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Gas-phase H/D exchange experiments with;GD and DO and quantum chemical ab initio G3(MP2)
calculations were carried out on protonated histidine and protonated histidine methyl ester in order to elucidate
their bonding and structure. The H/D exchange experiments show that both ions have three equivalent fast
hydrogens and one appreciably slower exchangeable hydrogen assigned to the protonated amino group
participating in a strong intramolecular hydrogen bond (IHB) with the nearest)N(isppgen of the imidazole
fragment and to the distal ring NH-group, respectively. It is taken for granted that the proton exchange in the
IHB is much faster than the H/D exchange. Unlike in other protonated amino acids (glycine, proline,
phenylalanine, tyrosine, and tryptophan) studied earlier, the exchange rate of the carboxyl group in protonated
histidine is slower than that of the amino group. The most stable conformers and the enthalpies of neutral and
protonated histidine and its methyl ester are calculated at the G3(MP2) level of theory. It is shown that strong
intramolecular hydrogen bonding between the amino group and the imidazole ring nitrogen sites is responsible
for the stability and specific properties of the protonated histidine. It is found that the proton fluctuates between
the amino and imidazole groups in the protonated form across an almost vanishing barrier. Proton affinity
(PA) of histidine calculated by the G3(MP2) method is 233.2 and 232.4 kcal'rfml protonation at the
imidazole ring and at the amino group nitrogens, respectively, which is abguk8al mol™ lower than the
reported experimental value.

Introduction Histidine is one of the 20 naturally occurriegamino acids.
It serves inter alia as a precursor of the hormone histamine,
and it regulates the proper utilization of the trace metals and is

most of the chemistry in living organisms takes place in the €SSential in their rapid excretion, if they were present in
condensed phase, there has been an increasing interest in thgCessive amountsit is commonly accepted that histidine
gas-phase structure and conformations of amino acids, peptidesP0SSesses a pronounced basic character due o its imidazole side
and proteins over the past two deca#ésThis is not surprising, chal_n. Hence, the latter is prected to be the protonation site in
because gas-phase structural investigations of biomoleculegMultiply protonated protein¥. Furthermore, histidine forms
provide an important insight into their intrinsic properties free hydrogen bonds acting both as HB donor and as HB acceptor,
of solvent or crystal phase effects. Another advantage is thatthus functioning as a proton-transfer mediator in various
the problem of the spatial structure and properties of biomol- proteins!! It was argued that imidazole ring forms strong low-
ecules in the gas phase can be addressed by experimental anarrier hydrogen bonds (LBHB), known also as Speakman
theoretical methods in a synergistic way. HadZ H-bonds!>'3which contribute to lowering the transition-
Emergence of “soft” ionization techniques, such as matrix- State energy in enzymatic reactidfid>Although this hypothesis
assisted laser desorption ionization (MALB&Nd electrospray ~ has been challenged by several researcliérsadditional
ionization (ESI)? has made gas-phase studies of biomolecules investigations are highly desirable. A recent study of hydrogen
by mass spectrometry widely accepted and utilized. Some otherbonding in a complex of serine with histidine, performed by
methods, for example, gas-phase hydrogen/deuterium exchangezomputational and spectroscopic methods on some model

Amino acids are small biomolecules, which provide the
principal building blocks for proteins and enzymes. Although

offer an additional vehicle for structural investigatién§he compounds, is a step in this directi&h.
gas-phase.H/D exchange s'gudnzs may give relative ex%hange There are only a few studies (theoretical and H/D exchange)
rates for different reaction sités? location of the chargé! on the structure of protonated histidine to the best of our

and dependence on the deuterating agént. knowledgel?1920Green and Lebril¥ performed a gas-phase

- ) ) H/D exchange experiment on protonated histidine withsCH
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His is 232.7 kcal mof,! whereas the subsequent MP2(fc)/6- 1e D0 @
3114+G**//HF/6-31G* calculations gave 229.8 kcal/m®IThis D1 =
latter estimate was in good accordance with the earlier kinetic . D2 +
measurements of Bojesen and Breind&tiut it was about 6 X oo D3 o
kcal mott too low according to the thermokinetic method of 2
Bouchoux and Salpf#23 and compared to the value of 236 2 D4 m
kcal mol! adopted by Hunter and Li&4. s e D5 a
It is the aim of the present work to shed more light on the

gas-phase structure of protonated histidine by combining results >
of the H/D exchange reactions of protonated histidine in the +
gas phase with those of electronic structure calculations obtainedE
at the G3(MP2) level of theory. Particular attention will be &
focused on the determination of the most basic site of His, which
is of great importance for a better understanding of its biological

activity. 0 2 4 6 8 10 12 14
Time / s
Materials and Methods Figure 1. Time dependence of the experimental ion intensities and

) ) the corresponding theoretical fits obtained with site-specific treatment

Experimental Methods. The H/D exchange experiments in the H/D exchange reaction of the Hisiith D;O. The least-squares
were performedn a 3 T Fourier transform ion cyclotron  sum (LSS) for this fit is 0.037.
resonance (FTICR) mass spectrometer with a Nicolet 1280 data
station (Extrel FTMS 2001, Madison, WI) equipped with a calculated, because this theoretical model provides thermo-
nitrogen laser (VSL 337 NSD, LS| Laser Science, Newton, MA) dynamic data (including proton affiniti€8)with acceptable
emitting atA = 337 nm. Histidine (His) and histidine methyl ~ accuracy. The relevant formulas for calculating the absolute
ester (HisOMe) were obtained from Fluka (Buchs, Switzerland). proton affinities APAs in the gas phase are given by
The deuteration reagentD (99.8%) and CBOD (99.8%) were

obtained from Aldrich (Milwaukee, WI) and from Cambridge APA(B,) = (AEy), T (AE,p), t+ (5/2)RT Q)

Isotope Laboratories (Andover, MA), respectively. lons were

formed by MALDI from samples prepared by a standard dried- (AE,), = E(B) — E(B H)+ )
el/o o8

droplet procedure with 2,5-dihydroxybenzoic acid (DHB) as
matrix. Strongest ion signals were obtained with a sample-to- i
matrix ratio of ~1:100. Before each experiment, deuterating (AEip)e = Eyip(B) — Eyin(B,H) 3)
gas was introduced for several hours directly into the ICR cell
for stabilization. Reagent gas pressure used in the exchangelhe base and its conjugate acid are denoted by B ant, BH
experiments was (6-51.33) x 107 Pa and it was measured respectively, whereas stands for the site of proton attack. The
with a Bayard-Alpert-type ionization gauge with parametrized term (AEe). is the electronic contribution to proton affinity,
response factors for calibrati6hAll experiments were carried ~ Evio includes the zero-point vibrational energy (ZPVE) and
out at room temperature of 300 K. H/D exchange experiments temperature corrections to the vibrational enthalpy, 8hJRT
were performed according to the procedure mentioned in anincludes the translational energy of the proton, and the pressure
earlier publicatior?. volume work term. In the standard G3 procedure, vibrational
Data obtained from mass spectra consist of relative intensitiesfrequencies are evaluated at the HF level within the harmonic
of the mass peaks forddDy, ..., Dy (Where D) represents an approximation. Although this apprommqﬂon is n_ot adequate for
ion species containing a total afdeuterium atoms) measured the treatmen.t of.su.ch highly anharmonic V|brat|ons. as some of
at a number of time points that correspond to different time those occurring in intramolecular hydrogen bonds, its effect on
delays for the exchange reaction. The kinetic system is treatedth® ZPVE and on the vibrational shiftings discussed in this paper
asn independent exchangeable hydrogen atoms each following!$ rather small.
a simple pseudo-first-order rate law. With this approach we . .
determined the site-specific rate constants of the studied Results and Discussion
protonated amino acids. An interactive program for calculation  Histidine. The gas-phase protonated His studied in this work
of the site-specific rate constants was written in Mathematica was produced by MALDI, which typically generates protonated
4.0 (Wolfram Research, Champaign, IL). Repetitive H/D gas-phase ions. HisHwas reacted with CEDD and RO
exchange experiments indicate a relative standard deviation ofcompounds in the gas phase, and the site-specific rate constants
20% for the reported site-specific rate constants. Assuming thatfor the H/D exchange were determined. Results obtained with
ion gauges are properly calibrated, the major sources of errorCD;OD as deuterating reagent show qualitatively the same
in the numerical values of the site-specific rate constants are pattern as with BO. Figure 1 shows the time dependence of
the pressure measurements. It is worth mentioning that the ratiosthe normalized intensities of protonated histidine in a reaction
between the rates of exchange for the sites in each experimentvith D,O. Incorporation of the fifth deuterium was very slow
remain unaffected by the number of experimental runs. and the corresponding signal in the spectrum had a very low
Theoretical and Computational Methods. Ab initio MO relative intensity even at maximum reaction time delay, which
calculations were performed by the GAUSSIAN?98rogram was limited by the instrument performance. Because of a
package. Initial search of minima on the potential energy decreasing signal with time, the calculated rate constant for the
(hyper)surface (PES) were carried out by the density functional last proton exchange has the highest error. The site-specific gas-
(DFT)?” method using B3LYP function#2°employing 6-31G* phase H/D exchange rate constants obtained for Hiaké
basis set. For the true minima on the PES corresponding to mostpresented in Table 1. The first observation to be made is that
stable conformers, the G3(MP2) structures and energies arediscrimination between the different H/D exchange sites is much
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TABLE 1: Site-specific Gas Phase H/D Exchange Rate TABLE 2: G3(MP2) Enthalpies H2% and Relative Stabilities
Constantg for Studied HisH* with CD;0D and D,O A of Conformers/Tautomers of Neutral and Protonated
il
HisH" CD;0D D,0 Histidine
H?298 D
ki 44.95 11.63
ka 44.95 11.63 His(a) —547.980 58 0.0
ks 44.95 11.63 His(b) —547.977 60 1.9
Ky 23.5 6.53 His(c) —547.976 09 2.8
ks 1.02 0.29 His(d) —547.975 19 3.4
HisH* —548.349 88 0.0
Rate constantsk( = 20%) are given in unitsx 1072 cubic H:§H+§§; —548.344 95 31
centimeter per second per molecule. HisH*(c) —548.348 53 08
HisH*(TS) —548.348 17 11

more pronounced in the GDD experiments, particularly if the
rather large experimental error #20% is taken into account.
The site-specific treatment of H/D exchange in Hiswlith
CD30D and DO indicates four relatively fast-exchanging and To find the most stable conformations of His/Hiskdnd to
one very slowly exchanging site. Three of the four fast- assign the exchangeable proton sites, we undertook a series of
exchanging sites are equivalent, implying an equivalency of ab initio calculations. The most stable tautomers and conformers
hydrogens in the protonated amino group of HiskConse- of neutral and protonated histidine are shown in Figure 2. The
quently, the OH of the carboxylic group and the NH of the corresponding G3(MP2) enthalpies and relative stabilities of
imidazole ring are sites that undergo a fast and a very slow tautomers and conformers are given in Table 2.
H/D exchange. They will be distinguished by additional The imidazole group of the histidine side chain possesses
experiments (vide infra). As already mentioned, previous two possible tautomeric forms in neutral molecule. It can serve
analyse¥ of the same system indicated four equivalent and fast- as a proton donor and/or proton acceptor moiety in intra-
exchanging hydrogens together with the one slowly exchanging molecular (IHB) and intermolecular hydrogen-bond formation.
H atom. This result was explained by a bridging interaction The same holds for the amino and carboxylic functional groups.
between thex-amino group and the imidazole ring. When the Consequently, it follows that there are many possible ways to
distances between the imidazole ring nitrogen atoms and theform intramolecular hydrogen bonds, which can stabilize both
o-amino group as well as the proposed bridging interaction are neutral and protonated histidine species. The most stable
taken into account, this implies a continuous change in the site structure has two intramolecular hydrogen bonds, one between
of protonation and bridging, which is not very likely. It should the carbonyl oxygen and the imidazole hydrogen and the other
be noted in this regard that the site-specific rate constants for between the hydroxyl oxygen and the amino nitrogen lone pair.
HisH™ had the highest estimated error in the fit (LSS value) of It is interesting to mention that Schaefer and co-worKers
all species in the work of Green and Lebritfa. predicted the structure His(b) as a global minimum on the basis

aEnthalpies are given in a.u.; relative stabilities are given in
kilocalories per mole.

HisH(a) HisH " (b) HisH'(c) HisH'(TS)

Figure 2. Most stable conformers/tautomers of neutral and protonated histidine as obtained by the MP2(fu)/6-31G* models. The most relevant
distances and angles (shown in italic type) pertaining to the structural features of the IHBs are given in angstroms and degrees, respectively.
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of semiempirical AM1, PM3, and MNDO calculations. How- error into theoretical PA value. Concomitantly, we did not
ever, semiempirical schemes are not quite reliable, because theyproceed in this direction.

are unable to offer an adequate description of the HBs. It is A surprising finding is that both PAs of imidazole ring and
well-known, for example, that the MNDO method underesti- amino group are almost the same in histidine, because it is well-
mates hydrogen-bond energy by 50% or more, especially if the knowr?* that primary amines are significantly less basic than
hydrogen bridge is not linear like the IHB in histidine. It is imidazoles in the gas phase. An explanation is offered by
important to notice, however, that the ab initio energy differ- different intramolecular hydrogen-bond strengths in structures
ences among His(aHis(d) tautomers and conformers are small HisH"(a) and HisH (c). For this purpose it is useful to consider
and do not exceed 3.2 kcal méin total (Table 2). In particular, ~ the topology of their charge densitythe lengthening of the
the conformer His(b) is less stable than His(a) by only 1.9 kcal HB donor bond, and the red shift of its stretching frequency,
mol~1. We believe that the G3(MP2) computational protocol since all these indices provide indirect but indicative information
gives results accurate enough to yield a correct hierarchy inon the relative stabilization associated with the inter- and
stability of His and its tautomers and conformers. It is expected intramolecular HBs. The bond critical points (bcp) associated

that the same holds for their protonated forms. We note in
passing that the G2(MP2) method yields quite similar results
(vide infra).

Protonation of His(a) at the $pitrogen atom of the imidazole
ring gives structure Hisi(b), but this conformer is not the
global minimum on the PES. The latter is obtained by
protonation of His(b), leading to the Hisi) form (Figure 2)

with a short and strong hydrogen bond between proton at the

imidazole ring and the lone pair of the amino group. The

distance between the imidazole ring nitrogen and the amino

nitrogen atom is relatively short (2.675 A). Therefore, it is

plausible to assume that proton transfer occurs from the

imidazole to the amino group, yielding structure HigE).

with the HBs in HisH (a) and HisH (c) were located, and it
appeared that the value of the charge density at the-N{2)
N(1) HB in HisH"(a) (0.040 au) was indeed lower than that at
the N(1)-H--*N(2) HB (bcp) in HisH(c) (0.050 au). In
addition, the charge density at the corresponding ring critical
point, which is also a good measure of the strength of
intramolecular interaction®,is also slightly larger (0.016 au)
for the latter hydrogen bond compared to the former one (0.014
au). Similarly, the stretching frequency of the N{2J donor

in HisH™(a) is red-shifted by 182 cm with respect to the other
N(3)H bond of the imidazole ring not participating in the HB.
Analogously, in HisH (c) the stretching frequency of the N(1)H
bond involved in the HB is red-shifted by 425 chrelative to

the stretching frequencies of the other two N(1)H bonds.

Indeed, the energy difference between these two prototropic ahough the stretching frequencies were calculated in a standard

tautomers is very small (0.8 kcal m@d). Moreover, it is quite
conceivable that this proton shuttles between R(apd N(sp)
atoms, since the barrier height is also very low [1.1 kcalhol
above HisH (a) and 0.3 kcal moft above HisH (c)], allowing

for an almost free proton transfer and rapidly interconverting
tautomers (Table 2). This would explain the three equivalent

way, without taking into account anharmonicities, it is expected
that thay are qualitatively correct. This is sufficient for compara-
tive purposes. Finally, the N(1)H bond of Hiskt) involved

in the HB is 0.048 A longer than the other two N(1)H bonds,
whereas the lengthening of the N(2)H bond of Higa) with
respect to the other NH bond of the azolic ring is 0.031 A.

H/D exchanges observed in the present study taking place atHence, all indices indicate that the NEM---N(2) IHB in

the NH, group in the HisH(a) protonated form. The main

HisHT(c) is much stronger than the N{2H:--N(1) one in

features of the proton transfer will be discussed in more detail HisH*(a).

later.
Let us now focus on the proton affinity (PA) of histidine.

This qualitative information could be put in some more
quantitative results by using the concept of homodesmotic

For this purpose we shall consider first the most stable tautomerreactions* It was shown by Howar} that isodesmic and
in its preferred conformation, His(a), and monitor what happens homodesmotic reactions are useful in estimating the strengths

upon protonation of the imino nitrogen of the imidazole ring.
The reaction His(a}r H™ — HisH'(a) PA of 233.2 kcal mot?,
which is too low by 3 kcal mol! according to the experimental
value of 236 kcal mol*2! obtained by thermokinetic meth-
0ds2223The earlier value listed by Hunter and L34svas also
236 kcal mof. Our additional G2(MP2) calculations yield PA
= 232.9 kcal motl. The most recent results of Bouchoux et
al2 by the extended kinetic method with the “isothermal point”
and protonation entrop,S’ = —2.6 kcal mot? read 238.0t
1.4 kcal mot?, thus being higher than all other measured values.
Previous MP2(fc)/6-31tG**//HF/6-31G* + ZPVE(HF/6-

of IHBs. Let us consider the gedanken reactions (4) and (5).

The G3(MP2) model yieldAE(1) = 7.5 kcal mot?! and
AE(2) = 21.0 kcal mot?, implying that the protonated NH
group is a better donor of the IHB, whereas the R(gpom of
the imidazole ring is a better acceptor of the IHB than vice
versa. The difference in the stabilization energy of these two
types of IHBs is appreciable (13.5 kcal mé).

In view of the pivotal role of IHBs in general and faramino
acids and peptides in particular, we decided to explore an open
hydrogen bond between the simple model compounds 5-meth-
ylimidazole and methylamine (Figure 3). Although the linear

31G*) and the scaled HF calculations gave the PA values of HBs occurring between free model molecules are different from

229.8 and 230.5 kcal mol, respectively’® Hence, discrepancy
between theory and experiment is at least 3 kcalfalnless
one adopts the PA reported by Harrid@s the most reliable
one. It is 234.5 kcal mol, which was obtained by the
assumption that entropkS.,, = —10 cal mot? K~1. At first

cyclic ones taking place in His, some general features should
be the same. This is of importance, since a detailed and
quantitative quantum description of IHB in His would be too
demanding.

Proton affinities of methylamine and 5-methylimidazole

sight it seems that a better agreement with experiment could obtained by G3(MP2) method are 215.5 and 230.1 kcalfol
be obtained by taking into account all tautomers and conformersrespectively, implying that the imino nitrogen in 5-methylimi-

and treating them as an ensemble following a Boltzmann

dazole is intrinsically more basic as evidenced by its higher

distribution of species and energies. However, it was shown by predicted PA by 14.6 kcal mol. The corresponding experi-

Sun et al3! by considering glutamic acid, that Boltzmann
averaging is approximate and that it could introduce significant

mental values are 214.9 and 227 kcal mdt It is interesting
to note that full G2 calculation of PA in 5-methylimidazole gives
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COOH

COOH
AE(1)=17.5
+ WN”Cw\
CHj (4)
TOOH
Hay +
Hllllln-N/CH\
‘ CH,
H\
‘N
\\ + CH3-CH3 —»
NH
IﬁC\\
CH,
TOOH
N + AE(2)=21.0
\ S N
NH CH;, 5)

229.9 kcal mot?, thus lending strong support to the G3(MP2)
result. Consequently, additional experimental measurements o
PA of the 5-methylimidazole are well advised, since the
experimental value is 3 kcal mditoo low. The hydrogen-bond
strength of dimers | and Il is of importance. It can be calculated
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the N (sp) lone pair of the imidazole ring. The most important
result is a finding that protonation of the-amino group is
almost as important as protonation of the imidazole ring. In
both cases, however, the azole ring plays a very important role.

The potential energy curve for a possible proton transfer
between the model molecules 5-methylimidazole and methy-
lamine is also of interest. The energy profile is computed by
MP2(full)/6-31+G** employing the “shooting method” in
solving a one-dimensional Scliioger equation involving
anharmonic potenti&f The total molecular energy was calcu-
lated by varyingd(N—H) distance along the straight line passing
through the imine and amine nitrogens within the range-0.9
1.8 A by using a step of 0.1 A. The patches of the energy curve
between two calculated neighboring points are obtained by the
cubic spline interpolation. The resulting curve is depicted in
Figure 4.

The potential has two slightly unsymmetrical minima sepa-
rated by a very low barrier, especially when zero-point
vibrational energy (ZPVE) of 2.5 kcal mdl is taken into
account. The barrier is 1.1 kcal md] implying that the proton
transfer is almost barrierless. It is virtually the same as the
transition structure energy HisKTS) relative to His(a) (Table
2). The difference in two minima yielding the total molecular
energies of the complexes | and Il is 2.3 kcal mipthus being
compatible with a slightly larger stability of Hist{a) relative
to HisH"™(c). Although the actual energy profile for intramo-
lecular proton transfer in HisHis somewhat different than that
shown in Figure 4, its shape should be also slightly unsym-
metrical, and one can safely conclude that proton moves almost
freely from the amino to the imino group without a substantial
dnfluence of the barrier.

Histidine Methyl Ester. The H/D exchange in protonated
HisOMe was studied in order to (i) assign the exchange at
carboxylic and imidazole ring nitrogen sites, (ii) confirm that

as a difference between the energy of dimers and the sum ofthe three equivalent exchanging sites belong todremino

energies of isolated neutral and protonated methylamine andgroup, and (iii) prove that the proposed proton transfer (fluctua-
5-methylimidazole. It should be mentioned in this context that tion) between the-amino group and the imidazole ring nitrogen
geometries of both free model compounds and their complexesindeed occurs. HisOMe has basically the same molecular
were fu||y optimized_ The resu]ting hydrogen_bond Strengths structure as His itself, with a distinct difference that the Carboxyl
of complexes | and Il are 19.4 and 32.3 kcal mptespectively. group is methylated. The same level of ab initio calculations
The basis-set superposition errors (BSSE) were not consideredG3(MP2) was used to find the most stable conformations of
because the G3(MP2) method uses very large and flexible basigorotonated histidine methyl ester (HisOMgHshown in Figure
sets. Hence BSSE is expected to be negligible. In other words,5)- Itis clear from Table 3 that the energy differences between
the IHB strength in dimer Il is larger by 12.9 kcal mé) since conformers/tautomers of protonated histidine methyl ester are
the quaternary nitrogen cation MeNHs a better H-bond donor ~ not only smaller than in the case of histidine, but the hierarchy
and the imino N(sP) atom is a better H-bond acceptor than the IS slightly changed too. It appears that HisOMgb) is more
other way around. Upon comparison of these results with Stable than HisOMeHGa), albeit to a very tiny extent (0.2 kcal
previous ones deduced from homodesmotic reactions 4 and 5mMol™*). Then, the H/D exchange experiments with 0D and

it appears that the absolute values of the IHB strengths are highe220 on MALDI-generated HisOMeH were carried out and

for the open linear hydrogen bond, but the difference between the site-specific rate constants were determined.

the two modes of H-bonding is practically the same (12.9 vs
13.5 kcal mot?)! It follows that practically the same suscep-
tibility toward protonation of the amino and imino nitrogen

Two approaches were used in interpreting results of the H/D
exchange. In the first, the existence of the single most stable
conformation (X) was anticipated. Second, the presence of two

atoms is accidental, being a consequence of a considerablyHisOMeH" gas-phase conformations (X and Y) was assumed
stronger H-bond formed by the quaternary cationic N atom and and the kinetic analysis was modified accordingly: the system

H gy CHj CHs CH, CHs
Ne—n +TL
H/E NN HI_?N\"H\N, AN Y| H"~N\ AN
H \ o+ H
\ NH —NH \—NH
methylamine 5-methylimidazole dimer | dimer 1

Figure 3. Schematic representation of methylamine and 5-methylimidazole and their protonated dimers.
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300 - - - - ' ' - TABLE 4: Site-Specific Gas-Phase H/D Exchange Rate
Constants k; +20 %) for Studied HisOMeH* (x 10712
cmis~Molecule™) with CD ;0D and D,O
HisOMeH" one HisOMeH" two
conformation system conformation system
g 200 1 CDsOD D;0 CD:0D D,O
]
g LSS 0.015 0.01 0.011 0.011 0.008 0.008
& conformation X X X Y X Y
< abundance 08 02 08 02
2 k1 33.8 851 36.33 32.65 8.77 7.74
3 100} ko 33.8 851 36.33 3265 8.77 7.74
ks 33.8 851 36.33 17.06 8.77 4.13
Ky 2.07 0.52 184 092 1.03 0.26
@Rate constantsk( == 20%) are given in unitsx 1072 cubic
\ centimeter per second per molecule.
0.0 : : : : : : :
05 07 09 1 13 15 17 19 Therefore, three equivalent exchanging sites strongly imply that

{NH) (angstrom)

. - . . both protonated His and HisOMe have three equivalent hydro-
Figure 4. Proton potential in methylamine-5-methylimidazole complex

calculated at MP2(full)/6-3£G** level of theory. The lower minimum gens belonging either to the protonated amino group or to the

corresponds to dimer |. The straight line gives the contribution of the N,HZ groups, with an additiongl fa§t-§huttling. proton as ir! the
ZPVE to the total energy. HisH" case. A slowly exchanging site is associated with a distant

imidazole nitrogen, which is not involved in HB with the amino
group. The experimental rate constants are thus fully consistent
with those observed in the parent Histtorroborating earlier
contention that the proton transfer takes place between the amino
group and the nearest N(2) atom of the imidazole ring.
Site-specific treatment of the H/D exchange in HisOMeH
by the two conformation system approach indicates a preference
for relative abundances of 0.8 and 0.2. Conformation X, with
an abundance of 0.8, has three equivalent fast-exchanging sites
and one slowly exchanging site, while conformation Y, with
an abundance of 0.2, has two equivalent fast-exchanging sites
and two sites that are slower exchanging but with different rates.
HisOMeH(a) HisOMeH ' (b) HisOMeH (c) This view is in agreement with the theoretically obtained
Figure 5. Most stable conformers of protonated histidine methyl ester Structures and ratios, whereby conformation X corresponds to
as obtained from the MP2(fu)/6-31G* models. The most relevant conformation HisOMeFi(b) and Y to HisOMeH (c). It should
distances and angles (shown in italic type) pertaining tothe structural be reiterated that the structures HisMe@#) and HisMeOHF-
features of the IHBs are given in angstroms and degrees, respectively.(b) belong to the same conformation, being practically degener-
ate in energy, just as in the parent Hislystem. They differ
only in the position of the proton, which shuttles between the
amino group and the imidazole group.

TABLE 3: G3(MP2) Enthalpies H?%8 and Relative Stabilities
A of Conformers of Protonated Histidine Methyl Ester?

298 .
H D The lower least-squares sum for the two conformation model
Eisgmeﬁggg ?g;-g;g gg 8-% means that two different HisOMeHstructures are present in
IS e - . . i i
the gas phase. However, the difference in LSS between two
HisOMeH*(c) —587.569 13 11 gas p '

models is so small that this conclusion is probably not warranted.
_#Enthalpies are given in a.u,; relative stabilities are given in Hence it is fair to say that the conformation HisOM&H) was
kilocalories per mole. observed in the H/D exchange experiments.

was treated as a sum of the two conformations, each with four Concluding Remarks
independent exchangeable sites. Consequently, it is defined by 9
the abundances afandy, corresponding to conformers X and The experimental (gas-phase H/D exchange) and theoretical
Y, 0 = {x, ¥} = 1, x+ y =1, respectively. Specifically, [ab initio G3(MP2)] results described above offer a consistent
concentration of is obtained by adding up the concentration picture of the gas-phase structure and bonding in protonated
of conformation X with an abundanceand conformation Y histidine and its protonated methyl ester. Important findings can
with an abundanceg, where 0 denotes the species without be summarized as follows:

deuterium. (1) Site-specific gas-phase H/D exchange rate constants of

Table 4 shows the site-specific gas-phase H/D exchange rateHisH" and HisOMeH indicate four relatively fast-exchanging
constants for HisOMet#H and the least-squares deviation sums and one very slowly exchanging site in the former system and
(LSS) obtained by the fitting procedure. The least (slowest) three equivalent fast-exchanging and one slowly exchanging site
proton exchange in HisOMethas percentagewise the highest in the latter species. Three of the four fast H exchanges in HisH
experimental error for the same reason as in the parent'HisH are equivalent.

The first approach (one conformation system) yields for  (2) The experimental findings are interpreted by the results
protonated HisOMe three equivalent fast-exchanging and oneof the G3(MP2) calculations. It turns out that the neutral
slowly exchanging site. Comparison with protonated HisH histidine has four conformers/tautomers. The most stable one
shows that the single nonequivalent fast-exchanging site at-[His(a)] has two intramolecular HBs: one realized between the
tributed to the carboxylic group is missing in HisOMeH carbonyl group and the nitrogen on imidazole ring, whereas the
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second is provided by the HB bridge between the carboxylic ~ (6) Green, M. K.; Lebrilla, C. BMass Spectrom. Re1997 16, 53.
group and the-amino group. The protonated histidine has three ~ (7) He, F.; Marshall, A. GJ. Phys. Chem. 200Q 104, 562.
forms, the most stable one being Hig), possessing the proton Mas(f)ssgﬁgﬁé%é E%Zgé'ggs Klasinc, L.; SrZicD. Rapid Commun.
attached to the imidazole ring as customarily assumed. However,  (9) Dodsan, G.; Wiodamer, Alrends Biochem. ScL99§ 23, 347.
the present calculation conclusively shows that the prototropic  (10) Green, M. K.; Lebrilla, C. Blnt. J. Mass Spectrom. lon Processes
tautomer HisH(c) is energetically almost equivalent to HisH 1998 175 15.
(a). Moreover, credible evidence is provided showing that the 83 gsg;skcr’:érf" JGgaéshSr’;’f‘gg’Qé ge;gg;’ 16, 201.
hydrogen bond between the Mgroup and the nearest N atom (13) Hadz D. Pure Appl. Chem1965 11, 435.
of imidazole ring is very strong in the protonated species. Taking  (14) Cleland, W. W.; Kreevoy, M. MSciencel994 264, 1887.
into account that the transition structure is only 0.3 kcal thol (15) Frey, P. A.; Whitt, S. A; Tobin, J. BSciencel994 264, 1927.
above HisH (a), one concludes that the proton moves almost (1‘;) \évﬁ’ShfghABP?ﬁaZgagv_AH? KoIWan,;_Scieer{%%LQQg 2637102-
freely between the pyrrolic N(2) nitrogen of the ring and the 2183 Vianelo, R.. Kovaevic, B Ambrose, C;ﬁnhjavri,%.; l\/%aks’l-cz.
N(1) nitrogen of thex-amino group. This is a new feature, which g chem. Phys. Let2004 400, 117.
was not known in the literature to the best of our knowledge. It (19) Bliznyuk, A. A.; Schaefer, H. F., lll; Amster, I. J. Am. Chem.
is crucial for understanding the measured H/D exchange rates.S0¢.1993 115 5149. o

The rationalization of the experimental results involve several g% g";g'g n%'G?;’Bfgi\:%ch'ﬁﬁ : ccr:]eem Spggf,'jtkti' n1$?§ ni_()glggz
steps: (i) The fourth nonequivalent fast exchange in HigH 1029.
attributed to the carboxylic groups, since it is missing in (22) Bouchoux, G.; Salpin, YEur J. Mass Spectros@003 9, 39.
HisOMeH". (ii) Three fast equivalent exchanges are ascribed o éﬁ?ssgg%%hé’%’a G3-:7$a|pin, Y.; Leblanc, nt. J. Mass Spectrom. lon
to the NH? gr(_)up, which part_|C|_pates in the stron_g IHB with (24) Hunter, E. P. Ll.; Lias, S. Gl. Phys. Chem. Ref. DatE998 27,
the pyrrolic nitrogen of the imidazole group. It is taken for 413
granted that the proton exchange is much faster than H/D (25) Bartmess, J. E.; Georgiadis, R. Macuum1983 33, 149.
exchange. (i) Finally, a very slow H/D exchange is assigned  (26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

; ; ; i i~ M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
1o a distal N(3) nitrogen atom, which does not participate in Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

the IHB bondin.g.. ) ) D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
(3) Proton affinity of His predicted by the G2(MP2) and G3- M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S;
(MP2) methods is lower than the experimental valley 3—5 Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

1 . . D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
kcal molt. Hence, additional experimental measurements and o, 3 v - Baboul. A. G.- Stefanov. B. B.: Liu. G.: Liashenko. A.* Piskorz

highly accurate calculations are highly desirable. P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,

; M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J.
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