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ABSTRACT: It is well known that histidine is involved in many biological functions due to
the structural versatility of its side chain. However, probing the conformational transitions of
histidine in proteins, especially those occurring on an ultrafast time scale, is difficult. Herein
we show, using a histidine dipeptide as a model, that it is possible to probe the tautomer and
protonation status of a histidine residue by measuring the two-dimensional infrared (2D IR)
spectrum of its amide I vibrational transition. Specifically, for the histidine dipeptide studied,
the amide unit of the histidine gives rise to three spectrally resolvable amide I features at
approximately 1630, 1644, and 1656 cm™), respectively, which, based on measurements at ¥
different pH values and frequency calculations, are assigned to a 7 tautomer (1630 cm
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component) and a 7 tautomer with a hydrated (1644 cm™ component) or dehydrated
(1656 cm™" component) amide. Because of the intrinsic ultrafast time resolution of 2D IR spectroscopy, we believe that the
current approach, when combined with the isotope editing techniques, will be useful in revealing the structural dynamics of key

histidine residues in proteins that are important for function.

1. INTRODUCTION

The imidazole ring of histidine (His) can exist in two neutral
tautomeric forms (7 and 7) and also has a pK, of ~6.5."> Thus,
these structural and ionization characteristics make His one of
the most frequently used amino acids by nature to create
protein binding sites, to coordinate metal ions, to carry out
catalytic activities, and to facilitate signal transduction.’~"" For
example, influenza A viruses cleverly exploit the ionization
behavior of His at near-neutral pH and use it in the M2
transmembrane protein as a pH sensor and proton shuttle'>~**
to initiate the process of viral replication in response to
endocytosis-induced guest acidification.'> Other examples
include the enzyme carbonic anhydrase II, where a histidine
located in the active site plays a key role in the catalysis of CO,
hydration by acting as a proton shuttle.'® Because of the critical
role that His plays in a wide range of biological activities and
functions, many studies have been carried out to understand
how the local protein environment affects the structural,
dynamical, and ionization properties of its imidazole side chain.
In this regard, NMR spectroscopy, due to the sensitivity of "*N
and 13C chemical shifts to imidazole structures, has been the
method of choice to characterize the structural distributions of
histidines in proteins.">'”">* For instance, Kay and coworkers
have utilized NMR relaxation measurements and chemical shift
titrations to characterize the protonation, rotamerization, and
tautomerization of His6l in plastocyanin from Anabaena
variabilis,'® and Cheng and coworkers have used solid-state
NMR (ssNMR) to explore the tautomeric distributions of the
imidazole side chain in a series of His-containing dipeptides.”®
More recently, Hong and coworkers have shown, through
ssNMR measurements, the existence of four distinct proto-
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nation states of histidine across a broad range of pH that not
only associate differently with water, but also show pH-induced
changes in side-chain rotameric distributions." Despite the
excellent utility of NMR spectroscopy in characterizing the
structure and dynamics of His residues in proteins, the
technique lacks the ability to directly capture the dynamics of
His side chains that occur on an ultrafast time scale, such as
those associated with protonation and deprotonation of the
imidazole ring, which is expected to occur on the picosecond
Thus, this limitation of NMR spectroscopy
underscores the need for methodologies that can visualize
such ultrafast dynamics. Herein, we show that two-dimensional
infrared (2D IR) spectroscopy is potentially a useful approach
in this regard. The sensitivity of 2D IR spectroscopy to
dynamical events that cause the vibrational frequency of the IR
reporter to fluctuate or change stems from its ability to directly
resolve the inhomogeneous contribution to the IR line shape in
question as well as its time evolution through the frequency—
frequency correlation function.”>*® Moreover, 2D IR signal
strength scales as the square of the extinction coeflicient of the
vibrator, which significantly enhances the ratio of the desired
signal over the solvent background.”” Thus, these unique
capabilities of 2D IR spectroscopy suggest that it is ideally
suited toward probing the structural and solvation dynamics of
His residues in proteins.
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The applicability of 2D IR spectroscopy to distinguish
tautomers at equilibrium was recently demonstrated for the
lactam—lactim system.28 Unlike such cyclic amides, the
imidazole moiety lacks a strong vibrational mode,* thus
making the application of a side-chain vibration of His to study
its tautomerization difficult. One potential approach to
overcoming this challenge is to introduce a vibrational probe
that has a higher extinction coefficient and is also spectrally
isolated from other protein vibrations, such as a nitrile or azide
moiety.””*" However, this approach may alter the structural
and ionization properties of the imidazole and thus is less
attractive. Another approach is to use deuterated His
residues.”>>> While this approach is nearly nonperturbative
and Londergan and coworkers®>*> have shown that the C—D
vibrational modes of a deuterated imidazole are indeed sensitive
Raman probes of the structure and ionization state of His, the
relatively low IR extinction coeflicient of the C—D stretching
vibration makes it a less appealing probe in linear and nonlinear
IR measurements.

Herein we aim to use the amide I vibrational mode of His as
an IR reporter of its side-chain structure and dynamics. The
amide I band of proteins mainly arises from the stretching
vibrations of the backbone carbonyl groups and is an
established structural reporter.®* For this reason and also
because the amide I vibrational transition has a large extinction
coefficient, many studies have utilized it to probe a wide range
of structural and dynamical events of various biological
systems. 22722313536 Ap additional advantage of using the
amide I mode is that it offers site-specific resolution through
isotopically labeling the backbone C=0 unit of interest (ie.,
replacing ?C='°0 with *C='%0 or *C="0).** For
example, in conjunction with 2D IR spectroscopy, this isotopic
labeling strategy has been used to study many dynamical
processes occurring on the picosecond time scale,>***3%3%37~#1
such as the dynamics of water inside the M2 proton channel®®
and also in an amyloid fibril.** On the basis of the established
sensitivity of the amide I vibration to its local environment, we
expect that the His amide I mode will reflect, at least to a
certain degree, the protonation/tautomerization status and
structural configuration of the imidazole ring, through its
vibrational frequency, spectral line shape, and signal evolution
dynamics. In other words, we propose that monitoring changes
of the amide I spectral properties of a target His residue in a
protein will allow us to detect the structural or environmental
changes of its side chain. While this is an indirect approach as
compared with NMR, where atoms on the imidazole ring can
be probed directly, if proven feasible it will be quite useful in
the study of various biological problems, such as understanding
the mechanism of proton conduction by the M2 channel, the
study of which currently lacks microscopic details due to
intrinsic ultrafast time scale of the dynamics. To explore the
teasibility of the proposed approach, here we report linear and
2D IR experiments on a model His dipeptide (i.e, Ac-His-
CONHMe) that highlights the possibility of using the
backbone amide mode of His for probing its conformational
distributions and dynamics in proteins. In principle, the
isolation of the amide I mode of a specific His residue could
be achieved through isotopic labeling,* although we note that
such a strategy, to the best of our knowledge, has not yet been
realized for His.
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2. EXPERIMENTAL SECTION

Peptide Synthesis. A histidine amino acid acetylated (Ac)
at the N-terminus and methyl amidated (NHMe) at the C-
terminus, subsequently referred to as the “histidine dipeptide”,
was used for the experiments reported in this article. This
dipeptide (Ac-His-CONHMe) was synthesized using standard
Fmoc-protocols employing 3-(methyl-Fmoc-amino)-methyl)-
indol-1-yl) acetyl AM resin (EMD Chemicals). After the
addition of the histidine residue, the peptide was acetylated
using isotopically labeled (">C) acetic anhydride (Sigma-
Aldrich). The peptide was purified to homogeneity by
reverse-phase chromatography and characterized by mass
spectrometry. Following purification, the residual trifluoroacetic
acid from peptide synthesis, which has a sharp mid-IR band
centered at 1673 cm™', was mostly removed by multiple
lyophilizations against a 0.1 M DCI solution. The peptide was
additionally exchanged in D,O and lyophilized. The peptide
sample was prepared in D,O and titrated to the desired pH
with a final peptide concentration of ~0.1 M.

Linear and 2D IR Spectroscopy. The peptide sample was
placed between two calcium fluoride windows, separated by a
25 pm Teflon spacer, and used for both linear and 2D IR
measurements. The optical density of the sample in the amide I
region was <0.2. Linear IR spectra were collected on a Thermo
Nicolet 6700 FTIR spectrometer. The experimental apparatus
for collection of 2D IR spectra has been described elsewhere in
detail** In short, a sequence of three ~85 fs infrared pulses
(center frequency of ~1645 cm™) was used to excite the
samples, and signal in the phase-matched direction —k; + k, +
k; was heterodyned with a reference pulse (local oscillator).
The combined signal and local oscillator pulses were dispersed
on a monochromator having a 64-element mercury—
cadmium—telluride (MCT) array detector (InfraRed Asso-
ciates). The final frequency domain 2D spectrum was obtained
by Fourier transforming the data along the time interval 7
between the first and second pulses and along t, which denotes
the evolution time of the signal. 2D spectra at different waiting
times were collected by scanning the delay T between the
second and third pulses.

Gaussian Calculations. Ab initio calculations were
performed on neutral histidine peptides by means of the
Gaussian03 package and B3LYP density functional theory
(DFT) method with a basis of 6-31+G**, The structures were
optimized, and an anharmonic frequency calculation was
performed to determine assignments of specific vibrational
transitions. No correction factor was applied to the frequencies
calculated.

3. RESULTS AND DISCUSSION

To test the utility of the amide I vibrational mode of His as a
structural and dynamical IR reporter of His tautomerization
and protonation status in proteins, we performed linear and
nonlinear IR measurements on an N-terminally acetylated and
C-terminally methylamidated His amino acid (Figure 1).
Because this model compound contains two backbone carbonyl
groups, it is referred to here as His dipeptide. In addition, to
isolate the amide I band of His, '*C-acetic anhydride was used
to cap the N-terminus. In the following text, only results
pertinent to the unlabeled His amide I band are discussed.
As shown (Figure 1), FTIR spectra indicate that the amide I
vibration of His gives rise to a single peak, centered
approximately between 1620 and 1670 cm™’, as the weak
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Figure 1. Normalized amide I bands of the histidine amide in the His
dipeptide measured at different pH values, as indicated. Shown in the
inset is the structure of the dipeptide, where the histidine side chain is
in its 7 tautomer form.

band at ~1674 cm™' can be attributed to residual TFA ions
from peptide synthesis. In addition, these spectra clearly show
that the exact position and line shape of the amide I vibrational
transition of His depend on pH. For example, when the pH is
decreased from 10 to 2, which leads to protonation of the
imidazole ring, the amide I band shifts from 1642 to 1650 cm™".
This result indicates that FTIR measurements alone can be
used to qualitatively monitor the protonation/deprotonation of
the His side chain. A closer inspection of the spectra indicates
that while the spectra obtained at pH 10 and 6.5 show a similar
peak frequency, the pH 10 spectrum is clearly broader. Perhaps
more importantly, all three spectra show a certain degree of
asymmetry, indicating the presence of underlying structural
distributions that cannot be further resolved by linear
spectroscopy. To further characterize the spectral and
dynamical properties of these substructures, we subsequently
carried out 2D IR measurements on this His dipeptide.

As shown (Figure 2), the 2D IR spectra of the His amide
obtained at different pH values and two waiting times, 0 and 3

ps, all show distinct transitions that are not resolved in the
corresponding FTIR spectra. Specifically, it is clear that besides
the expected strong transition at ~1644 cm™’, two weaker
bands at @, of ~1630 and 1656 cm™' exist. The presence of
these bands, which are denoted as A (1630 cm™), B (1644
ecm™), and C (1656 cm™), becomes even more evident in the
diagonal traces of the 2D spectra at zero waiting time (Figure
3). The diagonal traces are obtained by taking a slice of the 2D
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Figure 3. Normalized diagonal traces of the 2D IR spectra at zero
waiting time in Figure 2. In each case, a linear baseline has been
subtracted. The three conformers seen in the traces are shown with
arrows and labeled A—C, respectively.

IR spectra parallel to the diagonal line that runs through the
positive peak. As expected, these bands, either their intensity,
frequency, or both, show a measurable dependence on pH. The
frequencies of all bands blue-shift by ~2 cm™ as the pH is
lowered from 6.5 to 2, which indicates that the amide I
vibrational frequency of His is sensitive to protonation/
deprotonation of the imidazole ring. This result is consistent
with recent work by Reppert et al,** which shows that the
amide I vibration of a series of dipeptides depends on the
protonation states of the N- and C-termini of the peptide. As
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Figure 2. 2D IR spectra of the histidine amide I’ vibrator in the His dipeptide measured at different pH values and waiting times, as indicated. The
dashed line in each case indicates the peak position at zero waiting time.
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shown (Figure 3), the diagonal traces also reveal, when the pH
is decreased from 10 to 6.5, that the intensity of band A shows
an appreciable decrease, whereas that of band C is virtually
unchanged but shows a significant increase when the pH is
further lowered to 2. Taken together, these results provide
further evidence that the amide I vibration of His could be used
to report on the structure and protonation state of its imidazole
side chain, as explained in the following section.

For a given vibrational transition (e.g., amide I), the presence
of multiple bands can often be attributed to the existence of
different conformers in solution.>® In the current case, we can
attribute the three resolvable bands observed within the profile
of the amide I band of the His dipeptide to three states of the
imidazole side chain, arising from tautomerization and
protonation. This assignment is supported by the following
observations: (1) a similar dipeptide that does not contain an
imidazole side chain shows no splitting of its amide I band,*
(2) the possibility that the multiple bands observed arise from
different molecular vibrations can be ruled out as the 2D IR
spectra at zero waiting time do not show any significant
intensity in the expected cross peak region,* and (3) no
significant backbone conformational changes of His-containin§
dipeptides have been reported between basic and acidic pHs.*
Hence it is logical to interpret the spectral changes observed in
our experiments to be originating from protonation or
conformational changes of the His side chain. Nevertheless, it
should be noted that the measurements reported here do not
directly probe the protonation state of the imidazole, and the
subpopulations previously shown reflect the protonation/
tautomerization state of the imidazole ring through its effects
on the amide vibrational frequency and spectral dynamics, as
shown later.

A distinctive advantage of 2D IR spectroscopy is the ability to
probe ultrafast dynamic events that cause the initial vibrational
excitation to scramble within the inhomogeneous spectral
profile or transfer to a different state, through energy transfer,
or to a different conformer, through chemical ex-
change.>****”*® The latter is often manifested as a cross peak
in the 2D IR spectrum that grows as a function of the waiting
time.*”* As shown (Figure 2), a comparison of the 2D IR
spectra at waiting times of 0 and 3 ps reveals the presence of
cross peaks that grow in with increasing waiting time, indicating
ongoing exchange between two different states or conformers.
However, significant buildup of cross-peak signal is observed
only for the B—C pair and not for the A—B and A—C pairs. The
time scale of these exchange dynamics was determined from
fitting the corresponding cross-peak to diagonal-peak (i.e., Sgp
for state B and S for state C) ratio to a simple two-state

exchange kinetic model,*”*’ namely
SBC 3 1 - e—ZkEtT
SBB -1 + e—ZkﬂT
Koy (1)

where K, is the equilibrium constant between the states B and
C and k,, represents the exchange rate constant. For simplicity,
we have assumed that both states afford the same transition
dipoles and vibrational lifetimes.”” The fitted curves to the
experimental data are shown in Figure 4, and the fitted
exchange time scales are tabulated in Table 1. As shown, the
exchange kinetics between states B and C occur on a time scale
of ~3 ps at neutral and basic pH values and show no significant
dependence on pH. However, at low pH, the exchange slows by
a factor of ~2. This suggests that the physical process
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Figure 4. Evolution of the cross-peak to diagonal-peak ratio as a
function of the waiting time for different pH values, as indicated. The
dashed lines represent fits to a two-state kinetic model, as discussed in
the text, and the resultant fitting parameters are listed in Table 1

Table 1. Parameters for Fitting the Evolution of the Cross to
Diagonal Peak Ratios As Obtained from the 2D IR Spectra
at Different pH Values

pH Ko ke " (ps)
10 045 37+ 06
65 035 23 + 04
2 12 74 £ 06

underlying the development of the B—C cross peak is
connected to the protonation—deprotonation process of the
imidazole ring. Additionally, because imidazole tautomerization
is expected to occur on a slower time scale than 3 ps, it is also
unlikely that the B—C cross peak arises from an exchange
process between two imidazole tautomers. The 3 ps exchange
time is comparable to that observed for solvation dynamics of
peptide backbone units.>” Thus, we attribute bandd B and C to
a hydrated and dehydrated His amide, respectively, which are
connected through a chemical equilibrium. This assignment is
further supported by the fact that these two bands are separated
by ~10 cm™’, consistent with that observed in similar cases.***”
Such solvated—unsolvated doublets have been seen for model
amides in methanol.>® Similar observations have also been
made for a tryptophan dipeptide in water, where the two states
were shown to be related to a change in the torsional angle of
the indole ring.37 Thus, attributing states B and C to different
solvation states of the His amide is reasonable. In addition, for a
His residue, where the imidazole ring offers a competing water
binding site, these two states most likely represent two
subpopulations where a water molecule is bound to the side
chain and not the amide, and vice versa. Interestingly, as shown
(Figure 3), the intensity of C remains virtually unchanged when
the pH is decreased from 10 to 6.5 but shows a significant
increase when the pH is further decreased to 2, indicating that
this band is sensitive to the protonation status of the His side
chain. This result is not entirely unexpected because the
protonated form of the imidazole moiety is known to more
strongly associate with water,’ thus making the amide unit
more dehydrated, akin to the effect of trimethylamine N-oxide
(TMAO).”" This is also consistent with the decrease in the B—
C exchange rate at low pH; if water associates more strongly
with the ring, the rate at which it switches between the amide
and the imidazole is expected to be slower.

Unlike C, the intensity of A changes more gradually with pH
(Figure 3). Thus, the possibility that A and C are connected
through an equilibrium process, such as side chain proto-
nation—deprotonation or tautomerization, can be ruled out. It
has been shown from ssNMR experiments> and theoretical
modeling” that in His-containing dipeptides the imidazole ring
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can sample different tautomeric states. Hence, it is most likely
that A corresponds to one of the two tautomers of the His side
chain. Consequently, this assignment would lead us to further
attribute B to the other tautomer. To help better understand
the structural nature of the conformations that give rise to
bands A and B, we further performed vibrational frequency
calculations on the isolated dipeptide using Gaussian 03. It
should be noted that the structures obtained are the lowest
energy conformations in the absence of water and thus may not
reflect the exact pH-dependent conformational distribution.
The calculations show that the amide I vibrational frequency of
the 7 tautomer (1741.9 cm™) is distinctively higher than that
of the 7 tautomer (1736.7 cm™"). On the basis of this result, we
can assign band A as the 7 tautomer and B as the 7 tautomer, as
summarized in Figure 5. We note that the change of the A

~

&

Protonated His

n tautomer
(1742cm™)

T tautomer
(1737c¢m™)

Figure S. Summary of the experimental results depicting the
equilibrium between the imidazole tautomeric and solvation states.
Also listed are the calculated vibrational frequencies of the 7 and 7
tautomers.

subpopulation with pH can also be attributed to a change in the
orientation of the side chain with respect to the backbone. Such
changes in the imidazole torsional angles have been observed
by ssNMR measurements. Unfortunately, our results cannot
discern between a tautomeric and a side-chain torsional
equilibrium. However, for larger proteins and peptides, where
the tautomeric distribution or side chain angles are known, the
amide spectra can be more conveniently utilized to understand
the His structural dynamics without ambiguity. For example, in
the transmembrane M2 channels of the influenza virus, it is
known from NMR investigations that the tautomeric
equilibrium of His is heavily favored toward the 7 tautomer
in the neutral-acidic pH range. In such a case, the His amide
vibrations can be used to track the pH-dependent protonation
of the imidazole moiety and its interactions with the channel
water.

Furthermore, it should be noted that the sensitivity of the
His amide to the protonation or conformation of the imidazole
side chain arises primarily from the relative positions and values
of the charges on the ring. Hence, the amide I vibrations of all
amide units that are in close proximity to the imidazole are
expected to exhibit a similar effect. This can be tested through
inspection of the amide I band of the labeled acetyl end. As
shown in the Supporting Information (Figures S1 and S2), the
linear IR spectra and diagonal traces at zero waiting time of the
acetyl group indeed exhibit a pH dependence that supports the
presence of multiple states. As expected, the effect of the
underlying structural transitions of the His side chain on the
amide I mode of this nearby moiety is significantly weaker,
which prevents a more quantitative assessment of the time
evolutions of the subensembles, as indicated by the 2D traces.

In summary, the linear and 2D IR spectra presented in this
study demonstrate the sensitivity of the His amide vibration not
only to the protonation and tautomeric equilibria of its side
chain but also to water dynamics near the residue, thus
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forwarding the applicability of infrared spectroscopy as a probe
of protonation and hydration of His residues in larger proteins
and biomolecular complexes, where this process often plays a
key role in functional aspects of the protein involved. This
sensitivity stems from the effects of the side-chain tautomeriza-
tion/protonation on the corresponding amide I frequency and
its spectral dynamics. More specifically, for the His dipeptide
studied here we observed three spectrally resolvable features
within the amide I vibrational band of His, which are positioned
at approximately 1630 (A), 1644 (B), and 1656 cm™ (C),
respectively. On the basis of their dependence on pH and
interactions, these three bands are assigned as follows: bands A
and B represent two tautomeric states of the His side chain at
neutral and basic pH values, whereas band C arises from a
subpopulation of B whose amide is dehydrated. At pH values
lower than the pK, of imidazole, band C corresponds to the
desolvated amide in the protonated conformer of histidine,
whereas B represents the solvated amide moiety.

Despite the aforementioned promising results, several
hurdles need to be overcome to implement the proposed
method to study real protein systems. First, site-specific isotope
labeling of a His residue in peptides and proteins has not been
reported. Second, even if the amide I band of the target His
residue can be separated from the amide I transitions of the rest
of the residues in a given peptide/protein, it could still overlap
with vibrational bands from certain side chains, which would
complicate data interpretation. Third, in a large peptide/protein
system, other structural factors may also affect the spectral
properties of the amide I mode of the His probe, making a
quantitative assessment of the results difficult. Despite these
challenges, it is our hope that the current study will inspire
further efforts in the development of this method, as it does
offer a unique approach to study the functional role of His
residues in proteins.

4. CONCLUSIONS

The imidazole side chain of histidine can adopt two tautomeric
forms and can ionize at near-neutral pH. Thus, histidine plays a
key role in many enzymatic reactions and processes involving
proton conduction. The effect of histidine protonation on the
water structure near it or the interaction of histidine with water
is therefore an important problem in biophysics. While the
amide vibration of a histidine residue is an indirect probe of the
side chain’s conformational distribution, it provides an
approach to measure and understand these interactions,
which occur on an ultrafast time scale, by observing the effects
protonation has on the amide vibrational dynamics and
frequency. To explore the potential utility of nonlinear IR
spectroscopy in probing the structural and functional dynamics
of the histidine side chain in proteins, we carried out 2D IR
measurements on a model histidine dipeptide. Our results show
that the amide I band of histidine consists of three spectrally
resolvable components, at approximately 1630, 1644, and 1656
cm™, which exhibit different dependences on pH. On the basis
of results obtained at three pH values (ie., 2, 6.5, and 10) and
frequency calculations, we attribute the 1630 cm™' component
to the 7 tautomer and the 1644 cm™' component to a 7
tautomer. The 1656 cm™ band is assigned to a desolvated
amide mode that is present in both the protonated and the
neutral 7 tautomeric states. Taken together, these results
demonstrate that the amide I vibrational mode of histidine is
sensitive to its side-chain conformation and protonation state
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and thus can be used as a viable IR reporter of biological
processes that actively involve histidines.
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Linear IR spectra of the histidine dipeptide obtained at different
pH values, as indicated. Diagonal traces of the *C=0 labeled
N-terminal amide obtained from 2D IR spectra at T = 0 and
different pH values. This material is available free of charge via
the Internet at http://pubs.acs.org.
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