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Proton affinity and i, 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 between246 and—230 kcal motl?, while pK, values associated with the same conformers

are between 6 and 8. For the neutral-to-anion transition, the following ranges were compdidg PA >

—350 kcal moit and 18< pK, < 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 K, value of the catalytic histidine by 1.2 units. Both the experimental and theoretical
results support that proton affinity as well as thkt palues of histidine residues are strongly conformationally
dependent.

Introduction examples for both types of minima, due to favorable in-
traresidual interaction?

The side chain of histidine has four different states of

(Scheme 1). The first three of these five variables, @, 1) protonation as a function of i'gs mok_acular_enviro_nment, pr_ovid_ing
determine the backbone, whije andy. define the side-chain a perfect example of an amino acid residue with a multivariant
orientation of this amino acid residue. It has been shown that Nature. At different protonation states, the aromatic imidazole
for most torsional angles of amino acid residues, the potential fiNd Of histidine can be either a cation, a neutral aromatic
energy curve may have at most three miniias a conse- _res_ldue, or even an anion. When nelth(_ar mtrog_en atom _of_ the
quence, the potential energy hypersurface (PEHS) of an aminoimidazole ring carries a proton, the side chain of histidine
acid diamide, may have a maximum df ®inima, wheren is becomes negatively charged, denoted as-Hig[throughout
the number of dimensions of the appropriate PEHS. Thus, for this paper. A_smgle proton can_be attached_ln two alternative
histidine residue, where = 4 (¢, v, %1, 72), a total of 81 ways to t_h_e nitrogen atoms of His, namely, elt_her atther at
different conformers are expected. In this study, only conformers the position?® To refer these two forms, in this paper we use
with a trans amide bondux, ~ 18C°) are considered. All minima  the notation His[NH] and His[NH], respectively. (Note that

of all four different states of protonation df-formyl-- N* and N are also referred to as’Nand N, respectively.) In
histidinamide (Scheme 1) were recently determifey ab both tautomeric forms the side chain is neutral and serves as a
initio computations, based on the* % 4 = 324 minima model for aromatic and polar but uncharged amino acid residues.
predicted by multidimensional conformation analysis (MDGA). ~ Finally, if both nitrogen atoms of the imidazole carry a proton,
The number of minima found foK- and C-protected amino the side chain of histidine is positively charged and denoted as
acid residues is found to be always less than the above-His[+1] (Scheme 1).

mentioned maximum number )3 regardless of the type of Histidine can be modeled by imidaz&ler alkyl-imidazole
amino acid residue or the level of theory applfed’ In the in theoretical calculations. The protonation states of 5-methy-
case ofN-formyl-L-histidinamide, 129 out of the 324 structures ilimidazole were studied previous#:3! The average total
were identified as mininfef at the RHF/6-31G(d) level of  energy difference between the neutral and protonated forms was
theory. Conformational building units of well-known secondary found to be 0.2887 Hartree (181.16 kcal mylat the DZP

In peptides and proteins, the conformation of a histidine
residue is described with,, @, ¥, y1, andy» torsion angles

structural elements, such as the right-handeuklix (o, ) and SCF level of theory® The PA of 5-methylimidazole was
that of polyproline Il €), are usually not minima of either  predicted! to be 228.2 kcal mol, while that of unprotected
N-ForL-Xxx-NH3 or N-Ac-L-Xxx-NHMe model system&.27 histidine amino acid is equal to 232.7 kcal mblHowever,

However, forN-For-.-His-NH,, theoretical calculations provided  these models do not have multiple different conformers, thus
are unsuitable to determine the conformational dependence of
* Corresponding author. E-mail: perczel@para.chem.elte.hu. URL http:// both proton affinity (PA) and .. The energy of protonation
www.szerves.chem.elte.hu. Telephone (36-1)-209-0555 ext. 1653. Fax (36-Or deprotonation of unprotected amino acid residues was
2 éi‘jaﬁgtﬁ?ém of Organic Chemistry. discussed? but conformational dependence of PA ari¢, pras
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10.1021/jp048964q CCC: $27.50 © 2004 American Chemical Society
Published on Web 06/25/2004




6196 J. Phys. Chem. A, Vol. 108, No. 29, 2004 Hudzy and Perczel

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

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

Torsional Angles Is Shown on the Bottom Molecule

AG,
His[+1](gas) _—_»  His[N"H](gas) + H'(gas)

0
Hoa |
N—CH—C—NH, AG,(His[+1]) AG(His[N"H]) AG4(H™)
HC/ |
” ew AG
4 His[+1](sol.) - His[N"H](sol.)  + H(sol.)
’ltN \ 3
\\ -1 Methods
2 Nz Computational Details. All computations associated with
o /+H® His[-1] B N-formyl-L-histidinamide were carried out by the GAUSSIAN
H ” +H 1o 98 program packag®,using the restricted Hartred-ock theory
“N—CH—G—NH, H (RHFY*®4%and the standard 6-31G(d) basis ¥et? Geometries
HC/ /N—CH—C—NHZ were optimized at the RHF/6-31G(d) level of thebtyusing
” CH, HC the GDIIS optimization method. Additional constrained opti-
o || CH, mizations, as well as PA andgcalculations were now carried
o) out for all conformers oN-formyl-L-histidinamide at the same
HN AN @ level of theory. Constrained conformers mimicking the catalytic
\ +H +H® N N histidine in chymotrypsin were studied at RHF/6-31G(d,p)
—N \ / \\ and surface histidines of hemaphores at RB3LYP/643tG-
o NH (2d,2p) level of theory.
His[N"H] H ¢ || His[N"H] Proton affinity was determined for the anionic and neutral
m9N—c|:H—c—NH2 forms of N-formyl-L-histidinamide using eq 3
HC X1
|| CHy PA = —AH/(298)= AE/0) + AE,(0) +
o X2 A(AE,(298))+ 5/2RT (1)
HN\ +1\ where PA is the proton affinityAEg(0) is the total electronic
\ NH energy AE,(0) is the zero point vibration energi(AE,(298))
His(+1] is the change of vibration energy during heating from 0 to 298

K and 5/RTis the classical term estimating the effect of losing
three translational degrees of freedom. Values Kf were
calculate®6° according to the thermodynamic cy&lepre-

The proton-transfer capability of the imidazole ring through sented for one of the neutral tautomers of histidine on Scheme

its two side chain nitrogen atoms provides a key role for histidine < . ) )

to participate in different biological processes. Histidine takes 1 n€ applied equation, as may be derived from the thermo-

an active role in the catalytic mechanism of serine proteases,dynamic cycle, is stated in eq 2:

being the proton-transfer medium between the aspartate and 1

serine residue®:34 The conformational changes of histidine pK, = m_AGa:

serve as an important mechanistic feature to create taxonomic

substates in carbonmonoxy myogloBtrzurthermore, histidine

plays an important role in plasminogen activator inhibitor (PAI-

1)38type | signal peptidases (SPas&s)}ysteine proteinasés, where AGq is the gas-phase free energy change for the

amylase®® hemophores (HasA¥, and in many other enzymes.  deprotonation process amdGs is the solvation free energy of

In numerous enzymatic reactidhshe proton-transfer role of  the corresponding molecule or ion. The solvation free energy

the imidazole ring requires conformational flexibility coupled was calculated using the PCRbolvent model, with dielectric

with considerable dipole changes of histidine. Occasionally, constant 78.39, appropriate for water. The solvation free energy

structures are even stabilized through &-8--O=C type of a proton is considered to be263.86 kcal moi.%3 Calculated

(Scheme 1) of hydrogen borR#@*2Ab initio or DFT investiga- pK, values are scaled throughout the article using the linear

tions of conformational and/or catalytic processes of enzymes regression parameters = 0.71 andb = 2.56 for the values

recently became feasibté. 46 computed at RHF/6-31G(d) level of theory (determination of
We carried out a detailed investigation on the reliability of regression parameters is described in the results).

theoretical K4 calculations on small molecules with knowkp Protein Data Base AnalysisAll investigated protein struc-

and on histidine residues in proteins, where both conformation tures were taken from the 2003 version of the PBRII entries

and K, could be experimentally determined. The correlation correspond to high-resolution X-ray structures.

of calculated and experimentaKpvalues is very significant Nomenclature for Backbone and Side-Chain Conformers.

in both cases. The present paper emphasizes the conformationThe E = E(p,y) PES, also called Ramachandran rfapan

dependent nature of PA anKpand offers explanation for  be subdivided into catchment regions or conformational sub-

properties of histidine to clarify more of its versatile biological regions in alternative ways. For the pair of torsional angdes (

role. and ) used to describe the backbone fold of peptides and

Note that N, N7, C2, C3, and C are also referred to as’NN¢, C?,
C¢ and C, respectively.

1
230R

AG(His[+1]) + AG(H)} (2)

AG, + AG(His[N"H]) —
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SCHEME 3: (A) Ideal Location of the Nine Typical Backbone Folds of Peptides on thé& = E(¢,y) Surface Labeled
According to the IUPAC—IUB Guidance
A B C
360 360 360
gglag gg Yo | Op O Clx| o | og
240 240 240
v |gajaa ga| v |& B & | v |op | Cs P
120 120 120
gg'lag’ g¢ op | O o | B CTe
0 0 0
0 120 , 240 360 0 120 () 240 360 0 120 , 240 360

Torsion angle coordinates are drawn froft@ 36C. The ideal location of the nine typical backbone folds of pepti@}Applied short-hand
notation of all nine minima(C) An alternative labeling applied in several crystallographic papers.

proteins, multidimensional conformational analysis (MDCA)

predicts nine clearly defined subregions, as depicted in Scheme

3. Following the recommendation of IUPACQUB the gauche-
(gt), anti (a), and gauche (g—) descriptors could be used for
labeling different conformers. However, we save gadelenti,

and gauche to describe side chain rotamers (see below). Thus
the following scheme has been introduced to describe the nine

alternative backbone structures; = (g—g—), o, = (g+g+),
B. = (aa),y. = (9—g1), vo = (9+9-), o, = (agh), db =
(ag—), e. = (g—a), ande, = (g+a) (Scheme 3).

In N-formyl-L-histidinamide, which contains two geminafH
and an imidazole ring attached td,@istincty; andy, rotamers
are expected. Thus, the three predicted orientations gayche
anti, and gauche (+, a, — in short) about botty; andy, will
differ energetically. The conventional definition pf (N—C*—
Cf—C% and that ofy, (C*—CF—C*—N7) was used (Scheme
1).

Conformational Shift during Proton Transfer. A proton

transfer is usually coupled with a conformational change. This

is taken into account inky, calculations by using the appropriate

conformers that may be distinct in each protonation state. In
this way minimum energy structures are considered both in

20 1
y =0,7788x - 2,0258
15 4 R®=0,9732
g
N
s 10 1
* v =0,7109x - 2,5633
5 R? = 0,9947
0 T T T
0 10 30

pKacaIc

Figure 1. Linear regression of experimerfaand calculated g, values

at RHF/6-31G(d) (filled squares), and at RB3LYP/6-3tG(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).

We have demonstrated so far that for rigid nitrogen-containing

protonated and deprotonated forms. However, in some CaseSheterocyclic organic molecules, computed and measuked p

we define theoreticallg, 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

values correlate significantly. TheKp 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% The K, of five histidine residues of
hemophores (HasA) was measured using NMR spectros€opy.
In addition, the conformation of each histidine residue can be
derived from the corresponding structure (1#2vTherefore,

we were able to calculatekp values by ab initio methods for

all five histidine residues with torsion angles assigned in the
protein. The comparison of theoretical and experimenkal p

determines both precision of the calculation and the size of the Yalues glf‘ble 1) are as f°”0WS-e(X1) both for gliflkﬁf*p >
molecular system to be investigated. The middle sized RHF/ 8-1; B¢ = 9.3) and His133 (K> < 4.6; p¢ = 3.2) no

6-31G(d) level of theory was chosen due to its applicability for
larger biomolecules. Comparing experimental and calculdtgd p
values (Figure 1) for nitrogen-containing heterocyclic molecules,
an almost perfect agreement was obserRgf-exp. = 0.995).
Similarly, using a significantly larger basis set and a method
involving electron correlation (RB3LYP/6-31HG(2d,2p)), the
correlation coefficient is also highRfcaic-exp. = 0.973). Using
the appropriate regression parameters (engs 0.71 andb =
2.56), computed K, values match experimental counterparts
within £0.5 unit.

precise experimentalky values are available but calculated
values agree qualitatively with the experimental data. (2) The
calculated K, values of the other three histidine residues, His83
(PKP = 5.6; KL = 6.6), His128 (KP=7.1; pKal=7.1),

and His32 (KP=7.3; KLal=7.9), are in close vicinity of

the experimental values. The agreement between experimental
and calculated g, 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).
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Figure 2. Relative energies (kcal mdi) of all conformers (129) oN-formyl-L-histidinamide as computed at the RHF/6-31G(d) level of theory.

Both ¢ and coordinates are shown front @ 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: PK, and Selected Geometrical Parameters of TABLE 2: Relative Population (%) in the Gas Phase and in

Five Histidine Residues in Hemophores (HasA), as Measured  Solution for Major Backbone (bb) Types of

by NMR and Calculated at RB3LYP/6-311Gt++(2d,2p) N-Formyl-L-histidinamide, Computed at RHF/6-31G(d)

Level of Theory Level of Theory?

residue ¢ Y 21 22 conf2 pKaexp pKacal® His[N7H] His[N™H] His[+1] His[—1]

Hisl7 —-59.2 —-43.77 171.23  80.2 cuat >8.1 9.3 bbtyp® gas solvent gas solvent gas solvent gas solvent

His32 —89.06 81.5 —174.22 97.5 yat 7.3 7.9

His83  57.08 49.23 —58.45 —6118o—— 56 6.6 I % 19 57 14 16 29 =1 1

His128 —72.12 —9.77 —60.99 —178.72a,—a 7.1 7.1 & 12 113 <1 <1 99 37

His133 —56.2 —53.01 —173.38 —91.62 wag- <4.6 3.2 B 2 76 36 60 2 4 1 61

oL <1 1 7 11 19 16 <1 <1

aBackbone and side chain conformation (labeling is explained in &, <1 2 <1 1 63 51 <1 <1

methods) of the appropriate His residue in prot&iExperimental
values are from NMR measuremefts¢ Ab initio calculations are for
the appropriate conformers of FoiHis-NH, (values are scaled
according to the linear regression parameters discussed in methods [
= 0.71,b = —2.56]).

2 Populations are calculated from electronic energy values of gas
phase and PCM calculations, i.e:5&7e &i'RT wherei corresponds
to theith conformer. Populations of conformers with their backbone
in the same catchment region are sumn¥eside chain orientations
(labeling is explained in methods) are summed for each backbone
The above examples demonstrate that ab initio calculation conformer. (Backbone conformers €, andd, have negligible relative
of pKa is a reliable tool in determining molecular properties population in all four forms in both phases, thus not reported.)
both for small, rigid molecules and for those of high internal neutral forms. For the positively charged foom (left-handed
flexibility. Another consideration proved also to be valid, namely o-helix) and for the negatively charged form (right-handed
that (K, values of histidine residues in proteins having limited a-helix) are the lowest energy backbone conformations (Table
conformational freedom depend primarily on the actual orienta- 2). The application of a dielectric continuum solvent model
tion and not on their molecular environment. These results (applied dielectric constant was 78.39 as appropriate for water)
initiated the systematic mapping of PA anl s a function modifies the thermodynamic equilibrium in favor of tBe(s3-
of the molecular conformation now described. pleated sheet) form. Th& region of the Ramachandran surface
Conformer Stability of N-Formyl-L-Histidinamide. A total is the most populated one in solution both for the neutral forms
of 129 different conformers dfl-formyl-L-histidinamide have as well as for Hisf-1] (Table 2). (The population distribution
been found at the RHF/6-31G(d) level of theory: 43, 43, 28, of His[+1] remains qualitatively unchanged upon solvation.)
and 15 for His[NH], His[N™H], His[+1], and His[-1], respec- The two neutral forms His[fH] and His[NH] adopt several
tively34 (Figure 2, Tables S1S4). Under thermodynamic side chain orientations at each type of backbone fold (Tables
equilibrium in the gas phase, the most populated backboneS1,S2). The two charged forms, His[] and Hisf-1], have a
conformer falls within they, (inversey-turn) region for both “complementary” nature, namely structures present for-His[
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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 di? d? &

r @ g—, g+ or g+, g— 2.18 3.01 140.1
2 P aa 2.29 2.68 102.3
3 @11 22 g+, g+, g— ora, g-(a), g+ 2.26 3.04 134.8
4 @, q1 12 g—. 9-, g+ g-, gt g 2.19 2.99 136.3
5 Y, X X2 a(gt), o+, g+, 9—(g+). a, o 2.10 2.84 129.2
6 Y, X1 X2 g— gt gt aa g 2.08 3.01 152.9
4 Yo X2 a, gt, gt

8 @5 X1, X2 g+,9—, g+ 2.49 2.97 109.5

aBoth the N(O)-H (di1) and N(O)-N(O) (d) distances are in Angstroms, while the N{®)—N type bond angless] are in degrees. Values are
taken from selected optimized structureslH(*H—0OC(-D 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 conrfddtdd—OC" H-bond, forms a five-member pseudoring
within the backbone? N"H—OC(-Y H-bond, forms an eight-member pseudoring, between backbone and side chaineaiétfis:N* H-bond,
forms a six-member pseudoring between backbone and side chain atdthis- OC" H-bond, forms a seven-member pseudoring between backbone
and side chain atom&NH(*Y—N~7 H-bond, forms a seven-member pseudoring, between backbone and side chairl atasN(D H-bond,
forms a seven-member pseudoring between backbone and side chain'ateksN® 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)

H_2_-O H\C// \N_H \\C/H %C/H
H NO w\\c H \ o vd / ? @/
Ne7TeHT NS /N\CH’ S H ‘V/CH"N\ b M N\
A N e o R R W )
\ /8 CH, ' CH, A O CH / CH,
3 \|_'; X2 4 X2 ;'-I'l X2 H\ X2
f 6"
\N \ : \ \N \ N \

\=N \\—NH —N \\—NH

1] are mostly not “available” for Hisf1] and vice versa (Tables 1A2Y 1AW
S3,S4). Monitoring both backbone and side chain orientations,
there are only three conformers that are present in all four
protonation forms, namely, -+, ap~+, andy,~-. 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—His-NH is specified in Tables S1S4. 1ADE 1ATH
An H-bond type is typically associated with characteristic
torsional angles (Scheme 4). For example, H-bond type 4 locks
torsionsg, y1 andyy, in either g-, g—, g+, or g—, g+, g—
orientations, respectively.

The H-bond types oN-formyl-L-histidinamide can be clas-
sified into two groups. First, there are backbeibackbone type
hydrogen bonds (types 1 and 2) that are fully independent of 9
side chain orientation. Botp - andy,-type backbone orienta- 9
tions are stabilized by hydrogen bond type 1: the carbonyl b4
oxygen atom of residué 1) and the amide proton of residue  gigyre 3. Characteristic backbone/side chain and side chain/backbone
(i+1) form a seven-membered pseudoring. The weak hydrogentype H-bonds of histidines in proteins: PDB codes, and type of H-bond
bond of B,-type conformers, H-bond type 2, forms a five (Scheme 4) are as follows: 1A2Y and 1AWM stands for type 3 H-bond,
member pseudoring. These types of H-bonds depend only onwhile 1ADE for type 4, and 1ALH for type 6.
the values of thep andy torsional angles. The formation of The formation of an intramolecular H-bond is commonly
all four remaining types of hydrogen bonds involve atoms of considered to have an energy lowering effect. Thus, the more
the imidazole ring, thus depending not only on side chain torsion H-bonds that are present, the lower the expected energy of a
angles g1 and y2) but also either onp or y (Table 3). All conformer.. The average relative energy of the 41 conformers
backbone-side chain and side chaifbackbone type H-bonds  of N-formyl-L-histidinamide with no H-bond at all is 9.9 kcal
were found in proteins (Figure 3). mol~L. For the 75 conformers, where one H-bond is assigned,

.

)
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the same value decreases to 6.2 kcal thdWloreover, there TABLE 4: Proton Affinity (PA in kcal mol %), pK,, and

are 13 different conformers, where two different types of (EBe_O{_netryt[I)_istorts_ior%_VaIt’JDest(sg itr_] delgrees) fOf (t:honformers
) - e : xisting at Least in Two Protonation Forms for the
H-bonds were assigned (e.gu++ of His[—1] contains both For-His-NH, Model Calculated at the RHF/6-31G(d) Level

types 4 and 6 H-bonds). Indeed, the average relative energyof Theory (conformation labeling is explained in Methods
above the global minimum of these 13 conformers was ) )
His[+1] — His[N"H] + H*

computed to be 2.3 kcal ntdl. From these data the average

energy lowering effect predicted per H-bond~s3.8 + 0.1 bb. sC. PA e Ag
kcal mol1, a a— —239.16 7.46 4.30
Establishing an H-bond requires the donation of a proton ii :ggg'% ggg Z'g
toward the nonbonding electron pair of a heteroatom. Typically, ++ —236.18 7.90 508
such interaction cannot be expected from nitrogen atoms of . —a —237.23 7.54 5.73
amide systems, since the nonbonding electron pair of this atom I:L :gzg-% ‘;-gg Zg-gg
is delocalized. However, weak H-bonds can be observed in 5 at —243.31 768 355
several histidine conformers between the ringHNand the +g— —240.20 4.84 24.3
amide N"*D atoms. In the case of H-bond type 7 and 8, the % a—- —242.34 8.00 4.74
planarity of the amide bond is considerably damaged and the 4 :g%g:gg g:% %g:gg
nitrogen becomes pyramidal. The existence of these weaker 4+ —245.67 9.50 4.91
types of hydrogen bonds was also confirmed at higher level  do a— —242.81 7.98 6.78
calculations: RHF/6-31++G(d,p) and RB3LYP/6-31++G- at o > 283
(d,p). Intramolecular H-bonds have not only a significant & —+ —238.37 6.65 6.14
stabilizing effect, as discussed so far, but will also influence +- —242.16 9.86 17.28
PAand Ke o om 9% 6w s
Proton Affinity. The proton affinity is calculated from the
enthalpy change between deprotonated and protonated states His[+1] — His[N"H] + H*
(see Methods). As the variation &E,(0) and AE,(298) is bb. sc. PA a2 Agd
within 1 kcal mof?, the proton affinity differences among " at —233.71 721 8.77
conformers is mostly mediated by the electronic energy of the —+ —229.52 7.11 12.93
corresponding conformers. The variation of total energy change £+ A :%gg-‘l‘g g% 1?-%?
(and PA) between two forms of protonation is composed of ++ —239.79 8.39 36.74
two parts. The first and larger portion corresponds to the O -a —235.28 7.12 17.93
acquisition of a proton. The second part is related to the different +- —234.87 3.88 46.46
PEHS of the two forms and to the occasional conformational ~ * 4 :%gg:gg g:ig gg:gg
shift that the molecule undergoes during protonation (or +— —243.82 8.77 29.31
deprotonation). The contribution of the latter effect, i.e., the 0o at —243.61 531 23.13
structural difference between the differently protonated forms, . _ :%gz'gg g'gg 1573-23
can be neglected if, in average, all torsional angle changes are ~° 4+ —237.55 881 2563
less than 18 Proton affinity was calculated for structure pairs Yo aa —235.26 7.03 4.28
(Table 4) where both protonated and deprotonated structures - —230.19 6.44 10.05
are minima and both belong to the same type of molecular His[N™H] — His[—1] + H*
structure. Thus, PAs reported in Table 4 are all associated to a— oy PA P ABD
conformer with insignificant structural shifAg < _10°, where — 34766 19.94 338
AE = (A + Ay + A1+ Ax2)/4) upon protonation. Clearly, e . 34238 20.41 113
various conformers may have very different PA values, e.g., +— —343.79 19.78 21.90
PA of His[+1]y.g—g+ — His[N"H]y,—+ is —234.25 kcal a - = —346.03 19.26 7.75
mol-%, while that of Hisfr1Jop++ — His[N"H]oo++ is b a P 1oas S
—245.67 kcal mot! (Table 4). The averages of these proton o — —345.99 20.69 30.80
affinity values may be considered as the generalized proton & at —22471%2 %éi%.gg 18%2
ﬁfﬂmt_y of. the.: four protonation pathways oRN-formyl-L- Vo . 34819 2195 3138
istidinamide in vacuum. The latter value was calculated to be
238.8 £ 7 kcal moi® for His[N"H] — His[+1], 237.6+ 8 His[N*H] — His[—1] + H*
kcal mol® for His[N"H] — His[+1], 346.0+ 4 kcal mol for bb. scC. PA Ko AE*
HIS[—l]. — HIS[N”H],. gnd 348.]:& 3 kcal mofl?! for the HIS[—. " —_ 34872 20.87 520
1] — His[N?H] transition. It is clear that the first protonation —+ —347.10 20.27 4.55
step (from negatively charged to neutral) releasd0 kcal +- —349.38 20.24 9.58
mol~! more energy than the second one (from neutral to % :_; :gig'?g %8'38 19'22
positively charged), so the proton affinity of Hisl] is B a— —346.51 18.95 818
considerably higher¢50%) than that of His[RH] or His[N°H]. at —345.82 19.43 3.84
o o . a +a —349.64 20.15 29.71
pKa. Th.e proton affinity of a mo_lecule orionina solvent is o 1 34786 2035 561
characterized by itsky, value®” which requires parameters to € a —34551 18.46 2.74
be identified for both states of protonation. As the conformers at —346.08 18.60 12.73
- = —349.28 22.18 13.85

were optimized in both forms of protonation, the orientation of 7o
selected torsion angles may be different. This alteratins(
given in Table 4 as an average of the variation of all four major 2 pKk, values are scaled according tm & 0.71,b = —2.56); see
conformational variables, namely, v, y1, andy.. For each Methods for details? AE = (Ag + Ay + Ay + Ayx2)l4).

—+ —348.03 21.54 17.87
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Figure 4. pK, values of different histidine conformers as function of
the conformational shift (differencé€) computed for selected torsion
angles between protonataed and deprotonated structural counterparts
Structural difference between protonated Hi$] and deprotonated
forms (His[N'H] or His[N"H]) are computed as followsA& = (A¢

+ Ay + Ay1 + Ay2)/4. Triangles ) are for Hisp-1] — His[N"H] +

H* and circles @) are for Hisf-1] — His[N"H] + H™ deprotonation
patterns (Table 4). All K, values are within a 2.0 units range (with
one exception), if the conformational difference is smalg (< 15°,

area in box).

pair of conformers, i, values were computed (Table 4). It
should be emphasized, that calculatd¢,, palues are scaled
according to the linear regression parameters=0.71,b =
—2.56) described previously (Figure 1).

For all 16 cases, where the value/f is less than 15 pK,
values are within a range of 2 units, with a single exception.
(Note that both Hisf1] — His[N"H] + H* and Hisp-1] —
His[NH] + H™ deprotonation paths are considered.) Interest-
ingly, pKa values of the His[NH] form are on average 0.5 unit
higher than those of the His[N] form. For cases, wher&é& is
larger, the larger deviation fromKg ~ 7 can also originate
from the significant structural difference of the protonated and
deprotonated forms (Figure 4).

Conformation-dependentKp values associated with the
deprotonation of either His[f¥] or His[N”H] to His[—1] were
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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 (Hlg],
while those at higher pH are neutral (HisiN] or His[N?H]).
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 their, y1, andy:
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 shifA§) is significant,
namely, larger than 60for either ¢ and/ory (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 60for y1 and/ory, ) 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, theg and/ory, 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]-NHwvere retrieved from PDB,
determined both at pH 11.8 (1vflpand pH 2.0 (1vw®). His87
in the former structure has an,— — orientation, while in the
latter one with the same amino acid residue adapis—+
conformation (Table 5). Thug; is shifted close to 120(from
g— to gt+) due to pH reduction. The latter conformational

also evaluated (Table 4). This type of proton transfer has lesschange upon protonation prevents the formation of a high

biological or chemical significance, which is indicated by the
high K, values. Nevertheless, in any cases, th{g palue is
also conformation dependent.

Variation of most biologically relevantify values of His is

relative energy conformer of Hisfl], theo,— —. Instead, His-
[+1] a,— + is formed with a relative energy lower by 5.0
kcal moi™ (Table S3) compared to thle,— —. The K, value
of this histidine residue (for proton transfer for H<[] to His-

as large as 2.0 units or more, depending on the overall molecular[NH]), taking into account the conformational change, is 8.3.

conformation, where conformational shift during protonation
is minor or even can be ignored§ < 15°). As an example,
deprotonation of Hisf1] to His[N"H] occurs at K5 = 8.00
when the backbone is a left-handed helix with an [anti, gauthe
side chain, but the same phenomenon occurat6.65 if
the backbone is a mirror image polyproline Il structure with a
side chain close to gauchegauche- (Table 4). (In both cases
A& < 7°.) This indicates that g, of His reflects, in general,
the molecular conformation and will be different for different
His conformers. Conformation dependeRtpalues associated
with the deprotonation of either HisfN] or His[N"H] 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 X, values. Nevertheless, in any cases, thdsg p
values also show conformation dependence.

Finally, when conformational shiftA&) during protonation
is larger (28 < A& < 45°), which is rather typical for peptides
and proteins, K, values of His may vary between 5 and 9,
indicating an unexpectedly large conformation dependence.

However, if the conformation was “frozen” in its high pH state,
the Kawould be equal to 8.0. In contrast to this, if conformation
was “frozen” in its low pH form then Ig, would be 11.3. The
unexpectedly highkg, 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 hyperthermophifyrococcus furiosusollected both
at pH= 8.5 and pH= 2.6 (1xgn§° and 1xg&°. His161 has a
y.— + conformation at higher and ga+ at lower pH. The
estimated gain in energy (the difference between energy of His-
[+1] y.— + and Hisf-1] y.a+) of this conformational shift is
~2.9 kcal mof! (Table S3). The g, value in this case is near
to neutral: 6.9. In addition, K, 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: la%hand 1bd&). His37 adoptg, —
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lvwb, 1vwe
Ixgo, Ixgm laSh, 1bda
His 87 ) .
His 161 His 37
lvpi, laok 1hfz, |hfx
His 125 His 107

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 tha(s€e 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 #Hig pHP conf¢ pHP conf¢ pK pKae pK4
streptavidin derivative 87 11.8 Op— — 2.0 op—+ 8.3 8.0 11.3
methionine aminopeptidase 161 8.5 yo—+ 2.6 yat 6.9 7.1 8.0
plasminogen activator 37 8.2 pi—+ 4.5 pi— — 5.6 7.9 5.7
vipoxin 125 8.3 o —+ 4.8 p—+ 5.4 6.0 6.8
alpha lactalbumin 107 8.0 oaa— 4.3 op— — 11.0 7.6 10.0

a Sequence number of Hi&pH value, where protein was crystallizédBackbone and side chain conformation (labeling is explained in Methods)
of His residue (see text for detail$)pK, value taking into account the conformational change between high and low pH states (for neutral state
His[N"H] form is considered)s pK, value in a “frozen” high pH conformation (for neutral state Higfijl form is considered)! pK, value in a
“frozen” low pH conformation (for neutral state His{N] form is considered).

+ conformation at higher pH, anf.— — at lower pH. The cooperative to get His125 into the more favorable conforma-
necessity of such conformational change is straightforward sincetional state. As Tyrl119 is one of the residues located in the
there is no minimum on the PEHS of the His[] model system recognition site of the inhibitor, the pH-assisted conformational
in the region off,— —. In addition,8,— + is not a minimum change may induce the dimerization and play a role in molecular
either for His[N°H] or His[N*H]. The K, values of this histidine recognition.
conformer with the concerted conformational change is 5.6. The  Alpha lactalbumin has also been crystallized at high (8.0)
“frozen” structure approach gives values 7.9 and 5.7 in the high and at low (4.3) pH, denoted in PDB as 1Hfand 1hfx’4
and low pH states, respectively (Table 5). respectively. (The two proteins originate from different species,
Although their interrelation with pH-induced protonation may however, their fold is identical.) His107 is in a flexible loop of
involve other effects, two examples are given for backbone the protein havingy a— conformation at high pH and,— —
conformational shifts. Vipoxin has structures in PDB at pH 8.3 conformation at low pH. Although several flexible loops exist
and 4.8 (PDB codes: 1vffiand 1aok®). The conformation of in the protein, the only loop that has significantly different folds
His125 isa,— + at higher pH ang3.— + at lower pH. The at the abovementioned two pH values is the one that contains
pKa value of this histidine residue is 5.4. Low and high pH His107. His107, located on the surface of the protein, atpH
“frozen” structures havely, values of 6.0 and 6.8, respectively. 8 is completely exposed to solvent. Indeed, the same histidine
The energy cost of the conformation change fram- + to at pH= 4.3 is turned inside of the protein and buried in a hole
B.— + is estimated to be equal to 3.25 kcal molAdditionally, surrounded by Glu25, Thr29, Ser112, Asn102, and Cys111. At
structure “laok” is a dimer with numerous van der Waals low pH value the buried histidine residue is probably prevented
contacts. The flexible loop of the protein, where His125 is from protontion, since the His{1]Jo,— — structure is a high
located, is on the surface of the protein monomer. The relative energy conformer. The protection of this histidine from
dimerization influences the conformation of lle122 and causes protonation can only be achieved by burying it with other
some change in the fold of the loop. These two effects, residues because of high & value (11.0) that would
dimerization and protonation-induced conformational shift, are correspond to such a structural change.
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Figure 6. Binding pocket of chymotrypsin (1glT). Two y; rotamers of His are superimposed: one twisted relative to the other byTa&
conformational change reduces the distance significantly between the proton to be transferred and the scissile bond. In patatéhistedme
is also reduced to “facilitate” proton transfer.

pKa Change of Buried Histidine during Catalysis.The Ka SCHEME 5: Energy Levels of Protonated and
value of a histidine residue buried in a protein is determined Unprotonated His at Two Suitabley, Side Chain Values
on one hand by its own conformation, and on the other hand Computed at RHF/6-311-+G(d,p) Level of Theory
by its molecular environment. Although ab initio calculations A
on N-formyl-L-histidinamide take into account only the con-
formational properties, nevertheless, in the case of surface CATTAE,
residues, the agreement with experimental values is persuading ‘\
(Table 1). The conformation-dependent changeskaf yalue
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 E
case of the His part of the catalytic apparatus of proteases. His[neutral]

The case of proton transfer from one residue to the other \
within the catalytic triad of serine protease¥was investigated. | \ = AT
Although the catalytic mechanism may involve a number of IAEI
conformational modifications, a case study is presented to — ool
demonstrate that even a small change in geometry might have >
a number of consequences. As a first step, the catalytic histidine 78 98 1 [deg]
residue acquires a proton from the catalytic serine and transfers
it to the nitrogen atom of the scissile amide bond of the substrate. change, the imidazole ring of the catalytic histidine becomes
However, the successful proton transfer implies a conformational more acidic to facilitate the hydrogen transfer to the nitrogen
change of the side chain of the catalytic histidine (Figure 6), of the scissile bond.
namely, a~20° shift of dihedral angle/;. The rotation ofys
from the initial 78 (X-ray data) to the optimum value (98 Conclusions
brings the proton, acquired previously from serine, 0.7 A closer
to the nitrogen of the scissile bond. In addition, the rotation of ~ Experimental and calculatedp values were compared for
1 Of histidine causes not only a favorable steric proximity of small heterocyclic molecules. Their correlation is significa®#t (
the proton to the scissile bond but it is also energetically = 0.995) supporting the applicability of these theoretical
preferred. As summarized in Scheme 5 the relative energy calculations. The agreement of measured and calculdtgd p
difference AAE ) is smaller by 2.6 kcal mof in the protonated ~ values of histidine residues in hemophore indicated that p
state AE, = 1.1 kcal mot?) than it is in the neutralAE; = values of various histidine conformers can also be calculated
3.7 kcal mof?) form (Scheme 5). with acceptable precision.

The energy need associated with the side-chain rotation from The hydrogen bonds, proton affinity, an&gvalues of the
78 to 98 is less than one third of that needed when the nitrogen N-formyl-L-histidinamide model system were evaluated with
atom of the His side chain’s imidazol ring is protonated, respect to all possible conformers. First, the proton affinity and
compared to the neutral case. Furthermore, tKg yalues pKa values were found to be sensitive to the conformation of
associated witly; = 78° andy; = 98° are different, K4(l) = histidine. Second, we have shown that the protonation (or
6.6 and K4(Il) = 5.4, respectively. Therefore, the induced deprotonation) of the side chain of histidine can induce a
structural change makes the imidazole ring more acidic by 1.2 considerable amount of conformational change, both for the
units (data not scaled). model system (For-His-NH,) and for histidine residues located

In short, the unprotonated nitrogen of the catalytic histidine in peptides and proteins. Such a conformational change may
in its neutral form faces toward the catalytic serine. If protonated, involve both backbone and/or side chain torsions. Third, for
a conformational change becomes energetically more advanta-surface histidine the observed conformational changes in X-ray
geous and the imidazole ring turns the acquired proton toward structure determined at different pHs were explained by ab initio
the nitrogen of the scissile bond. Due to this conformational results. Fourth, the role of the variation d{pwas calculated

His[protonated]

AAE=AE,-AE>=2 .6kcal.mol’!
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in the case of the catalytic mechanism of chymotrypsin. The

Hudzy and Perczel
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rotation ofy; that may accompany the transfer of a proton from 116 1193+-11937.
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the histidine side chain. When the nitrogen of the histidine is 540, 271-283.

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 ApK, = 1.2) facilitates the transfer of the
proton from histidine to the substrate.
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