6.26 0.1464 5.18 0.0000 5.11 0.0014 5.90 0.1533
S0-S2 6.28 0.0262 7.18 0.0000 5.84 0.0055 5.82 0.0035 6.82 0.0006
S0-S3 6.44 0.0023 7.89 0.0000 5.98 0.1206 6.10 0.1726 7.27 0.109
expt 5.69 and 6.20 6.08

aReferences 76 and 77Reference 76

TABLE 12: Transitions and Weights of Excited Configurations for the Three Lowest UV Excitations of Imidazole,
Imidazolium, 4-Methylimidazole, 5-Methylimidazole, and Methylimidazolium

Im ImH* 4-Melm 5-Melm MelmH"
state CSF T we T we T we TP Wwe T we

S1 H-1-L+1 TTIT* 95 TT* 3

H—L JTr* 100 Tt 5 JTT* 100 Tt 100 JTT* 97
S2 H—=L+2 r* 100 o* 100 * 100 o* 100 o* 100
S3 H-1-L T* 22

H-1—L+1 No* 100

H—L+1 o* 92 wo* 74 T* 78

H—L+3 o* 100 r* 26

H—L+7 mo* 8

a Configuration state functions. B HOMO, L = LUMO. ® Type of orbital transition¢ Weights of excited configurations (%6).

Table 10 shows the vertical EAs for the four most stable anthracen® are —1.03 meV,—0.19 eV,—1.12 eV, and 0.53
conformers of gas-phase histidine tautomers and their protonateceV, respectively.
and deprotonated species. The EAs of canonical neutral histidine 3.2. Absorption Spectra and Characterizations of the
are negative, with absolute value smaller than that of imidazole Excited States.Accuracy of the Computational Method/e
(the theoretical vertical and adiabatic EAs for imidazole are began the excited-state study with verifying the accuracy of the
—0.74 and —0.71 eV, respectively). For comparison, the TDDFT method for aromatic biomolecules. Thg-5; transition
experimental EAs for indolé: naphthalené? benzené? and energy of tryptophan is predicted to be 4.50 eV at the B3LYP/
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LUMO

LUMO+1
Figure 9. Representative orbitals of imidazole.

LUMO+2

6-311+G(2df,p) level, in good agreement with the experimental
value of 4.32 e\832 For the gas-phase indole molecule we
predict the two weak low-lying—z* valence singlet transitions,
Lp and L, at 4.62 and 4.84 eV, in reasonable agreement with
the experimental results of 4.37 and 4.77 @V5 respectively.
We expect the TDDFT/B3LYP/6-311G(2df,p) method to give
the excitation energies with an accuracy of about 0.25 eV.
Electronic Spectra of Imidazole, ilmidazolium, 4-Methylimi-
dazole, 5-Methylimidazole, and Methylimidazoli®@emparing
the spectra of imidazole (Im), imidazolium (Imf] 4-meth-
ylimidazole (4-Melm), 5-methylimidazole (5-Melm), and me-
thylimidazolium (MelmH) is helpful for discussing the effect
of side chain substitution on the electronic spectra. Table 1

compiles the calculated excitation energies and dipole transition

oscillator strengths of Im, Im#H 4-Melm, 5-Melm, and

MelmH* in the gas phase. Table 12 summarizes the structures
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substituent, which enhances the radical reactfAtylethylation
sites have little influence on the first two excitation energies.
Methylation increases the dipole oscillator strength of the S
S; transition, and the transition is changed as HOMQMO+1
(t—0*, 92%) and HOMG-LUMO+7 (7r—0o*, 8%) on 4-Melm
and HOMG—-LUMO+1 (z—o*, 74%) and HOMG~LUMO+3
(m—m*, 26%) on 5-Melm. Methylation of ImH destroys the
Co, symmetry and makes theySS, and $—S; transitions
permitted.

Electronic Spectra of Histidine HisfiM] and Its tTautomer
His[N°H]. The excitation energies and transition dipole moments
for the most stable conformers of HisM], His[N°H], and
protonated species are shown in Table 13 (the corresponding
results for the second most stable conformers can be found in
the Supporting Information for comparison). Table 14 sum-
marizes the structure of the wave functions for the three lowest
excitations of histidine, tautomer, and its protonation species.
The molecular structure of histidine is similar to that of
methylimidazole; however, the electronic spectra are compli-
cated due to the carboxylic and amino groups. The valence
orbitals include Ro orbital (HOMO-1), mainly by the O and N
lone pair of carboxylic and amino group, amarbital (HOMO)
on the imidazole ring. The three unfilled orbitals are twb
orbitals contributed from the imidazole ring and the carboxylic
group, and an n* orbital of N lone pairs on the imidazole ring.
All excited transitions of neutral histidine have very low dipole
transition oscillator strengths, explaining the weakness of

1 histidine UVRR bandg® The $—S; transition of histidine at

5.37 eV (231 nm) is a mixedz*/nzz* transition (see the orbital
plot in Figure 10). The excitation energies vary in the range of
0.1-0.3 eV for the two most stable conformers due to different

of the TDDFT wave functions for the three lowest excited ntramolecular hydrogen bonding.

transitions of Im, ImH, 4-Melm, 5-Melm, and MelmH.
The first twozr—s* transitions of Im at 5.40 (229 nm) and
6.28 eV (198 nm) with weak oscillator strengths are in good

The NH tautomerism changes the orbital energies and the
transition modes. The main valence and unfilled orbitals include
two s orbitals and twos* orbitals (HOMO-3, HOMO,

agreement with the experimental values if they are the detected-UMO+1, and LUMO+2) from the imidazole ring, two n

transitions’®7” The participating orbitals include the n orbital
(HOMO-1) by the unprotonated N lone pair and twaorbitals,

w1 (HOMO) andx, (HOMO-2), that are contributed mainly
from C and N atoms (Figure 9). The three lowest unfilled
orbitals correspond to twe* (LUMO and LUMO+2) ando* n
orbitals, somewhat different from the results at the CNDO/S
and INDO/S levelg®®The $—S; and $—S; excitations are
entirely due to ther;—m1* and m1—m2* transitions. The §S3
transition is entirely due to the-+v* yy orbital excitation. Notice

orbitals (HOMO-2 and HOMO-1) respectively from the O in
carboxylic and N in the amino group and N of the imidazole
ring, and ar orbital (HOMO) from the carboxylic group (see
Figure S2 of the Supporting Information). The-$; transition

of the histidine tautomer is red-shifted 0.5 eV relative to that
of histidine $—S; transition. The tautomer,S S; transition is

a pure HOMG-LUMO excitation. This $—S; excitation is a
charge transfer from the imidazole ring to the carboxylic group.
The $—S, and $—S; transitions are both mixedari/ z*

that the spectra may be red-shifted by about 10 nm due totransitions. The HOMO-l (mo.rpital) has no contribution to
solvent effect as indicated by the experimental spectra of the three lowest excited transitions.
adentine (an absorption peak at 252 nm in the gas phase is Electronic Spectra of Protonated Histidine HisfN?],

shifted to 260 nm in aqueous solutici!

The lowestr—sm* transition of ImH" is 6.26 eV with a rather
strong oscillator strength of 0.1464. The original firstz*
transition is blue-shifted by 0.86 eV (30 nm) due to protonation.
Thesr—s* transition involves the HOMO-+LUMO+1 (weight
95%) and HOMG-LUMO (weight 5%) excitations. The
spectrum for ImH is relatively simple due to its symmetry of
C,,. Ther—o* transitions, being symmetry-forbidden, have zero

HisHT[NH;], and HisH2". As shown in Table 14, the main
valence and unoccupied orbitals for UV excitation of HisH
[N°] are az (HOMO-2) and twos* orbitals (LUMO and
LUMO+1) from the imidazolium ring, two n orbitals (HOMO-1
and HOMO) respectively from the O of the carboxylic group
and N of the amino group, ana* orbital (LUMO+2) from
the carboxylic group (Figure 11). They-SS; excitation of
HisH*[N9] at 5.45 eV is mainly anas* transition. The charge

oscillator strength and no contribution to the resonance Ramantransfers from the N lone pair of the amino group to the

spectrum.

Methyl substitutions also bring changes in the excited
transitions of the imidazole ring. Depending on the transitions,
methylation induces a spectral red shift of 8®4 eV, similar
to the experimental finding for the DNA base guanfAd.he
observed faster degradation of 4-MelmH than that of ImH is
attributable to the electron-donating effect of the methyl

imidazolium ring. The &S, and $—S; excitations are charge-
transfer mainly from the O lone pair of the carboxylic group to
the imidazolium ring. These HisHN?®] excitations provide
multiion dissociative channels different from that of HisH
[NH] on far-UV excitation. A charge transfer on the-S5,
transition of HisH[N?] is to produce a hypervalent radical
ImH—CgH,—CyH(COOH)-NH," with the corresponding ion
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Figure 10. Representative orbitals of the most stable conformer of histidine H#[N
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Figure 11. Representative orbitals of the most stable conformer of protonation histidine"fgH

TABLE 13: UV Excitation Energies (eV) and Dipole Transition Oscillator Strengths of the Most Stable Conformers of
Histidine, Histidine Tautomer, and Protonated and Sodium lon Binding Histidines

state His[NH] His[N°H] HisHT[N?] HisH*[NH] HisH2* Na*(His)

S1 5.37/0.0050 4.85/0.0128 5.45/0.0065 5.28/0.0077 5.63/0.0018 5.04/0.0008
S2 5.44/0.0000 5.47/0.0193 5.67/0.0167 5.73/0.0128 5.80/0.0007 5.49/0.0060
S3 5.69/0.0210 5.52/0.0135 5.82/0.0092 5.94/0.0007 6.26/0.1579 5.91/0.0020

TABLE 14: Transitions and Weights of Excited Configurations for the Three Lowest UV Excitations of the Most Stable
Conformer of Histidine, Histidine Tautomer, and Protonated Histidine Species

histidine tautomer HisHN?] HisH*[NH3] HisH?*

state CSF T® Wwe T? we T we T? Wwe T? Wwe
S1 H-2—L Tt 5

H-1—L nz* 16 nm* 9 n* 4

H-1—L+1 ne* 11

H-1—L+3 ne* 5

H-1—L+4 no* 3

H—L Tt 65 ot 100 ne* 86 o4l 100 Tt 96
S2 H-3—L Tt 6

H-2—L b 45 Tt 7

H-2—L+1 ne* 11

H-2—L+2 Tt 2

H-1—L na* 17 n* 69 nz* 88

H-1—L+1 ne* 6

H-1—L+2 ne* 11 nr* 4

H-1—L+3 ne* 3 n* 3

H—L Tt 12 nm* 5 * 5

H—L+1 o4l 68 Tt 38 wo* 100
S3 H-3—L w* 4 ns* 42

H-2—L nor* 25 nz* 40

H-2—L+1 ne* 4 T 6

H-2—L+2 Tt 7

H-1—L nz* 18 nm* 23 T* 18

H-1—L+1 ne* 11 no* 33

H-1—L+2 ne* 31

H-1—L+3 ne* 6

H-1—L+4 no* 3

H—L Tt 27

H—L+1 Tt 35 Tt 65 Tt 100

H—L+2 Tt 2
2 Configuration state functions. H HOMO, L = LUMO. P Type of orbital transition® Weights of excited configurations (%).

fragments upon dissociation, while the-S5, and $—S3 of the imidazole ring and the O of the carboxylic groupr*a

excitations produce a radical ImHCsH,—CyH(NH2)—(COOH)" orbital (LUMO) from the carboxylic group, and @ orbital
and the corresponding ion fragments. The UV excitations of (LUMO+1) from the amine NH" (see Figure S3 of the
HisH™[N?] are characteristically different from that of protonated Supporting Information). The (SS; excitation, being arr*
tryptophan with which the fragmentation started with the transition, is a charge transfer from the imidazole ring (HOMO)

dissociation of an H ator## to the carboxylic group (LUMO). Protonation leads to a red-
The excitation modes for HisHINH] are relatively simple. shift of 0.1 eV on the &S, excitation. The §S, excitation
The main valence and unfilled orbitals of HisSfNH] include is ao* transition. The charge transfers from the imidazole

two i orbitals (HOMO-1 and HOMO) from the imidazole ring, ring (HOMO) to the amine group (LUM®1), similar to that
two n orbitals (HOMO-3 and HOMO-2) respectively from N found in protonated tryptophan in the gas pR&s® and in
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protein® The $—S; excitation is a mixed m*/ zrzr* transition. the $—S; and $—Sz transitions produce a radical ImHCzH>—
These excited states provide multiplex dissociation channels of C;H(NH;)—(COOH)". The existence of these states can exhibit
protonated histidine on UV excitation. The first excitation at multiplex dissociation channels of protonated histidine and can
5.28 eV can be a dissociative state on the carboxylic group, be inferred indirectly by the relaxation or fragmentation dynam-
while the second excitation at 5.73 eV is a dissociative state onics following photoexcitation. The simulation of these data

the amine group.

The electronic spectrum of doubly prontonated histdine
(HisH,%™) is also shown in Table 13. TheySS, transition at
5.63 eV happens between the orbital (HOMO) of the
imidazolium ring and ther* orbital (LUMO) of the carboxylic
group (Figure S4 of the Supporting Information).

The electronic spectrum of the Na(Hisfomplex is also
calculated and shown in Table 13 for comparison. Theé Na
bonding configuration in the Na(His)complex is similar to
that for HisH"[N?]. However, the $-S; transition of the Na-
(His)™ complex is between ther orbital (HOMO) of the
imidazole ring and ther* orbital (LUMO) of the carboxylic
group. The $—S; transition is red-shifted by 0.3 eV relative to
the neutral histidine. TheyS S; transition of Na(Hisy complex
transfers charge from Imf to Na" with an excitation energy
of 5.49 eV, coinciding with that observed in the Cu(im)
complex8s

4. Summary

All conformations of histidine, histidine tautomer, and singly

would allow a better understanding of the excited states of
protonated histidine and the fundamental mechanisms involved
in the UV fragmentation of biomolecules.
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