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Péter Hudáky†,‡ and András Perczel*,†

Department of Organic Chemistry and Department of Theoretical Chemistry, Eo¨tVös L. UniVersity,
H-1518 Budapest 112, P.O. Box 32, Hungary

ReceiVed: March 8, 2004; In Final Form: May 13, 2004

Proton affinity and pKa values ofN-formyl-L-histidinamide are found to vary as a function of its backbone
and/or side-chain orientation. Proton affinities between the cationic and neutral forms of structurally similar
conformers are between-246 and-230 kcal mol-1, while pKa values associated with the same conformers
are between 6 and 8. For the neutral-to-anion transition, the following ranges were computed-342> PA >
-350 kcal mol-1 and 18< pKa < 22. The protonation state of histidines on the surface of a protein depends
primarily on the pH. Due to protonation or deprotonation, the side-chain and/or backbone orientation of these
histidine residues may undergo considerable changes. Examples are presented and confirmed by ab initio
calculations, where proteins were crystallized under various pH conditions, resulting in the same histidine
residue to adopt different conformations. Furthermore, a hypothesis is given for a protonation-induced
conformational modification of the histidine residue in the catalytic triad of chymotrypsin during catalysis,
which lowers the pKa value of the catalytic histidine by 1.2 units. Both the experimental and theoretical
results support that proton affinity as well as that pKa values of histidine residues are strongly conformationally
dependent.

Introduction

In peptides and proteins, the conformation of a histidine
residue is described withωo, æ, ψ, ø1, andø2 torsion angles
(Scheme 1). The first three of these five variables (ωo, æ, ψ)
determine the backbone, whileø1 andø2 define the side-chain
orientation of this amino acid residue. It has been shown that
for most torsional angles of amino acid residues, the potential
energy curve may have at most three minima.1,2 As a conse-
quence, the potential energy hypersurface (PEHS) of an amino
acid diamide, may have a maximum of 3n minima, wheren is
the number of dimensions of the appropriate PEHS. Thus, for
histidine residue, wheren ) 4 (æ, ψ, ø1, ø2), a total of 81
different conformers are expected. In this study, only conformers
with a trans amide bond (ωo ≈ 180°) are considered. All minima
of all four different states of protonation ofN-formyl-L-
histidinamide (Scheme 1) were recently determined3,4 by ab
initio computations, based on the 34 × 4 ) 324 minima
predicted by multidimensional conformation analysis (MDCA).1

The number of minima found forN- and C-protected amino
acid residues is found to be always less than the above-
mentioned maximum number (3n), regardless of the type of
amino acid residue or the level of theory applied.5-27 In the
case ofN-formyl-L-histidinamide, 129 out of the 324 structures
were identified as minima3,4 at the RHF/6-31G(d) level of
theory. Conformational building units of well-known secondary
structural elements, such as the right-handedR-helix (RL) and
that of polyproline II (εL), are usually not minima of either
N-For-L-Xxx-NH2 or N-Ac-L-Xxx-NHMe model systems.5-27

However, forN-For-L-His-NH2, theoretical calculations provided

examples for both types of minima, due to favorable in-
traresidual interactions.3,4

The side chain of histidine has four different states of
protonation as a function of its molecular environment, providing
a perfect example of an amino acid residue with a multivariant
nature. At different protonation states, the aromatic imidazole
ring of histidine can be either a cation, a neutral aromatic
residue, or even an anion. When neither nitrogen atom of the
imidazole ring carries a proton, the side chain of histidine
becomes negatively charged, denoted as His[-1] throughout
this paper. A single proton can be attached in two alternative
ways to the nitrogen atoms of His, namely, either at theπ or at
theτ position.28 To refer these two forms, in this paper we use
the notation His[NπH] and His[NτH], respectively. (Note that
Nπ and Nτ are also referred to as Nδ and Nε, respectively.) In
both tautomeric forms the side chain is neutral and serves as a
model for aromatic and polar but uncharged amino acid residues.
Finally, if both nitrogen atoms of the imidazole carry a proton,
the side chain of histidine is positively charged and denoted as
His[+1] (Scheme 1).

Histidine can be modeled by imidazole29 or alkyl-imidazole
in theoretical calculations. The protonation states of 5-methy-
ilimidazole were studied previously.30,31 The average total
energy difference between the neutral and protonated forms was
found to be 0.2887 Hartree (181.16 kcal mol-1) at the DZP
SCF level of theory.30 The PA of 5-methylimidazole was
predicted31 to be 228.2 kcal mol-1, while that of unprotected
histidine amino acid is equal to 232.7 kcal mol-1. However,
these models do not have multiple different conformers, thus
are unsuitable to determine the conformational dependence of
both proton affinity (PA) and pKa. The energy of protonation
or deprotonation of unprotected amino acid residues was
discussed,32 but conformational dependence of PA and pKa was
not covered.
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The proton-transfer capability of the imidazole ring through
its two side chain nitrogen atoms provides a key role for histidine
to participate in different biological processes. Histidine takes
an active role in the catalytic mechanism of serine proteases,
being the proton-transfer medium between the aspartate and
serine residues.33,34 The conformational changes of histidine
serve as an important mechanistic feature to create taxonomic
substates in carbonmonoxy myoglobin.35 Furthermore, histidine
plays an important role in plasminogen activator inhibitor (PAI-
1),36 type I signal peptidases (SPases),37 cysteine proteinases,38

amylase,39 hemophores (HasA),40 and in many other enzymes.
In numerous enzymatic reactions41 the proton-transfer role of
the imidazole ring requires conformational flexibility coupled
with considerable dipole changes of histidine. Occasionally,
structures are even stabilized through a C2-H‚‚OdC type
(Scheme 1) of hydrogen bond.33,42Ab initio or DFT investiga-
tions of conformational and/or catalytic processes of enzymes
recently became feasible.43-46

We carried out a detailed investigation on the reliability of
theoretical pKa calculations on small molecules with known pKa

and on histidine residues in proteins, where both conformation
and pKa could be experimentally determined. The correlation
of calculated and experimental pKa values is very significant
in both cases. The present paper emphasizes the conformation-
dependent nature of PA and pKa and offers explanation for
properties of histidine to clarify more of its versatile biological
role.

Methods

Computational Details. All computations associated with
N-formyl-L-histidinamide were carried out by the GAUSSIAN
98 program package,47 using the restricted Hartree-Fock theory
(RHF)48,49and the standard 6-31G(d) basis set.50-52 Geometries
were optimized at the RHF/6-31G(d) level of theory3,4 using
the GDIIS optimization method. Additional constrained opti-
mizations, as well as PA and pKa calculations were now carried
out for all conformers ofN-formyl-L-histidinamide at the same
level of theory. Constrained conformers mimicking the catalytic
histidine in chymotrypsin were studied at RHF/6-311++G(d,p)
and surface histidines of hemaphores at RB3LYP/6-311++G-
(2d,2p) level of theory.

Proton affinity was determined for the anionic and neutral
forms of N-formyl-L-histidinamide using eq 1:53

where PA is the proton affinity,∆Ee(0) is the total electronic
energy,∆Ev(0) is the zero point vibration energy,∆(∆Ev(298))
is the change of vibration energy during heating from 0 to 298
K and 5/2RT is the classical term estimating the effect of losing
three translational degrees of freedom. Values of pKa were
calculated54-60 according to the thermodynamic cycle61 pre-
sented for one of the neutral tautomers of histidine on Scheme
2.

The applied equation, as may be derived from the thermo-
dynamic cycle, is stated in eq 2:

where ∆Gg is the gas-phase free energy change for the
deprotonation process and∆Gs is the solvation free energy of
the corresponding molecule or ion. The solvation free energy
was calculated using the PCM62 solvent model, with dielectric
constant 78.39, appropriate for water. The solvation free energy
of a proton is considered to be-263.86 kcal mol-1.63 Calculated
pKa values are scaled throughout the article using the linear
regression parametersm ) 0.71 andb ) 2.56 for the values
computed at RHF/6-31G(d) level of theory (determination of
regression parameters is described in the results).

Protein Data Base Analysis.All investigated protein struc-
tures were taken from the 2003 version of the PDB.64 All entries
correspond to high-resolution X-ray structures.

Nomenclature for Backbone and Side-Chain Conformers.
The E ) E(æ,ψ) PES, also called Ramachandran map,65 can
be subdivided into catchment regions or conformational sub-
regions in alternative ways. For the pair of torsional angles (æ
and ψ) used to describe the backbone fold of peptides and

SCHEME 1: Four Different Protonation Forms of
N-Formyl-L-histidinamide: Indexation of Carbon and
Nitrogen Atoms Is Shown on the Top, Location of
Torsional Angles Is Shown on the Bottom Molecule

Note that Nπ, Nτ, C2, C3, and C4 are also referred to as Nδ, Nε, Cδ,
Cε and Cγ, respectively.

SCHEME 2: Diagram of Steps for Calculation of the
pKa Value

PA ) -∆Hr(298)) ∆Ee(0) + ∆Ev(0) +
∆(∆Ev(298))+ 5/2RT (1)

pKa ) 1
2303RT

∆Ga ) 1
2303RT

{∆Gg + ∆Gs(His[NπH]) -

∆Gs(His[+1]) + ∆Gs(H
+)} (2)
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proteins, multidimensional conformational analysis (MDCA)
predicts nine clearly defined subregions, as depicted in Scheme
3. Following the recommendation of IUPAC-IUB the gauche+
(g+), anti (a), and gauche- (g-) descriptors could be used for
labeling different conformers. However, we save gauche+, anti,
and gauche- to describe side chain rotamers (see below). Thus
the following scheme has been introduced to describe the nine
alternative backbone structures:RL ≡ (g-g-), RD ≡ (g+g+),
âL ≡ (aa), γL ≡ (g-g+), γD ≡ (g+g-), δL ≡ (ag+), δD ≡
(ag-), εL ≡ (g-a), andεD ≡ (g+a) (Scheme 3).

In N-formyl-L-histidinamide, which contains two geminal Hâ

and an imidazole ring attached to Câ, distinctø1 andø2 rotamers
are expected. Thus, the three predicted orientations gauche+,
anti, and gauche- (+, a,- in short) about bothø1 andø2 will
differ energetically. The conventional definition ofø1 (N-CR-
Câ-C4) and that ofø2 (CR-Câ-C4-Nπ) was used (Scheme
1).

Conformational Shift during Proton Transfer. A proton
transfer is usually coupled with a conformational change. This
is taken into account in pKa calculations by using the appropriate
conformers that may be distinct in each protonation state. In
this way minimum energy structures are considered both in
protonated and deprotonated forms. However, in some cases,
we define theoretical pKa calculations on “frozen” conformers,
where flexible torsional angles are fixed. During this procedure
all calculations are carried out with torsional angles forced to
take a specific value, ensuring the result to correspond to the
desired conformation. In this case, according to the investigated
case, conformation of protonated and deprotonated forms may
be the same or may differ.

Results

Precision and Accuracy.Selection of the level of theory
determines both precision of the calculation and the size of the
molecular system to be investigated. The middle sized RHF/
6-31G(d) level of theory was chosen due to its applicability for
larger biomolecules. Comparing experimental and calculated pKa

values (Figure 1) for nitrogen-containing heterocyclic molecules,
an almost perfect agreement was observed (R2

calc.Texp.) 0.995).
Similarly, using a significantly larger basis set and a method
involving electron correlation (RB3LYP/6-311++G(2d,2p)), the
correlation coefficient is also high (R2

calc.Texp. ) 0.973). Using
the appropriate regression parameters (e.g.,m ) 0.71 andb )
2.56), computed pKa values match experimental counterparts
within (0.5 unit.

We have demonstrated so far that for rigid nitrogen-containing
heterocyclic organic molecules, computed and measured pKa

values correlate significantly. The pKa value of a specific
conformer of flexible molecules was measured only in a few
cases, such as for the surface histidine residues of the heme
binding protein A.40 The pKa of five histidine residues of
hemophores (HasA) was measured using NMR spectroscopy.40

In addition, the conformation of each histidine residue can be
derived from the corresponding structure (1b2v40). Therefore,
we were able to calculate pKa values by ab initio methods for
all five histidine residues with torsion angles assigned in the
protein. The comparison of theoretical and experimental pKa

values (Table 1) are as follows. (1) both for His17 (pKa
exp >

8.1; pKa
calc ) 9.3) and His133 (pKa

exp < 4.6; pKa
calc ) 3.2) no

precise experimental pKa values are available but calculated
values agree qualitatively with the experimental data. (2) The
calculated pKa values of the other three histidine residues, His83
(pKa

exp ) 5.6; pKa
calc ) 6.6), His128 (pKa

exp)7.1; pKa
calc)7.1),

and His32 (pKa
exp)7.3; pKa

calc)7.9), are in close vicinity of
the experimental values. The agreement between experimental
and calculated pKa values is encouraging, especially if we notice
that the molecular environment of histidine is completely
neglected (i.e., both the neighboring residues and solvation are
ignored).

SCHEME 3: (A) Ideal Location of the Nine Typical Backbone Folds of Peptides on theE ) E(æ,ψ) Surface Labeled
According to the IUPAC-IUB Guidance

Torsion angle coordinates are drawn from 0° to 360°. The ideal location of the nine typical backbone folds of peptides.(B) Applied short-hand
notation of all nine minima.(C) An alternative labeling applied in several crystallographic papers.

Figure 1. Linear regression of experimental66 and calculated pKa values
at RHF/6-31G(d) (filled squares), and at RB3LYP/6-311++G(2d,2p)
(open circles) levels of theory. Compounds used: 2-methylimidazole,
4-methyilimidazole, benzimidazole, imidazole, quinoline, isoquinoline,
piridin, piridazine, pirazine, pirimidine (anion to neutral), 1,2,3,4-
tetrazole, 1,2,3-triazole, 1,2,4-triazole, imidazole, pirrole, indole (neutral
to cation).
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The above examples demonstrate that ab initio calculation
of pKa is a reliable tool in determining molecular properties
both for small, rigid molecules and for those of high internal
flexibility. Another consideration proved also to be valid, namely
that pKa values of histidine residues in proteins having limited
conformational freedom depend primarily on the actual orienta-
tion and not on their molecular environment. These results
initiated the systematic mapping of PA and pKa as a function
of the molecular conformation now described.

Conformer Stability of N-Formyl-L-Histidinamide. A total
of 129 different conformers ofN-formyl-L-histidinamide have
been found at the RHF/6-31G(d) level of theory: 43, 43, 28,
and 15 for His[NπH], His[NτH], His[+1], and His[-1], respec-
tively3,4 (Figure 2, Tables S1-S4). Under thermodynamic
equilibrium in the gas phase, the most populated backbone
conformer falls within theγL (inverseγ-turn) region for both

neutral forms. For the positively charged formRD (left-handed
R-helix) and for the negatively charged formRL (right-handed
R-helix) are the lowest energy backbone conformations (Table
2). The application of a dielectric continuum solvent model
(applied dielectric constant was 78.39 as appropriate for water)
modifies the thermodynamic equilibrium in favor of theâL (â-
pleated sheet) form. TheâL region of the Ramachandran surface
is the most populated one in solution both for the neutral forms
as well as for His[-1] (Table 2). (The population distribution
of His[+1] remains qualitatively unchanged upon solvation.)

The two neutral forms His[NπH] and His[NτH] adopt several
side chain orientations at each type of backbone fold (Tables
S1,S2). The two charged forms, His[+1] and His[-1], have a
“complementary” nature, namely structures present for His[-

Figure 2. Relative energies (kcal mol-1) of all conformers (129) ofN-formyl-L-histidinamide as computed at the RHF/6-31G(d) level of theory.
Both æ andψ coordinates are shown from 0° to 360°, catchment regions are given in Figure 3. Characteristic backbone/side chain and side chain/
backbone type H-bonds of histidines in proteins: PDB codes, and type of H-bond (Scheme 4) are as follows: 1A2Y and 1AWM stands for type
3 H-bond, while 1ADE for type 4, and 1ALH for type 6.

TABLE 1: P Ka and Selected Geometrical Parameters of
Five Histidine Residues in Hemophores (HasA), as Measured
by NMR and Calculated at RB3LYP/6-311G++(2d,2p)
Level of Theory

residue æ ψ ø1 ø2 conf.a pKa expb pKa calcc

His17 -59.2 -43.77 171.23 80.2 RLa+ >8.1 9.3
His32 -89.06 81.5 -174.22 97.5 γLa+ 7.3 7.9
His83 57.08 49.23 -58.45 -61.18 RD- - 5.6 6.6
His128 -72.12 -9.77 -60.99 -178.72 RL-a 7.1 7.1
His133 -56.2 -53.01 -173.38 -91.62 RLag- <4.6 3.2

a Backbone and side chain conformation (labeling is explained in
methods) of the appropriate His residue in protein.b Experimental
values are from NMR measurements.39 c Ab initio calculations are for
the appropriate conformers of For-L-His-NH2 (values are scaled
according to the linear regression parameters discussed in methods [m
) 0.71,b ) -2.56]).

TABLE 2: Relative Population (%) in the Gas Phase and in
Solution for Major Backbone (bb) Types of
N-Formyl-L-histidinamide, Computed at RHF/6-31G(d)
Level of Theorya

His[NπH] His[NτH] His[+1] His[-1]

bb typeb gas solvent gas solvent gas solvent gas solvent

γL 98 19 57 14 16 29 <1 1
RL <1 2 1 13 <1 <1 99 37
âL 2 76 36 60 2 4 1 61
δL <1 1 7 11 19 16 <1 <1
aD <1 2 <1 1 63 51 <1 <1

a Populations are calculated from electronic energy values of gas
phase and PCM calculations, i.e., e-Ei/RT/e-Emin/RT, wherei corresponds
to the ith conformer. Populations of conformers with their backbone
in the same catchment region are summed.b Side chain orientations
(labeling is explained in methods) are summed for each backbone
conformer. (Backbone conformersεL, εD andδD have negligible relative
population in all four forms in both phases, thus not reported.)
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1] are mostly not “available” for His[+1] and vice versa (Tables
S3,S4). Monitoring both backbone and side chain orientations,
there are only three conformers that are present in all four
protonation forms, namelyγL

- +, RD
- +, andγD

- -. As a general
conclusion, protonation or deprotonation of histidine typically
involves a massive and characteristic conformational change.

Hydrogen Bonds.An important factor that influences and
stabilizes the overall fold of histidine in peptides and proteins
is the formation of intramolecular hydrogen bonds, which could
involve the concerted orientation of selected torsional angles
(Table 3). The presence of a particular type of H-bond (1 to 7)
in conformers of For-L-His-NH2 is specified in Tables S1-S4.
An H-bond type is typically associated with characteristic
torsional angles (Scheme 4). For example, H-bond type 4 locks
torsionsæ, ø1 and ø2, in either g-, g-, g+, or g-, g+, g-
orientations, respectively.

The H-bond types ofN-formyl-L-histidinamide can be clas-
sified into two groups. First, there are backbone-backbone type
hydrogen bonds (types 1 and 2) that are fully independent of
side chain orientation. BothγL- andγD-type backbone orienta-
tions are stabilized by hydrogen bond type 1: the carbonyl
oxygen atom of residue (i-1) and the amide proton of residue
(i+1) form a seven-membered pseudoring. The weak hydrogen
bond of âL-type conformers, H-bond type 2, forms a five
member pseudoring. These types of H-bonds depend only on
the values of theæ and ψ torsional angles. The formation of
all four remaining types of hydrogen bonds involve atoms of
the imidazole ring, thus depending not only on side chain torsion
angles (ø1 and ø2) but also either onæ or ψ (Table 3). All
backbone-side chain and side chain-backbone type H-bonds
were found in proteins (Figure 3).

The formation of an intramolecular H-bond is commonly
considered to have an energy lowering effect. Thus, the more
H-bonds that are present, the lower the expected energy of a
conformer.. The average relative energy of the 41 conformers
of N-formyl-L-histidinamide with no H-bond at all is 9.9 kcal
mol-1. For the 75 conformers, where one H-bond is assigned,

TABLE 3: Eight Different H-bond Patterns, Assigned in N-Formyl-L-histidinamide at the RHF/6-31G(d) Level of Theory
(indexation of H-bonds given in Scheme 4)

type of H-bond torsions involved orientations of torsions involved d1
a d2

a êa

1b æ, ψ g-, g+ or g+, g- 2.18 3.01 140.1
2c æ, ψ a,a 2.29 2.68 102.3
3d æ, ø1, ø2 g+, g+, g- or a, g-(a), g+ 2.26 3.04 134.8
4e æ, ø1, ø2 g-, g-, g+; g-, g+, g- 2.19 2.99 136.3
5f ψ, ø1, ø2 a(g+), g+, g+; g-(g+), a, g- 2.10 2.84 129.2
6g ψ, ø1, ø2 g-, g+, g+; a, a, g- 2.08 3.01 152.9
7h ψ, ø1, ø2 a, g+, g+
8i æ, ø1, ø2 g+, g-, g+ 2.49 2.97 109.5

a Both the N(O)‚‚H (d1) and N(O)‚‚N(O) (d2) distances are in Angstroms, while the N(O)‚‚H-N type bond angles (ê) are in degrees. Values are
taken from selected optimized structures.b NH(i+1)-OC(i-1) H-bond forms a seven-member pseudoring of the backbone. The amide proton of the
preceding and the carbonyl oxygen of the following amino acid residues are connected.c NH(i)-OC(i) H-bond, forms a five-member pseudoring
within the backbone.d NπH-OC(i-1) H-bond, forms an eight-member pseudoring, between backbone and side chain atoms.e NH(i)-Nπ H-bond,
forms a six-member pseudoring between backbone and side chain atoms.f NπH-OC(i) H-bond, forms a seven-member pseudoring between backbone
and side chain atoms.g NH(i+1)-Nπ H-bond, forms a seven-member pseudoring, between backbone and side chain atoms.h NπH-N(i+1) H-bond,
forms a seven-member pseudoring between backbone and side chain atoms.i NπH-N(i) H-bond, forms a six-member pseudoring between backbone
and side chain atoms.

SCHEME 4: Eight Different H-bonds of Histidine Diamide Labeled from 1 to 8 (For typical bond length and bond
angle values see Table 3)

Figure 3. Characteristic backbone/side chain and side chain/backbone
type H-bonds of histidines in proteins: PDB codes, and type of H-bond
(Scheme 4) are as follows: 1A2Y and 1AWM stands for type 3 H-bond,
while 1ADE for type 4, and 1ALH for type 6.
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the same value decreases to 6.2 kcal mol-1. Moreover, there
are 13 different conformers, where two different types of
H-bonds were assigned (e.g.,RL++ of His[-1] contains both
types 4 and 6 H-bonds). Indeed, the average relative energy
above the global minimum of these 13 conformers was
computed to be 2.3 kcal mol-1. From these data the average
energy lowering effect predicted per H-bond is≈ 3.8 ( 0.1
kcal mol-1.

Establishing an H-bond requires the donation of a proton
toward the nonbonding electron pair of a heteroatom. Typically,
such interaction cannot be expected from nitrogen atoms of
amide systems, since the nonbonding electron pair of this atom
is delocalized. However, weak H-bonds can be observed in
several histidine conformers between the ring NπH and the
amide N(i+1) atoms. In the case of H-bond type 7 and 8, the
planarity of the amide bond is considerably damaged and the
nitrogen becomes pyramidal. The existence of these weaker
types of hydrogen bonds was also confirmed at higher level
calculations: RHF/6-311++G(d,p) and RB3LYP/6-311++G-
(d,p). Intramolecular H-bonds have not only a significant
stabilizing effect, as discussed so far, but will also influence
PA and pKa.

Proton Affinity. The proton affinity is calculated from the
enthalpy change between deprotonated and protonated states
(see Methods). As the variation of∆Ev(0) and ∆Ev(298) is
within 1 kcal mol-1, the proton affinity differences among
conformers is mostly mediated by the electronic energy of the
corresponding conformers. The variation of total energy change
(and PA) between two forms of protonation is composed of
two parts. The first and larger portion corresponds to the
acquisition of a proton. The second part is related to the different
PEHS of the two forms and to the occasional conformational
shift that the molecule undergoes during protonation (or
deprotonation). The contribution of the latter effect, i.e., the
structural difference between the differently protonated forms,
can be neglected if, in average, all torsional angle changes are
less than 10°. Proton affinity was calculated for structure pairs
(Table 4) where both protonated and deprotonated structures
are minima and both belong to the same type of molecular
structure. Thus, PAs reported in Table 4 are all associated to a
conformer with insignificant structural shift (∆ê < 10°, where
∆ê ) (∆æ + ∆ψ + ∆ø1 + ∆ø2)/4) upon protonation. Clearly,
various conformers may have very different PA values, e.g.,
PA of His[+1]γLg-g+ f His[NπH]γL-+ is -234.25 kcal
mol-1, while that of His[+1]RD++ f His[NπH]RD++ is
-245.67 kcal mol-1 (Table 4). The averages of these proton
affinity values may be considered as the generalized proton
affinity of the four protonation pathways ofN-formyl-L-
histidinamide in vacuum. The latter value was calculated to be
238.8 ( 7 kcal mol-1 for His[NπH] f His[+1], 237.6( 8
kcal mol-1 for His[NτH] f His[+1], 346.0( 4 kcal mol-1 for
His[-1] f His[NπH], and 348.1( 3 kcal mol-1 for the His[-
1] f His[NτH] transition. It is clear that the first protonation
step (from negatively charged to neutral) releases∼120 kcal
mol-1 more energy than the second one (from neutral to
positively charged), so the proton affinity of His[-1] is
considerably higher (∼50%) than that of His[NπH] or His[NτH].

pKa. The proton affinity of a molecule or ion in a solvent is
characterized by its pKa value,67 which requires parameters to
be identified for both states of protonation. As the conformers
were optimized in both forms of protonation, the orientation of
selected torsion angles may be different. This alteration (ê) is
given in Table 4 as an average of the variation of all four major
conformational variables, namely,æ, ψ, ø1, andø2. For each

TABLE 4: Proton Affinity (PA in kcal mol -1), pKa, and
Geometry Distorsion Values (∆ê in degrees) of Conformers
Existing at Least in Two Protonation Forms for the
For-His-NH2 Model Calculated at the RHF/6-31G(d) Level
of Theory (conformation labeling is explained in Methods

His[+1] f His[NπH] + H+

bb. sc. PA pKa
a ∆êb

γL a- -239.16 7.46 4.30
a+ -236.57 7.50 9.77
-+ -234.25 6.97 4.32
++ -236.18 7.90 5.08

âL -a -237.23 7.54 5.73
+- -238.62 4.65 23.84
++ -240.13 7.50 7.75

δL a+ -243.31 7.68 3.55
+g- -240.20 4.84 24.3

RD a- -242.34 8.00 4.74
- - -233.50 6.24 18.90
-+ -237.68 6.13 26.58
++ -245.67 9.50 4.91

δD a- -242.81 7.98 6.78
a+ -243.01 5.90 25.83
- - -236.01 7.86 19.77

εD -+ -238.37 6.65 6.14
+- -242.16 9.86 17.28

γD aa -237.54 7.06 8.58
- - -232.13 6.78 5.74

His[+1] f His[NτH] + H+

bb. sc. PA pKa
a ∆êb

γL a+ -233.71 7.21 8.77
-+ -229.52 7.11 12.93

âL -a -234.43 7.57 5.86
+- -238.15 5.19 17.37
++ -239.79 8.39 36.74

δL -a -235.28 7.12 17.93
+- -234.87 3.88 46.46

RD - - -230.96 6.20 32.24
-+ -235.80 6.47 38.80
+- -243.82 8.77 29.31

δD a+ -243.61 5.31 23.13
- - -237.80 5.98 19.68

εD - - -231.26 6.30 7.28
++ -237.55 8.81 25.63

γD aa -235.26 7.03 4.28
- - -230.19 6.44 10.05

His[NπH] f His[-1] + H+

bb. sc. PA pKa
a ∆êb

γL - - -347.66 19.94 3.38
-+ -342.36 20.41 11.31
+- -343.79 19.78 21.90

RL - - -346.03 19.26 7.75
âL a+ -346.99 17.34 26.78
εL +a -346.86 19.97 24.49
RD -+ -345.99 20.69 30.80
εD a+ -344.23 18.46 6.18
γD - - -347.34 21.84 19.65

-+ -348.19 21.25 31.38

His[NτH] f His[-1] + H+

bb. sc. PA pKa* ∆ê**

γL - - -348.72 20.87 5.20
-+ -347.10 20.27 4.55
+- -349.38 20.24 9.58

RL - - -345.99 20.20 10.65
-+ -345.13 19.20 7.85

âL a- -346.51 18.95 8.18
a+ -345.82 19.43 3.84

εL +a -349.64 20.15 29.71
RD -+ -347.86 20.35 5.61
εD a- -345.51 18.46 2.74

a+ -346.08 18.60 12.73
γD - - -349.28 22.18 13.85

-+ -348.03 21.54 17.87

a pKa values are scaled according to (m ) 0.71, b ) -2.56); see
Methods for details.b ∆ê ) (∆æ + ∆ψ + ∆ø1 + ∆ø2)/4).
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pair of conformers, pKa values were computed (Table 4). It
should be emphasized, that calculated pKa values are scaled
according to the linear regression parameters (m ) 0.71,b )
-2.56) described previously (Figure 1).

For all 16 cases, where the value of∆ê is less than 15°, pKa

values are within a range of 2 units, with a single exception.
(Note that both His[+1] f His[NπH] + H+ and His[+1] f
His[NτH] + H+ deprotonation paths are considered.) Interest-
ingly, pKa values of the His[NπH] form are on average 0.5 unit
higher than those of the His[NτH] form. For cases, where∆ê is
larger, the larger deviation from pKa ≈ 7 can also originate
from the significant structural difference of the protonated and
deprotonated forms (Figure 4).

Conformation-dependent pKa values associated with the
deprotonation of either His[NτH] or His[NπH] to His[-1] were
also evaluated (Table 4). This type of proton transfer has less
biological or chemical significance, which is indicated by the
high pKa values. Nevertheless, in any cases, this pKa value is
also conformation dependent.

Variation of most biologically relevant pKa values of His is
as large as 2.0 units or more, depending on the overall molecular
conformation, where conformational shift during protonation
is minor or even can be ignored (∆ê < 15°). As an example,
deprotonation of His[+1] to His[NπH] occurs at pKa ) 8.00
when the backbone is a left-handed helix with an [anti, gauche-]
side chain, but the same phenomenon occurs at pKa ) 6.65 if
the backbone is a mirror image polyproline II structure with a
side chain close to gauche-, gauche+ (Table 4). (In both cases
∆ê < 7°.) This indicates that pKa of His reflects, in general,
the molecular conformation and will be different for different
His conformers. Conformation dependent pKa values associated
with the deprotonation of either His[NτH] or His[NπH] to His[-
1] were also evaluated (Table 4). This type of proton transfer
has less biological or chemical significance, which is indicated
by the high pKa values. Nevertheless, in any cases, these pKa

values also show conformation dependence.
Finally, when conformational shift (∆ê) during protonation

is larger (25° < ∆ê < 45°), which is rather typical for peptides
and proteins, pKa values of His may vary between 5 and 9,
indicating an unexpectedly large conformation dependence.

Discussion

Protonation-Induced Conformational Shifts of Surface
Histidine Residues in Proteins. The protonation state of
histidine residues on the surface of proteins is influenced by
the pH of the solution. Due to the large number of water
molecules present, even in the crystal state, the effect of pH
can be traced. Histidine residues located at the surface of a
macromolecule at lower pH values are protonated (His[+1]),
while those at higher pH are neutral (His[NπH] or His[NτH]).
His[-1] is formed only at such a high pH value that it is an
unrealistic condition for folded proteins. During the analysis of
X-ray data deposited in PDB, a total of 478 entries were found
where the same protein was crystallized at two different pH
values: one below pH 5 and one above pH 8. From these pairs
of proteins the conformational parameters of histidine residues
were retrieved and clustered according to theiræ, ψ, ø1, andø2

values. The pairs of histidine residues were classified according
to their conformational changes upon proton transfer, which
involve only side chains or may also influence backbone torsion
angles. A total of 15 examples were collected where the pH
induced backbone conformational shift (∆ê) is significant,
namely, larger than 60° for either æ and/orψ (Figure 5). In
proteins, such a large backbone shift influences the fold of some
neighboring residues. Considerably more cases, a total of 287,
were found where significant side chain conformational shift
(larger than 60° for ø1 and/orø2 ) of histidine is observed (Figure
5) in protein structures crystallized at the above pH ranges. In
the case of histidine residues with the imidazole ring on the
surface of the protein, theø1 and/orø2 conformation is effected
upon protonation. The following selected examples of such
conformational shifts can be regarded as typical and will be
discussed below.

Structural parameters of the complex (biotin-binding protein)
streptavidin-cyclo-ac-[CHPQFC]-NH2 were retrieved from PDB,
determined both at pH 11.8 (1vwb68) and pH 2.0 (1vwc68). His87
in the former structure has anRD- - orientation, while in the
latter one with the same amino acid residue adoptsRD-+
conformation (Table 5). Thus,ø2 is shifted close to 120° (from
g- to g+) due to pH reduction. The latter conformational
change upon protonation prevents the formation of a high
relative energy conformer of His[+1], theRD- -. Instead, His-
[+1] RD- + is formed with a relative energy lower by≈ 5.0
kcal mol-1 (Table S3) compared to theRD- -. The pKa value
of this histidine residue (for proton transfer for His[+1] to His-
[NτH]), taking into account the conformational change, is 8.3.
However, if the conformation was “frozen” in its high pH state,
the pKa would be equal to 8.0. In contrast to this, if conformation
was “frozen” in its low pH form then pKa would be 11.3. The
unexpectedly high pKa value of the low pH “frozen” conformer
approach can be explained with the appearance of an intramo-
lecular H-bond of type 8, stabilizing the protonated state.

There are two available structures of methionine aminopep-
tidase from hyperthermophilePyrococcus furiosuscollected both
at pH ) 8.5 and pH) 2.6 (1xgm69 and 1xgo69). His161 has a
γL- + conformation at higher and aγLa+ at lower pH. The
estimated gain in energy (the difference between energy of His-
[+1] γL- + and His[+1] γLa+) of this conformational shift is
≈2.9 kcal mol-1 (Table S3). The pKa value in this case is near
to neutral: 6.9. In addition, pKa values of low and of high pH
conformers using the “frozen” structure approach are similar,
7.1 and 8.0, respectively.

Structures of catalytic domain of human single chain tissue
plasminogen activator were also retrieved at two pH values:
8.2 and 4.5 (PDB code: 1a5h70 and 1bda71). His37 adoptsâL-

Figure 4. pKa values of different histidine conformers as function of
the conformational shift (difference (∆ê) computed for selected torsion
angles between protonataed and deprotonated structural counterparts).
Structural difference between protonated His[+1] and deprotonated
forms (His[NτH] or His[NπH]) are computed as follows:∆ê ) (∆æ
+ ∆ψ + ∆ø1 + ∆ø2)/4. Triangles (4) are for His[+1] f His[NπH] +
H+ and circles (O) are for His[+1] f His[NτH] + H+ deprotonation
patterns (Table 4). All pKa values are within a 2.0 units range (with
one exception), if the conformational difference is small (∆ê < 15°,
area in box).
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+ conformation at higher pH, andâL- - at lower pH. The
necessity of such conformational change is straightforward since
there is no minimum on the PEHS of the His[+1] model system
in the region ofâL- -. In addition,âL- + is not a minimum
either for His[NπH] or His[NτH]. The pKa values of this histidine
conformer with the concerted conformational change is 5.6. The
“frozen” structure approach gives values 7.9 and 5.7 in the high
and low pH states, respectively (Table 5).

Although their interrelation with pH-induced protonation may
involve other effects, two examples are given for backbone
conformational shifts. Vipoxin has structures in PDB at pH 8.3
and 4.8 (PDB codes: 1vpi72 and 1aok73). The conformation of
His125 isRL- + at higher pH andâL- + at lower pH. The
pKa value of this histidine residue is 5.4. Low and high pH
“frozen” structures have pKa values of 6.0 and 6.8, respectively.
The energy cost of the conformation change fromRL- + to
âL- + is estimated to be equal to 3.25 kcal mol-1. Additionally,
structure “1aok” is a dimer with numerous van der Waals
contacts. The flexible loop of the protein, where His125 is
located, is on the surface of the protein monomer. The
dimerization influences the conformation of Ile122 and causes
some change in the fold of the loop. These two effects,
dimerization and protonation-induced conformational shift, are

cooperative to get His125 into the more favorable conforma-
tional state. As Tyr119 is one of the residues located in the
recognition site of the inhibitor, the pH-assisted conformational
change may induce the dimerization and play a role in molecular
recognition.

Alpha lactalbumin has also been crystallized at high (8.0)
and at low (4.3) pH, denoted in PDB as 1hfz74 and 1hfx,74

respectively. (The two proteins originate from different species,
however, their fold is identical.) His107 is in a flexible loop of
the protein havingRLa- conformation at high pH andRD- -
conformation at low pH. Although several flexible loops exist
in the protein, the only loop that has significantly different folds
at the abovementioned two pH values is the one that contains
His107. His107, located on the surface of the protein, at pH)
8 is completely exposed to solvent. Indeed, the same histidine
at pH) 4.3 is turned inside of the protein and buried in a hole
surrounded by Glu25, Thr29, Ser112, Asn102, and Cys111. At
low pH value the buried histidine residue is probably prevented
from protontion, since the His[+1]RD- - structure is a high
relative energy conformer. The protection of this histidine from
protonation can only be achieved by burying it with other
residues because of high a pKa value (11.0) that would
correspond to such a structural change.

Figure 5. Superimposition of pairs of histidine residues retrieved from protein X-ray structures crystallized at two different pHs: one below 5 and
above 8. Selected torsions undergo significant changes, often more than 60°. (See text for details.)

TABLE 5: Conformational Properties of Selected His Residues in Five Different Proteins Crystallized at Two Different pH
Values

high pH state low pH state

protein #Hisa pHb conf.c pHb conf.c pKa
d pKa

e pKa
f

streptavidin derivative 87 11.8 RD- - 2.0 RD-+ 8.3 8.0 11.3
methionine aminopeptidase 161 8.5 γL-+ 2.6 γLa+ 6.9 7.1 8.0
plasminogen activator 37 8.2 âL-+ 4.5 âL- - 5.6 7.9 5.7
vipoxin 125 8.3 RL-+ 4.8 âL-+ 5.4 6.0 6.8
alpha lactalbumin 107 8.0 RLa- 4.3 RD- - 11.0 7.6 10.0

a Sequence number of His.b pH value, where protein was crystallized.c Backbone and side chain conformation (labeling is explained in Methods)
of His residue (see text for details).d pKa value taking into account the conformational change between high and low pH states (for neutral state
His[NτH] form is considered).e pKa value in a “frozen” high pH conformation (for neutral state His[NτH] form is considered).f pKa value in a
“frozen” low pH conformation (for neutral state His[NτH] form is considered).
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pKa Change of Buried Histidine during Catalysis.The pKa

value of a histidine residue buried in a protein is determined
on one hand by its own conformation, and on the other hand
by its molecular environment. Although ab initio calculations
on N-formyl-L-histidinamide take into account only the con-
formational properties, nevertheless, in the case of surface
residues, the agreement with experimental values is persuading
(Table 1). The conformation-dependent changes of pKa value
is of interest not only for His located at the surface of proteins
but also for those buried in the core of a protein, such as the
case of the His part of the catalytic apparatus of proteases.

The case of proton transfer from one residue to the other
within the catalytic triad of serine proteases75,76was investigated.
Although the catalytic mechanism may involve a number of
conformational modifications, a case study is presented to
demonstrate that even a small change in geometry might have
a number of consequences. As a first step, the catalytic histidine
residue acquires a proton from the catalytic serine and transfers
it to the nitrogen atom of the scissile amide bond of the substrate.
However, the successful proton transfer implies a conformational
change of the side chain of the catalytic histidine (Figure 6),
namely, a∼20° shift of dihedral angleø1. The rotation ofø1

from the initial 78° (X-ray data) to the optimum value (98°)
brings the proton, acquired previously from serine, 0.7 Å closer
to the nitrogen of the scissile bond. In addition, the rotation of
ø1 of histidine causes not only a favorable steric proximity of
the proton to the scissile bond but it is also energetically
preferred. As summarized in Scheme 5 the relative energy
difference (∆∆E ) is smaller by 2.6 kcal mol-1 in the protonated
state (∆E2 ) 1.1 kcal mol-1) than it is in the neutral (∆E1 )
3.7 kcal mol-1) form (Scheme 5).

The energy need associated with the side-chain rotation from
78° to 98° is less than one third of that needed when the nitrogen
atom of the His side chain’s imidazol ring is protonated,
compared to the neutral case. Furthermore, the pKa values
associated withø1 ) 78° andø1 ) 98° are different, pKa(I) )
6.6 and pKa(II) ) 5.4, respectively. Therefore, the induced
structural change makes the imidazole ring more acidic by 1.2
units (data not scaled).

In short, the unprotonated nitrogen of the catalytic histidine
in its neutral form faces toward the catalytic serine. If protonated,
a conformational change becomes energetically more advanta-
geous and the imidazole ring turns the acquired proton toward
the nitrogen of the scissile bond. Due to this conformational

change, the imidazole ring of the catalytic histidine becomes
more acidic to facilitate the hydrogen transfer to the nitrogen
of the scissile bond.

Conclusions

Experimental and calculated pKa values were compared for
small heterocyclic molecules. Their correlation is significant (R2

) 0.995) supporting the applicability of these theoretical
calculations. The agreement of measured and calculated pKa

values of histidine residues in hemophore indicated that pKa

values of various histidine conformers can also be calculated
with acceptable precision.

The hydrogen bonds, proton affinity, and pKa values of the
N-formyl-L-histidinamide model system were evaluated with
respect to all possible conformers. First, the proton affinity and
pKa values were found to be sensitive to the conformation of
histidine. Second, we have shown that the protonation (or
deprotonation) of the side chain of histidine can induce a
considerable amount of conformational change, both for the
model system (For-L-His-NH2) and for histidine residues located
in peptides and proteins. Such a conformational change may
involve both backbone and/or side chain torsions. Third, for
surface histidine the observed conformational changes in X-ray
structure determined at different pHs were explained by ab initio
results. Fourth, the role of the variation of pKa was calculated

Figure 6. Binding pocket of chymotrypsin (1gl1).77 Two ø1 rotamers of His are superimposed: one twisted relative to the other by 20°. This
conformational change reduces the distance significantly between the proton to be transferred and the scissile bond. In parallel, the pKa of histidine
is also reduced to “facilitate” proton transfer.

SCHEME 5: Energy Levels of Protonated and
Unprotonated His at Two Suitable ø1 Side Chain Values
Computed at RHF/6-311++G(d,p) Level of Theory
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in the case of the catalytic mechanism of chymotrypsin. The
rotation ofø1 that may accompany the transfer of a proton from
serine to the scissile amide bond causes changes in acidity of
the histidine side chain. When the nitrogen of the histidine is
close to the serine, the imidazole ring has a lower acidity to
facilitate the acquisition of the proton from the serine. In the
conformation when the proton faces the scissile bond, the
elevated acidity (∆pKa ) 1.2) facilitates the transfer of the
proton from histidine to the substrate.
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