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ABSTRACT: Histidine is a key amino-acid residue in proteins
with unique properties engendered by its imidazole side chain that
can exist in three different states: two different neutral tautomeric
forms and a protonated, positively charged one with a pKa value
close to physiological pH. Commonly, two or all three states
coexist and interchange rapidly, enabling histidine to act as both
donor and acceptor of hydrogen bonds, coordinate metal ions, and
engage in acid/base catalysis. Understanding the exchange
dynamics among the three states is critical for assessing histidine’s
mechanistic role in catalysis, where the rate of proton exchange and
interconversion among tautomers might be rate limiting for
turnover. Here, we determine the exchange kinetics of histidine residues with pKa values representative of the accessible range
from 5 to 9 by measuring pH-dependent 15N, 13C, and 1H transverse relaxation rate constants for 5 nuclei in each imidazole. Proton
exchange between the imidazole and the solvent is mediated by hydronium ions at acidic and neutral pH, whereas hydroxide
mediated exchange becomes the dominant mechanism at basic pH. Proton transfer is very fast and reaches the diffusion limit for pKa
values near neutral pH. We identify a direct pathway between the two tautomeric forms, likely mediated by a bridging water
molecule or, in the case of high pH, hydroxide ion. For histidines with pKa 7, we determine all rate constants (lifetimes) involving
protonation over the entire pH range. Our approach should enable critical insights into enzymatic acid/base catalyzed reactions
involving histidines in proteins.

■ INTRODUCTION
Histidine, a key amino acid in proteins, possesses a unique
chemical property�the imidazole moiety of its side chain�
that endows it with great versatility in biochemical processes.
The two nitrogen atoms of the imidazole ring can undergo
protonation and deprotonation, resulting in three possible
states: two neutral tautomers in which only one of the
nitrogens is protonated (either HNε2 or HNδ1),1,2 and the
doubly protonated and positively charged state (His+); see
Figure 1. Because the intrinsic pKa values are usually close to
physiological pH and the free energy difference between the
two tautomeric states is relatively small, histidine commonly
coexists in two or three states that interconvertrapidly.3 Thus,
the equilibrium between the different states is exquisitely
sensitive to factors such as pH, electrostatic interactions, and
hydrogen bonding. These features make histidine the chemi-
cally most versatile amino acid, and it is often engaged in
catalysis.4,5 In fact, histidine has many different functions: it
can act as a nucleophile and as an acid/base catalyst,6,7 e.g., in
catalytic triads,8,9 as a proton shuttle,10,11 as a hydrogen bond
donor and acceptor,12,13 and it can coordinate metal ions.14

Hydrogen bonding involving histidine is of particular interest
in the context of protein structure. Histidine can serve as both
a hydrogen bond donor and acceptor, making it a pivotal
participant in intricate networks of interactions within protein
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Figure 1. Protonation states of histidine. Protonated (left), neutral
HNε2 (upper right), neutral HNδ1 (lower right). Proton and
hydrogen bond donors are colored red, proton and hydrogen bond
acceptors are blue. Positions within the imidazole ring are labeled.
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active sites. Hydrogen bonds not only stabilize the protonation
state of the imidazole, but also influence its pKa, thereby
regulating its reactivity. The ability of histidine to act as a
proton shuttle, facilitating proton transfer reactions between
reactants during enzymatic catalysis, underscores its indis-
pensable role in diverse biochemical pathways. Histidine
mediated hydrogen bonds can be of crucial functional
relevance, as in photosystem II15,16 or Pin1.17 Furthermore,
histidine plays a key role in regulating ion channels.18,19

Understanding the protonation kinetics of the histidine side
chain is fundamental to unraveling the mechanisms underlying
these properties.
Solution NMR spectroscopy has a long history of

investigating the configuration of individual histidines at
equilibrium. 15N and 13C chemical shifts within the imidazole
moiety are clearly indicative of the three different states (His+,
HNε2, and HNδ1). The 13Cδ2 chemical shift is diagnostic of
the HNδ1 tautomeric state,20,21 as is the 13Cγ shift of the
HNε2 tautomeric state. However, the latter nucleus is less
readily monitored, because it does not have a directly attached
proton. The 13Cε1 and 1Hε1 chemical shifts are both sensitive
to protonation (i.e., formation of the His+ state) and therefore
serve as reporters in pH titration experiments to determine the
pKa value.

22−24 The chemical shifts of both imidazole nitrogens
(15Nδ1 and 15Nε2) are almost exclusively dependent on the
protonation or tautomeric state of the histidine, rather than on
their position in the ring20 or the tertiary structure. The shift of
a nonprotonated nitrogen (having a free electron pair) is
completely different from that of a protonated nitrogen (250
ppm compared to 170−180 ppm).
NMR spectroscopy is a powerful tool for studying

microsecond-to-millisecond exchange processes by relaxation
dispersion methods.25,26 While these methods are often
applied to study conformational changes affecting multiple
residues,27,28 distinct local events of side chains like aromatic
ring-flips29−31 or protonation kinetics of aspartates and
glutamates32 can also be investigated. Exchange between the
two tautomeric states of histidine has been quantified
previously for the special case where it is coupled to
conformational exchange, as demonstrated in plastocyanin
using a combination of pH titration and backbone relaxation
dispersion methods,33 and also in FKBP12 by aromatic 13C
based relaxation dispersion methods.3 Since the chemical shifts
of the imidazole ring are sensitive reporters on the different
tautomeric forms, the populations of the tautomeric states can
be quantified,34,35 as has been reported for a high-energy state
of Im7.36 However, the methods applied in that study are
limited to relatively slow exchange processes (<100 s−1).
Proton exchange rates not coupled to conformational exchange
have previously been determined only for the free histidine
amino acid37 with rates up to 85,000 s−1. So far, studies on
proton exchange kinetics have been limited to small molecules7

and to measurements on proteins at a single pH, except for the
case of aspartates and glutamates.32 The kinetic mechanism of
histidine tautomerization also has been unresolved.
Here we determine the proton exchange kinetics of histidine

side chains by measuring the pH dependence of transverse
relaxation rate constants (R2) for several 15N, 13C, and 1H
resonances in each histidine side chain. We studied three
histidine residues with pKa values of 5, 7, and 9, so as to cover
a wide range of conditions. Our studies reveal that the
dominant mechanism of proton exchange between histidine
and the solvent switches from being proton mediated at pH 7

to hydroxide mediated at pH 9. For histidines with a neutral
pKa, the protonation on-rate constant reaches the theoretical
diffusion limit with a rate of about 4 × 1011 M−1 s−1, which
includes both diffusion of the ions and proton jumping38

between hydronium ions.32 It should be noted that solvated
protons can exist not only as hydronium ions but alternatively
as higher-order hydration species (so-called Eigen or Zundel
forms);5 from here on we refer to these as hydronium ions or
H3O+. We find that protons exchange directly between the two
neutral tautomeric forms, mediated by a bridging water
molecule at low and neutral pH, or by hydroxide at high
pH. Furthermore, we establish a connection between
thermodynamic and kinetic parameters (pKa values and kon
or koff rate constants) for the H3O+/H2O mediated proton
exchange mechanism, in the case of maximal (structurally
unhindered) proton exchange. For the histidine with a pKa
value of 7, typical for functionally relevant histidines, our
analysis yields rate constants and lifetimes over the entire pH
range. Our approach provides a framework to investigate the
biophysical basis for enzymatic acid/base catalyzed reactions
involving histidines.

■ RESULTS AND DISCUSSION
In this article we investigate proton exchange in three
histidines, H22 and H51 in the rhh protein of plasmid pRN1
from Sulfolobus islandicus,39 and H31 in T4 lysozyme. These
three histidines have been chosen because they exhibit
different pKa values (around 5, 7, and 9, respectively) and
qualitatively different tautomer equilibria, namely equal
populations of HNδ1 and HNε2 (H22), dominated by
HNε2 (H51), and dominated by HNδ1 (H31). Each of
these histidines populates a single side-chain rotamer in the
crystal structure, is fairly solvent exposed, does not have any
ionizable groups with similar pKa values nearby, and does not
exhibit any negative cooperativity in their pH titration
behavior. H31 Nδ1 is a hydrogen-bond donor to D70 (pKa
0.5), which stabilizes the positively charged state of H31 and
its HNδ1 tautomer. H51 shows no particular structural
features, thus displaying a rather generic behavior in terms of
pKa and tautomer. H22 shows no particular favorable
interaction, but disfavors the positively charged state. In the
following, we present a set of parsimonious models of
increasing complexity, capable of describing the proton
exchange, and then proceed to analyze the experimental pH-
dependent R2 data using these models. For brevity, we focus in
the main text on the model that best explains the exchange
behavior of a given histidine, while the Supporting Information
includes the fits of the other models to the experimental data.
We compare kinetic data (kon and koff) with thermodynamic
data (pKa values) and establish general rules for their
relationship, including the effects of diffusion limited exchange.
We finish by calculating protonation rate constants and
lifetimes for the different states of histidine in a pH dependent
manner.
Kinetic models of varying complexity can be used to

describe the chemical equilibria relating to the three different
states of histidine side chains defined as the protonated,
positively charged state (His+) and the two neutral tautomers
(HNε2 and HNδ1). We define the rate constants of the
different reactions as follows: kon is the rate constant of the
reaction going from a neutral state to His+, in which a proton is
binding to the imidazole; koff is the rate constant of the
reaction from His+ to a neutral state, in which a proton is
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leaving the imidazole; and ktaut is the rate constant of the
reaction interconverting the two neutral tautomers.
Two-State Exchange Model. The simplest kinetic model

is a pseudo two-state model (model I, Figure 2A), consisting of
the protonated positively charged state (His+) and the neutral
state, without discriminating between the two tautomers
(HNε2 + HNδ1). Under certain conditions it is permissible
to use this model because the chemical shifts of some nuclei,
especially 1Hε1 and 13Cε1, in the histidine side chain are very
sensitive to the population of the protonated state, but rather
independent of the relative populations of the two neutral
tautomers. This model closely resembles a previous approach
used to extract protonation and deprotonation rate constants
for Asp and Glu side chains,32 which can exist only in two
states: a protonated, neutral state or a deprotonated, negatively
charged one. The pseudo two-state model can be subdivided
into H3O+/H2O mediated proton exchange (model Ia, Figure
S1A), with H3O+ as the pH dependent proton donor and H2O
as the pH independent proton acceptor, as was observed in the
Asp and Glu study for pKa values between 2 and 6.5,

32 and
H2O/OH− mediated proton exchange (model Ib, Figure S1B),
with H2O as the pH independent proton donor and OH− as
the pH dependent proton acceptor, for higher pKa values.
These two models can be distinguished by the difference in the
position of the maximal exchange contribution (Rex) plotted as
a function of pH (Figure 2B). In the case of H3O+/H2O
mediated proton exchange, the maximum is positioned at 0.3
pH units higher than the pKa value, whereas for H2O/OH−

mediated proton exchange it is positioned at 0.3 units lower
than pKa.

32

Linear Three-State Exchange Model. The chemical
shifts of 13Cδ2, 15Nδ1, and 15Nε2 carry information about the
two neutral tautomers. For each of these nuclei the chemical
shifts in the HNδ1 tautomer is distinct from shifts in the HNε2
tautomer and the protonated form, which can be mutually
similar. Therefore, by including these nuclei it is possible to use
more complex three-state models that provide insight into
histidine tautomerization. Thus, if the HNε2 tautomer
dominates the neutral form, the minor population of HNδ1
can be determined with high accuracy. On the other hand, if
the HNδ1 tautomer dominates the neutral form, it is hard to
distinguish HNε2 from the protonated state, and the ratio of
the two neutral tautomers will be less well determined. The
simplest kinetic model of higher complexity is a linear three-
state model (model II), which includes exchange between the
positively charged state (His+) and the two neutral states
(HNε2 or HNδ1), but neglects exchange between the two
neutral states. Again, the proton exchange can be either H3O+/
H2O mediated (model IIa, Figure S1C) or H2O/OH−

mediated (model IIb, Figure S1D).
Triangular Three-State Exchange Model. The most

complex kinetic model is a triangular three-state model (model
III) that allows for direct exchange between the neutral
tautomers (Figure 3A). As pointed out for the linear three-
state model, the proton exchange between the protonated state
and the neutral states can be mediated by H3O+/H2O or H2O/
OH− (model IIIa or IIIb Figure S1EG/FH). For exchange
between the two neutral tautomers, H3O+ catalyzed exchange
can be excluded, because this would involve an intermediate
step via the protonated state (His+). This leaves as the only
possibilities OH− catalyzed exchange (model IIIa/b + c, Figure
S1E and F), water catalyzed exchange (model IIIa/b + d,

Figure S1G and H) or a combination of both (model IIIa/b +
cd, Figure S1E−H).
Overview of pH-Dependent R2 Relaxation Rate

Constants. We determined the pH dependence of R2
relaxation rate constants for three histidine residues: H22
and H51 of the rhh protein39 and H31 of T4 lysozyme, which
titrate in three different regimes with pKa values of 4.89, 6.94
and 8.95, respectively (Figure 2C,D).
Below, we first describe the exchange between the

protonated form (His+) and the two neutral forms (HNε2
and HNδ1) using the pseudo two-state model by analyzing R2
vs pH profiles measured for 1Hε1 and 13Cε1. These profiles
display close similarities to those obtained in a previous study
on proton exchange in aspartates and glutamates, observed by
13C relaxation.32 We determine the exchange mechanisms
(H3O+/H2O or H2O/OH− mediated) active in the different
pH regimes by taking advantage of the different pKa values of
the three residues. Second, we analyze the full relaxation data
set (including also 13Cδ2, 15Nδ1, and 15Nε2) using the three-
state models describing proton exchange between the three
states of each histidine.
Protonation−Deprotonation Exchange in Histidines

is Mediated by Hydronium Ions at pH 7 or Below and
by Hydroxide Ions at pH 9 or Above. The pH dependence
of R2 relaxation rate constants for the 1Hε1 and 13Cε1 spins
reveal exchange between His+ and the neutral forms, because
the chemical shifts of these nuclei are highly sensitive to
protonation of the imidazole. For all three residues we observe
a prominent Rex-driven increase in R2 for 1Hε1 (Figure 2C)
around the pKa value in question, but much less so for 13Cε1
(Figure 2D). This result is explained by the greater chemical
shift difference (Δω) between the exchanging states for 1Hε·
Fast processes (high kex) lead to an increase in Rex only if Δω is
sufficiently large. The absence of a pronounced increase in R2
for 13Cε1, however, does serve to establish a lower limit of kex,
since slower processes (low kex) would lead to an increase in
Rex also for smaller Δω. The most pronounced increase in R2
can be observed for H51 around its pKa value of 6.9, directly
pointing to a slower proton exchange rate around pH 7.
Furthermore, the maximum of the R2 vs pH profile of H51
shows the expected shift by 0.3 pH units toward higher pH
values32 (Figure 2B,C). This shift provides direct evidence of a
H3O+/H2O mediated proton exchange mechanism at pH 7
and below, in agreement with findings for Glu and Asp, for
which this mechanism was established at pH values up to 6.5.32

Analyzing the R2 vs pH profiles for 1Hε1 and 13Cε1 using
the H3O+/H2O mediated proton exchange model (model Ia)
results in a reasonable to excellent description of the
experimental data for H22 and H51 with kex rate constants
of 15 × 105 s−1 and 0.8 × 105 s−1 at their pKa values of 4.86 ±
0.03 and 6.88 ± 0.01, respectively. From these values, we
calculate the proton off- and on-rate constants at pH = pKa,
yielding koff

(H O)2 = kex/2 = (7.5 ± 0.7) × 105 s−1 for H22 and
(0.41 ± 0.04) × 105 s−1for H51, and +kon

(H O )3 = kex/(2 [H+]) =
(0.54 ± 0.06) × 1011 M−1 s−1 and (3.1 ± 0.3) × 1011 M−1 s−1,
respectively. Notably, +kon

(H O )3 for H51 is in the range expected
for a diffusion limited reaction, while for H22 it is 1 order of
magnitude below the diffusion limit. Not exceeding the
diffusion limit serves as an additional quality control of the
results.
In contrast to the case of H22 and H51,model Ia does not

describe the experimental data for H31 in a satisfactory way
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(Figure S2). Using instead the H2O/OH− mediated proton
exchange model (model Ib) to analyze H31, we obtain an
excellent description of the experimental data with an exchange
rate constant of 1.4 × 105 s−1 at the pKa value of 9.00 ± 0.02,
which translated into proton off- and on-rate constants of
kon

(H O)2 = (0.72 ± 0.06) × 105 s−1 and koff
(OH )= (0.7 ± 0.1) ×

1010 M−1 s−1. Here, kon
(H O)2 denotes proton exchange from water

to histidine (pH independent, hence in units of s−1), and
koff

(OH )denotes exchange from histidine to hydroxide (pH
dependent, hence in units of M−1 s−1). koff

(OH ) is almost an
order of magnitude below the diffusion limit observed for

+kon
(H O )3 of H51. The results obtained using the pseudo two-
state model are summarized in Table 1. Combining the
findings for all three histidines we observe a switch in the
dominant proton exchange mechanism from H3O+/H2O
mediated at pH ≤ 7 to H2O/OH− mediated at pH ≥ 9.

The H3O+/H2O mediated +kon
(H O )3 at pH 7 (3.4 × 1011 M−1

s−1) is about 50 times higher than the H2O/OH− mediated
koff

(OH ) at pH 9 (0.07 × 1011 M−1 s−1), showing that the H3O+/
H2O mediated proton exchange mechanism is more efficient.
However, between pH 7 and 9 the proton to hydroxide ratio
changes by a factor of 10,000�more than enough to induce a
change in mechanism. Considering the derived rate constants
and the relevant proton (hydronium) and hydroxide
concentrations, we find that the two mechanisms are equally
efficient (have equal proton exchange rates) at pH 7.8.
A Triangular Exchange Model Explains the R2 vs pH

Profiles for All Histidine Nuclei. In order to describe in
more detail, the exchange between the two neutral tautomeric
forms and the protonated form of histidine, we analyzed the
pH dependence of the R2 values of 13Cδ2, 15Nδ1. and 15Nε2
(Figure 3). The chemical shifts of these nuclei are sensitive
reporters on the two neutral tautomeric states. Based on H51,
for which the most complete and distinct R2 profiles could be
determined for all five positions (1Hε1, 13Cε1, 13Cδ2, 15Nδ1,
and 15Nε2) over a large pH range, we analyzed the different
three-state models. We rejected the linear three-state model
(model IIa, Figure S3). An expanded the model to a water
catalyzed proton transfer pathway that directly connects the
two tautomers (model IIIa + d) only describes the data up to
pH 9 (Figure S4 left). The triangular exchange model (Figure
3A) with an additional hydroxide-dependent pathway between
the two neutral tautomers (model IIIa + cd), describes all data
for H51 (Figure S5 right) and therefore is the correct model to
describe proton exchange in histidine, if sufficient data is
available, as for H51 (Figure 3). Note that the direct pathway
between tautomers likely involves a bridging water molecule or
hydroxide ion that shuttles the proton between sites. In the
case of H22, the nuclei sensitive to tautomerization (13Cδ2,
15Nδ1, and 15Nε2) could only be monitored for pH values
between 2 and 6, due to severe exchange broadening resulting
from equal population of the two tautomers. Due to the lack of
data at higher pH the hydroxide-mediated exchange between
tautomers cannot be included in the model for H22, which
instead includes only H3O+/H2O mediated proton exchange
between the His+ state and the two tautomeric states in
combination with water catalyzed tautomer exchange (model
IIIa + d), with certain restrictions (see Experimental section).
All this leads to a somewhat reduced quality of the fit (Figure
3D red), but the overall features are captured. In the case of
H31 we included H2O/OH− mediated proton exchange
between the His+ state and the two tautomeric states, but
did not include exchange between the two tautomeric forms
(model IIb), because H31 exists predominantly in the HNδ1
tautomer at high pH, and therefore R2 values for 13Cδ2 have
only a very minor contribution from exchange due to
tautomerization.

Figure 2. Pseudo two-state proton exchange in histidine (A). The
H3O+/H2O mediated exchange mechanism is colored red, and the
H2O/OH− mediated exchange mechanism is colored blue. Theoreti-
cal R2 vs pH profiles for H3O+/H2O (red) and H2O/OH− (blue)
mediated exchange for pKa 7.0 (vertical gray line).(B) Profiles for
faster exchange processes are shown as dashed lines, for slower
exchange processes as solid lines. Experimental 1Hε1 (C) and 13Cε1
(D) R2vs pH profiles for rhh proteinH22 (red), rhh protein H51
(green), and T4-Lysozyme H31 (blue). pKa values are shown as
vertical lines. Solid lines represent pseudo two-state fits (eqs 11 and
12) using the H+ (H22 and H51) (eq 5) or OH− (H31) (eq 6)
catalyzed models. Results of the pseudo two-state fits are summarized
in Table 1.

Table 1. pKa Values and Rate Constants From the Pseudo
Two-State Exchange Model

residue H22 H51 H31

pKa 4.86 ± 0.03 6.88 ± 0.01 9.00 ± 0.02
+kon

(H O )3 (×1011 M−1 s−1) 0.54 ± 0.06 3.1 ± 0.3

koff
(H O)2 (× 105s−1) 7.5 ± 0.7 0.41 ± 0.04

kon
(H O)2 (× 105 s−1) 0.72 ± 0.06

koff
(OH )(×1011 M−1 s−1) 0.07 ± 0.01
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The final results are summarized in Table 2. Briefly, H22
displays microscopic pKa values of 5.18 ± 0.02 and 5.09 ± 0.02
for Nε2 and Nδ1, respectively, +kon

(H O )3 of (0.67 ± 0.04) × 1011

M−1 s−1 and (0.67 ± 0.04) × 1011 M−1 s−1, koff
(H O)2 of (4.4 ±

0.4) × 105 s−1 and (5.4 ± 0.4) × 105 s−1, and ktaut
(H O)2 of (1.6 ±

0.1) × 105 s−1. The individual pKa values are higher than the
overall pKa value of the 2-state approach (4.86 ± 0.03), see
Figure 4, red symbols. This difference in pKa values reflects the
difference between the two models, as follows. The overall pKa

value derived by the 2-state approach represents the pH where
the relative population of the doubly protonated His+ state and
the singly protonated, uncharged state both are 50%, where the
latter comprises both tautomers, so that in total 75% of the
nitrogens are protonated. In contrast, the 3-state approach
yields the individual pKa values for the nitrogens so that 50% of
the site is protonated at pH = pKa. Therefore, the individual
pKa values are always equal to higher than the overall (two-
state) pKa value, since reaching the protonation level
corresponding to the overall (two-state) pKa value, since
reaching the protonation level corresponding to the overall pKa
value requires that both individual sites be protonated by more
than 50%. In terms of the rate constants, there is good
agreement (Figure 4) with the values of +kon

(H O )3 and koff
(H O)2

determined from the two-state approach, (0.54 ± 0.05) × 1011
M−1 s−1 and (7.5 ± 0.7) × 105 s−1. Therefore, the results from
the two-state approach provide good estimates of the
individual protonation kinetics, unless the proton exchange
on one of the nitrogens is heavily slowed down by structural
restrictions. In that case, the results from the two-state
approach would only provide good estimates of the proton
exchange on the faster exchanging nitrogen.
Also, in the case of H51 the pKa values of Nε2 (7.60 ± 0.05)

and Nδ1 (7.12 ± 0.02) are higher than the pKa value for the
two-state approach (6.88 ± 0.02), for the reasons described
above. For H51 both the H3O+/H2O and H2O/OH− mediated
proton exchange mechanisms were included in the triangular
three-state model. The +kon

(H O )3 values determined for Nε2 and
Nδ1 are (0.6 ± 0.1) × 1011 M−1 s−1 and (5.7 ± 0.3) × 1011

M−1 s−1, respectively, and thekoff
(H O)2 values are (0.015 ± 0.004)

× 105 s−1 and (0.43 ± 0.03) × 105 s−1, in case of H3O+/H2O
mediated proton exchange. There is a good agreement (Figure
4) between these values derived for Nδ1 and those determined
by the two-state approach, (3.1 ± 0.3) × 1011 M−1 s−1 and
(0.41 ± 0.04) × 105 s−1, because proton exchange at the Nδ1
position is fast and unrestricted by structural features. In
contrast, the two-state model cannot capture the slower
exchange observed for Nε2. Nevertheless, the overall proton
exchange affecting H51 is well described by the two-state
model. Values determined for the H2O/OH− mediated proton
exchange mechanism are about a factor of 10 lower, with
koff

(OH )of (0.2 ± 0.1) and (0.5 ± 0.1) × 1011 M−1 s−1 and
kon

(H O)2 values are (0.06 ± 0.05) and (0.07 ± 0.02) × 105 s−1,
demonstrating again that H3O+/H2O mediated proton
exchange is more efficient and thus the dominating exchange
mechanism slightly above pH 7. Values for the direct proton
transfer between the two tautomers are ktaut

(H O)2 of (0.64 ± 0.06)
× 105 s−1 for the water catalyzed exchange mechanism and
ktaut

(OH )of (5.9 ± 0.2) × 108 M−1 s−1 for OH− catalyzed
exchange.
We analyzed H31 using the H2O/OH− mediated proton

exchange model. The results for Nε2 and Nδ1 yield pKa values
of 9.10 ± 0.01 and 10.0 ± 0.1, which again are higher than the
value fitted using the two-state model, pKa = 9.00 ± 0.02. Since
H31 exists almost exclusively in the neutral HNδ1 tautomer,
the pKa value at Nδ1 is significantly higher, resulting in almost
complete protonation of Nδ1 already at pH values where Nε2
first starts to become protonated. The protonation midpoint of
Nδ1 is far from the two-state pKa value (and from the pKa
value determined by chemical shift titrations), therefore the

Figure 3. Triangular three-state proton exchange in histidine. (A) The
H3O+/H2O mediated exchange mechanism is colored red, the H2O/
OH− mediated exchange mechanism is colored blue. The H2O and
OH− catalyzed tautomerization is colored black. Experimental 1Hε1
(B), 13Cε1 (C), 13Cδ2 (D), 15Nδ1 (E), and 15Nε2 (F) R2 vs pH
profiles for rhh protein H22 (red), rhh proteinH51 (green) and T4-
Lysozyme H31 (blue). pKa values are shown as vertical lines. Solid
lines represent triangular three-state fits (eqs 13 and 14), combined
with eqs 3, 4, 7, 9 and 5 (H22), eq 6 (H31) or both (H51). In case of
15Nδ1 (E) and 15Nε2 (F) values for the neutral tautomers at high pH
cannot be obtained, because of their small 13C−15N J-coupling, in
addition to severe exchange broadening. Results of the triangular
three-state fits are summarized in Table 2.
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results for Nδ1 have poor precision and are unreliable (see
Table 2 for the fitted values and estimated errors). The analysis
of the Nε2 data results in koff

(OH )= (0.044 ± 0.002) × 1011 M−1

s−1and kon
(H O)2 = (0.55 ± 0.03) × 105 s−1. These results are close

to the ones from the 2-state model, koff
(OH ) = (0.07 ± 0.01) ×

1011 M−1 s−1 and kon
(H O)2 = (0.72 ± 0.06) × 105 s−1. However,

the steep rise in the 13Cδ2 profile compared to the1Hε1 profile
cannot be explained without including a minor population of
the HNε2 tautomer.
Comparison of Exchange Rate Constants and pKa

Values: General Aspects and Linear Free-Energy
Relationships. To investigate the potential for a unified
interpretation of the derived exchange rate constants, we plot
all rate constants of the three His residues against the
corresponding pKa values (Figure 4). The data include the kon
and koff rate constants for both the H3O+/H2O and H2O/OH−

mediated proton exchange mechanism, determined by both
the two-state and triangular three-state approaches. We also
include proton kon and koff rate constants for Asp and Glu

32 in
order to compare proton exchange in these different side
chains and identify possible similarities and general rules. The
observed relationship between rate constants and pKa values
can be explained by ideal behavior involving kinetic (kon and
koff) and thermodynamic (pKa) parameters, for example, a 1
unit lower (higher) pKa value arises from a 10 times lower
(higher) kon or 10 times higher (lower) koff. This interpretation
holds for theH3O+/H2O mediated proton exchange mecha-
nism for all data except for His51 Nε2. Data points with pKa <
5.5 follow a linear trend, which can be explained purely by
changes in +kon

(H O )3 (Figure 4A). At pKa ≈ 5.5 and above,
+kon

(H O )3 reaches the diffusion limit, which can be estimated to
roughly 4 × 1011 M−1 s−1. In other words the attachment of
protons to ionizable groups below pKa values of 5.5 is not
limited by diffusion, but by other factors stabilizing the
nonprotonated state. This is in contrast to the case of ionizable
with pKa values above 5.5, where protonation is indeed
diffusion limited. Thus, the data observed for pKa > 5.5 cannot
be rationalized by changes in +kon

(H O )3 , but are instead caused by

changes in koff
(H O)2 up until the point where the H2O/

OH−exchange mechanism becomes dominant (i.e., somewhere
between pH 7.5 and 8; Figure 4B) and whereas the H3O+/
H2O mediated proton exchange becomes ineffective and thus
hard to study. We note that His, Asp and Glu residues all
display the same overall trend. Structural aspects appear to not
impact the kinetics beyond their effect on the pKa values.
Therefore, for each of these residue types one can directly

estimate kon and koff rate constants with sufficient accuracy
directly from their known pKa values provided that proton
exchange is unhindered. In contrast, if a residue is hidden in
the interior of a protein or otherwise solvent inaccessible, or, in
the case of His, if the exchanging proton is stabilized by
hydrogen bonds, this would result in lower values of both kon
and koff. However, the upper limits of the rate constants, at
given pKa values, are well established by the experimental
results. By the same logic one should expect similar
relationships, e.g., an one unit higher (lower) pKa value will
arise from a 10 times lower (higher) koff

(OH ), or 10 times higher

(lower) kon
(H O)2 , in the case of H2O/OH− mediated proton

exchange, but there are too few experimental data points to
firmly establish the expected trend. The proton exchange
between imidazole and the solvent can be determined
sufficiently well using the pseudo two-state model (Figure 4,
triangles and circles), which requires pH-dependent R2 data for
only 1Hε and 13Cε.
Explicit Protonation Rates and Lifetimes the Three

States of Histidines at Different pH Values. So far, we
have looked at the relationship between pKa values and kon and
koff rate constants in units of M−1 s−1and s−1, respectively, in
the case of H3O+/H2O mediated proton exchange, and in units
of s−1 and M−1 s−1, respectively, in the case of H2O/OH−

mediated proton exchange. At any given pH we can calculate
the actual proton on and off rate constants (in s−1), and
compare them directly to other rate constants, such as catalytic
rate constants. For the three histidines in this study, H22, H51,
and H31, we calculated the rate constant as a function of pH
(Figure 5A). For H51 we have information about both H3O+/
H2O and H2O/OH− mediated proton exchange, so kon and koff
can be plotted for both mechanisms across the entire pH
range. For H22 and H31, only theH3O+/H2O or H2O/OH−

mediated proton exchange pathways could be studied, but not
both. Therefore, we limit the analysis to pH regions in which
either the H3O+/H2O or H2O/OH− mediated proton
exchange is the clearly dominant mechanism. For H51 kon
increases as pH decreases from 7 to 0, whereas kon is constant
between pH 8 and 14 (Figure 5, green solid line). The
opposite is observed for koff, which increases with increasing
pH between pH 8 and 14, but is constant between pH 0 and 7
(Figure 5, green dashed line). Between pH 7 and 8 a gradual
switch between the H3O+/H2O and H2O/OH− mediated
proton exchange mechanism is observed. From the H51 data
one can thus directly estimate the upper limit of proton kon and
koff at any pH for histidines with neutral pKa, and compare
these values to functional parameters, such as catalytic rate
constants. H22 (pKa around 5) and H31 (pKa around 9)

Table 2. pKa Values and Rate Constants From the Triangular Three-State Exchange Model

residue H22 H51 H31

position Nε2 Nδ1 Nε2 Nδ1 Nε2 Nδ1
pKa 5.18 ± 0.02 5.09 ± 0.02 7.60 ± 0.05 7.12 ± 0.02 9.10 ± 0.01 10.0 ± 0.1

+kon
(H O )3 (×1011 M−1 s−1) 0.67 ± 0.04 0.67 ± 0.04 0.6 ± 0.1 5.7 ± 0.3

kon
(H O)2 (× 105s−1) 4.4 ± 0.4 5.4 ± 0.4 0.015 ± 0.004 0.43 ± 0.03

kon
(H O)2 (× 105s−1) 0.06 ± 0.05 0.07 ± 0.02 0.55 ± 0.03 56 ± 7000

koff
(OH )(×1011 M−1 s−1) 0.2 ± 0.1 0.5 ± 0.1 0.044 ± 0.002 0.6 ± 5

ktaut
(H O)2 (× 105s−1) 1.6 ± 0.1 0.64 ± 0.06

ktaut
(OH )(× 108 M−1 s−1) 5.9 ± 0.2
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qualitatively confirm the trend observed for H51 in the acidic
and basic pH ranges, respectively. In the acidic region, kon is
lower and koff is higher for H22 than they are for H51. In the
basic region the opposite is observed for H31, i.e., kon is higher
and koff is lower for H31 than for H51.
In addition, one can calculate lifetimes for the three states

(His+, HNδ1 and HNε2) of a histidine from the sum of the
rate of reactions leading out of the state. Again, for H51 this
can be done accurately over the whole pH range since +kon

(H O )3 ,
koff

(H O)2 , kon
(H O)2 , koff

(OH ), ktaut
(H O)2 , and ktaut

(OH ) have all been
determined. His+ shows the longest lifetime of around 22 μs
below pH 7.5, while its lifetime decreases above pH 7.5. The
neutral tautomers HNδ1 and HNε2 have the longest lifetimes

of approximately10 μs in the region pH 7−10, but decreasing
lifetimes at lower or higher pH. H22 ( +kon

(H O )3 , koff
(H O)2 , ktaut

(H O)2 )

and H31 (kon
(H O)2 , koff

(OH )) qualitatively confirm the trend
observed for H51 in the acidic and basic pH ranges,
respectively. H22 shows a shorter lifetime of 1 μs for His+,
and similar pH dependent lifetimes of HNδ1 and HNε2, all up
to pH 7, for which the determination is accurate. H31 shows
the same pH dependent lifetime for His+ as does H51 above
pH 8. The lifetimes for HNδ1 (18 μs) and HNε2 (0.2 μs)
could only be determined for the pH range 8−10. They fall
into the range of lifetimes observed for H51 and H22, but are
somewhat more different, since the population of HNδ1 and
HNε2 is most skewed for H31. In general, none of the three
states of a histidine exists longer than about 20 μs. The lifetime
of His+ is the longest between pH 0 and pH 7.5 and the
lifetimes of HNδ1 and HNε2 are the longest between pH 7
and 10. It should be noted that the longest lifetimes coincide
with the biological relevant pH values around 7.4.

■ EXPERIMENTAL SECTION
Theory. The protonation processes of the histidine involve a

coupled system of two titrating groups resulting in a macroscopic
dissociation constant Ka with

= [ ]
++

+
K

p p

p
Ha

HN 2 HN 1

His (1)

and two microscopic, or site-specific, dissociation constants

= [ ] = [ ]+ +

+ +
K

p

p
K

p

p
H , Ha,HN 2

HN 2

His
a,HN 1

HN 1

His (2)

Figure 4. Proton exchange rate constants plotted vs pKa. Rate
constants are plotted on a logarithmic scale, so that the graphs
constitute free-energy relationships. Circles and triangles indicate data
determined by two-state and three-state models, respectively. Upward
and downward pointing triangles represent the imidazole Nδ1 and
Nε2 positions, respectively. Color coding of symbols: red, H22 fitted
with H3O+/H2O mediated proton exchange mechanism; dark green,
H51 fitted with H3O+/H2O mediated proton exchange mechanism;
light green, H51 fitted with H2O/OH− mediated exchange
mechanism; cyan, H31 fitted with H2O/OH−mediated proton
exchange mechanism. (A) First order H+ on-rate constants ( +kon

(H O )3

, H3O+/H2O exchange mechanism) and H+ off-rate constants (koff
(OH )

, H2O/OH−exchange mechanism), both in units of M−1 s−1 (where
the M unit refers to the concentration of H3O+ or HO−). (B) Zero
order H+ off-rate constants (koff

(H O)2 , H3O+/H2O exchange mecha-
nism) and H+ on-rate constants (kon

(H O)2 , H2O/OH−exchange
mechanism) in units of s−1. Magenta lines represent fits to values
(excluding H51 Nε2) derived from the H3O+/H2O exchange
mechanism, using ideal slopes (10pH, 0, − 10pH) in which only the
H+ on-rate or H+ off-rate changes with pKa. Gray dashed lines
represent fits with ideal slopes (10pH, 0) to values from the H2O/OH−

exchange mechanism. Due to the limited data, these lines are
speculative and thus indexed with a question mark. It is also unclear if
the gray line in panel A should have zero or negative slope; however,
because the positive slope of the dashed gray line in panel B is more
pronounced by the data, there has to be zero slope in panel A. Black
symbols show previously published data for Glu and Asp for
comparison.32 They show the same range and trend as His with
similar pKa values. Histidine data were measured at 23 °C, and Glu−
Asp data at 25 °C.

Figure 5. Proton exchange rate constants and life times plotted vs pH.
(A) Solid lines represent protonation of the imidazole, dashed lines
represent deprotonation, based on experimentally found values and
eqs 5, 6, and 10. Colors represent different imidazole sites: H22 Nε2
(magenta), H22 Nδ1 (red), H51 Nε2 (light green), H51 Nδ1 (dark
green), and H31 Nε2 (cyan). (B) Solid lines represent the life times
of His+, dashed lines HNε2 and dotted lines HNδ1. The life times of
H22 are shown in red tones, of H51 in green tones and of H31 in blue
tones. The pH dependence is fully determined for H51, whereas for
H22 only proton mediated exchange is characterized and for H31
only hydroxide mediated exchange.
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where pi denotes the population of a given state, His+, HNε2, or
HNδ1.40 The doubly deprotonated imidazolate was ignored because
its pKa value can be assumed to be higher than 14,

41 which was also
confirmed for the rhh protein.23 As a result, the population ratio of the
neutral tautomers is constant:

= =
p

p

K

K
KHN 1

HN 2

a,HN 1

a,HN 2
taut

(3)

The macroscopic dissociation constant Ka can be determined by
analyzing the pH dependence of the chemical shifts via the
Henderson−Hasselbalch equation. The site-specific dissociation
constants can then be determined by substituting eqs 3 and 2 into
(1):

=
+

=
+

K
K

K
K

K
K1 1/

,
1a,HN 1

a

taut
a,HN 2

a

taut (4)

From these expressions it is evident that the site-specific
dissociation constant must be less than or equal to Ka; consequently,
the site-specific pKa values are greater than the macroscopic pKa.
Proton exchange with water can be described by the reaction

scheme in Figure 6, in which His denotes the basic and His-H+ the

acid state of histidine. +kon
(H O )3 and koff

(OH ) are second order rate
constants that include the H3O+ and OH− concentration, respectively,
while koff

(H O)2 andkon
(H O)2 appear as first order rate constants since the

H2O concentration can be seen as constant. The first and second
order rate constants are related by

= +k k Koff
(H O)

on
(H O )

a
2 3 (5)

=k k
K
Kon

(H O)
off
(OH ) w

a

2

(6)

where Kw is the product of the hydronium and hydroxide
concentrations.7 For the pseudo two-state model and the H3O+/
H2O mediated exchange mechanism, the overall on- and off-rates are

= [ ]+ +k k Hon on
(H O )3 and =k koff off

(H O)2 , while for the H2O/OH−

mediated exchange they are =k kon on
(H O)2 and = [ ]k k OHoff off

(OH ) .
The exchange rate is the sum of the on and off rate with

= +k k kex on off . In cases where both pathways contribute simulta-
neously, kon and koff are simply the sums of the corresponding rates in
each pathway.
The same formulas as above apply to each of the two protonation/

deprotonation sites in a circular three state model.
Additionally, the ratios of the populations and rate constants are

related as
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where kon and koff are the overall on and off rates of the reaction steps
connecting the protonated histidine and the corresponding tautomer,
and ktaut↑ is the rate of exchange between HNε1 to HNδ2, and vice
versa for ktaut↓.
ktaut↑ was assumed to be either constant or dependent on the

hydroxide concentration

= + [ ]k kk OHtaut taut
(H O)

taut
(OH )2 (10)

For the pseudo two-state model (Ia or Ib), the measured transverse
relaxation rate R2 is given by

32

= + ++ +R p R p R R2 His 2,His His 2,His extaut taut (11)

which depends on the intrinsic transverse relaxation rates of the
individual states, +R 2,His and R 2,Histaut

, and the exchange rate, Rex .
pHistaut

is the total population of the neutral states, and R 2,Histaut
is the

averagedR2of the two tautomers, which in the pseudo two-state model
are assumed to exchange rapidly.
In the fast exchange regime (kex > Δω), Rex can be estimated by
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where Δω is the frequency difference between the two populations
and τcp the delay between refocusing pulses in the CPMG block.26

For the circular three-state model (IIIa+c, IIIb+c, IIIa+d, or IIIb
+d), the relaxation was described by the Bloch-McConnell equation42
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K is a 3 × 3 exchange matrix with
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and Ω the diagonal matrix for the chemical shifts with
= = =+, ,11 HN 2 22 His 33 HN 1. R the diagonal matrix for

the intrinsic relaxation rates.
Protein Samples. The rhh protein from plasmid pRN1 of

Sulfolobus islandicus was expressed in M9 minimal media and purified
as described previously,39 using 1.5 g/L 15N NH4Cl and 2 g/L 13C6
glucose for standard double labeling and 2 g/L unlabeled glucose and
1 g/L 1-13C1 ribose for site-selective 13C labeling of Hisδ2.43 T4-
Lysozyme was expressed in M9 minimal media and purified as
described previously,44 using2 g/L 13C6 glucose. Samples were
concentrated to 1 mM, the pH was adjusted with NaOH or HCl
directly on each sample in water (10% D2O) and checked right before
and after the measurement in the NMR tube. pH values were
measured at 22 °C using aninoLab pH 720 pH meter with a Hamilton
Spintrode pH electrode.
NMR Spectroscopy. All 1H and 13C R2 experiments were

performed on a Bruker DRX 500 NMR spectrometer at a static
magnetic field strength of 11.7 T and 23 °C, while 15N R2 experiments
were recorded on a Bruker Avance III 600 NMR spectrometer at a
magnetic field strength of 14.1 T and 25 °C. A CPMG refocusing
frequency of 1000 Hz was applied in the R2 experiments. Side chain
1H R2 experiments are based on aromatic 1H CPMG relaxation
dispersion experiments.45 It has been established that 3J 1H−1H
couplings in His do not affect R2.

45. Side chain 13C R2 experiments are
based on aromatic 13C TROSY relaxation dispersion experiments.46

Side chain 15N R2 experiments are measured by a HCN triple
resonance47 pulse sequence (Figure S5). It has been optimized with
respect to longitudinal and transverse 13C relaxation properties.48 For
H22, additional measurements were performed on a sample with site-
selective His 13Cδ2 labeling in 99% D2O on a Bruker Avance III
spectrometer at a static field of 18.8 T and 15 °C to slow down

Figure 6. Reaction scheme for an acid−base equilibrium of histidine
in water, modified with permission from ref 7. Copyright 1964 Wiley.
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exchange processes. All spectra were processed with NMRPipe49 and
analyzed with PINT.50

Data Analysis. Equilibrium properties of the histidines in the rhh
protein23 (pKa values and populations of the HNδ1 and HNε2
tautomer for H22 and H51) and T4-Lysozyme51 (pKa value for H31)
have been determined before and were confirmed in this study. For
H22, the data reported by Raum et al.23 were fitted together with the
chemical shifts from 1H CPMG relaxation dispersion experiments and
the HCN triple resonance47 pulse sequence (Figure S5) to improve
the results for the dissociation constant and the chemical shift
difference as already described.23 These pH titration experiments
allow the determination of the populations (His+, HNδ1 and HNε2)
at any pH value, as well as the chemical shift difference Δδ(H+)
(Table S1).
Furthermore, the individual populations of HNδ1 and His HNε2

can be estimated from 13Cδ2, 15Nδ1, and 15Nε2 and chemical shift
differences for the tautomers from Platzer et al.24 For H22, additional
spectra were acquired in the slow exchange regime to directly measure
the chemical shifts of each tautomer.
For the pseudo two-state model (Ia or Ib), data were fitted to eqs

11 and 12 with the H3O+/H2O mediated exchange mechanism
applied to H22 and H51 whereas the H2O/OH− mediated exchange
model was applied to H31, based on eqs 5 and 6. Limits were
imposed on Δωat ±2 SD from the reported random coil shift.24 The
pKa of H51 was fitted without restrictions, whereas for H22 and H31
limits were set at ±1 SD of the chemical shift based pKa, because of a
shifted peak and missing baseline in the basic pH range, respectively.
For the circular three-state model (IIIa+c, IIIb+c, IIIa+d or IIIb

+d), data were fitted numerically using eqs 13 and 14,with parameters
from eqs 3−9, using in-house implementation in MATLAB described
in ref52. To simplify the model, the diagonal elements of R were
assumed equal.
For H22, kon was assumed to be equal for the two tautomers based

on their similar populations and similar R2 vs pH profiles for 15Nδ1
and 15Nε2. For the unknown chemical shift differences between the
neutral tautomers, a range from 50−200% of the values previously
determined24 were allowed for the 15N positions and 75−150% for
the 13Cδ2 position. At the end, the fitted values for the 15N position
were about 62−80% of the reference values and for the 13Cδ2 position
about 106−113% of the reference value, except for H31 with 147%
but with high uncertainty because of the small population of the
HNε2 tautomer. Estimated and allowed population ranges for the
HNε2 tautomer were 53−56%, 0−16% and 65−85% for H22, H31,
and H51, respectively. For H22, it was based on measurements in the
slow exchange range.
For error estimation, Monte Carlo simulations with 200 steps were

executed for the three-state model and 1000 steps for the pseudo two-
state model.

■ CONCLUSIONS
In this work we determined the intrinsic proton exchange
kinetics of histidine side chains and the rate constants for
interconversion among the three states (His+, HNε2, and
HNδ1). We find that proton transfer is very fast and reaches
the diffusion limit. The dominant mechanism of proton
exchange between histidine and the solvent switches from
being proton mediated below pH 7.8 to hydroxide mediated at
higher pH. There is direct proton exchange between the two
neutral tautomeric forms, likely mediated by a bridging water
molecule at low and neutral pH, or by hydroxide at high pH.
We analyzed the resulting data together with previously
reported exchange data on Asp and Glu to reveal free-energy
relationships between thermodynamic and kinetic parameters
(pKa values and kon or koff rate constants) for the H3O+/H2O
mediated proton exchange mechanism. The results yield an
estimate of the maximal exchange rates for a given pKa value in
the proton dominated pH range. For the histidine with a pKa

value of 7, our analysis enables the calculation of all its rate
constants and lifetimes over the entire pH range. This provides
a framework to investigate the mechanistic and catalytic
potential of histidines in enzymatic acid/base catalysis.
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