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ABSTRACT We report here a method for the determination of the pK;, of histidine in complex or heterogeneous systems
amenable to neither solid-state nor solution NMR spectroscopy. Careful synthesis of a fluorenylmethyloxycarbonyl- and trityl-
protected, C2-deuterated histidine produces a vibrational-probe-equipped amino acid that can readily be incorporated into
any peptide accessible by standard solid-phase methods. The frequency of the unique, Raman-active stretching vibration of
this C2-D probe is a clear reporter of the protonation state of histidine. We investigate here a pH-sensitive peptide that self-as-
sembles to form a hydrogel at neutral pH. The pKj; of the lone histidine residue in the peptide, which is likely responsible for this
pH-dependent behavior, cannot be investigated by NMR spectroscopy because of the supramolecular, soft nature of the gel.
However, after synthesizing a C2-deuterated-histidine-containing peptide, we were able to follow the protonation state of histi-
dine throughout a pH titration using Raman difference spectroscopy, thereby precisely determining the pKj, of interest.

SIGNIFICANCE We report a broadly applicable Raman-spectroscopy-based method for histidine pK, determination in
systems that are challenging to study by traditional means such as NMR spectroscopy. Using standard solid-phase peptide
synthesis, we incorporated a C2-deuterated histidine into a hydrogel-forming peptide, employing a modified
fluorenylmethyloxycarbonyl-deprotection protocol. This resulted in a protonation-sensitive vibrational probe that allowed
us to precisely determine the pKj, of the histidine residue as the peptide underwent self-assembly to form a hydrogel.

Accurate determination of the pK, of histidine is crucial in
understanding the activity of many pH-responsive systems
because the protonation state of histidine has important
functional implications for the behavior of both biological
(1,2) and synthetic (3,4) proteins and peptides. The proton-
ation state of histidine is known to play an important role in
certain amyloid-forming systems; for example, amyloid for-
mation by human islet amyloid polypeptide is highly pH
dependent, owing to a key histidine residue (5). Knowledge
of the pK, of histidine in aggregate states is also important
for the design of pH-responsive biomaterials such as hydro-
gels (6). The pK, of histidine residues is typically deter-
mined using solution NMR spectroscopy (7,8), although
magic-angle spinning solid-state NMR can also be used
for this purpose (9,10). However, solution NMR is poorly
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suited to study large supramolecular assemblies because
of line broadening caused by the slow tumbling of such spe-
cies (11), whereas magic-angle spinning NMR is limited to
immobilized samples and can be particularly challenging to
use with soft materials such as hydrogels (12,13).

Raman spectroscopy provides an alternate method to
determine the pK, of histidine. Based on computational
modeling, Miller and Corcelli predicted that deuteration of
any of the histidine side-chain carbon atoms would provide
a vibrational probe sensitive to the protonation state of the
residue (14). Subsequent experiments by Hoffman et al.
showed that C2-deuterated histidine (His-C2D) generates a
unique, Raman-active C-D stretching vibration, the fre-
quency of which is sensitive to both the protonation state
and noncovalent interactions of the neighboring nitrogen
atoms (Fig. 1; (15)). More recently, Pogostin et al. used
this C2-D probe to determine the pK, of histidine in the tri-
peptide AcNH-HVD-CONH, (which represents the C-termi-
nal fragment of the peptide used in this study), validating
their result using solution 'H NMR spectroscopy (16).
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FIGURE 1 (A) His-C2D, with positions labeled
according to current [IUPAC guidelines (36). (B)
The Raman-active, protonation-sensitive C2-D
vibrational stretch is shown. Under acidic condi-
tions (pH 2.0; red curve), histidine is doubly pro-
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Here, we report the determination of the pK, of histidine
in a hydrogel-forming peptide using this C2-D vibrational
probe. The peptide Sgls7_49 (Fig. 1 C) self-assembles near
neutral pH to form (-sheet hydrogel fibrils (Fig. S6), pre-
sumably driven by hydrophobic interactions that become
possible after the neutralization of the peptide upon depro-
tonation of histidine (4). However, this hypothesis could
not be easily verified by either solid-state or solution
NMR because of the gel formed by Sglz;_49. To install the
C2-D probe, we developed a method to incorporate His-
C2D into Sgls; 49 during solid-phase peptide synthesis
(SPPS). We then followed the shift of the C2-D vibrational
stretch using Raman difference spectroscopy throughout a
pH titration to determine the pK, of the histidine residue,
demonstrating the applicability of this probe to the study
of self-assembling systems.

In previous studies, the C2-D probe was installed on the
already-synthesized protein or peptide (15,16), using a
well-established postsynthesis deuterium exchange reaction
originally developed for NMR studies (17). However, this
approach allows for little control over the locational speci-
ficity of the exchange, as exemplified by our attempts to
perform this deuterium exchange on the tetrameric peptide
AcNH-YHVD-CONH, (the four C-terminal residues of
Sgl37_49), during which the unexpected addition of a second
deuterium atom that could not be readily back exchanged
was observed. Furthermore, this exchange protocol would
be unsuitable for systems containing multiple exchangeable
histidine residues because it would be extremely difficult to
selectively deuterate a specific residue. We therefore sought
a way to perform the deuterium exchange before peptide
synthesis.
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tonated, and the C2-D band is centered around
2385 cm™'; under basic conditions (pH 10.5,
blue curve), histidine is singly protonated, and
the C2-D band is centered around 2350 cm™".
(C) Sgls7_49, the hydrogel-forming peptide
used in this study, is shown with the histidine
residue highlighted in red.

2400

To perform SPPS with His-C2D, reactive sites on the
amino acid must be protected to avoid unwanted reactions.
Typically, a fluorenylmethyloxycarbonyl (Fmoc) group is
added to the a-amino group to prevent addition of more
than one residue to the growing peptide chain during each
coupling step, and a trityl (Trt) group is added to the imid-
azole N” to both prevent unwanted side reactions and reduce
the rate of histidine epimerization during peptide synthesis
(18,19). However, we found that the elevated temperature
deuterium exchange reaction could not be performed on
Fmoc-His(Trt), which is widely commercially available,
because loss of the Fmoc group occurred much more
quickly than the deuterium exchange reaction. To obtain
Fmoc-His(Trt)-C2D (4), we therefore performed the ex-
change reaction before the addition of the Fmoc and Trt
groups (Fig. 2).

For the synthesis of 4, it was necessary to use conditions
that ensured full retention of the deuterium probe, which is
labile under basic conditions at elevated temperature. An
additional challenge was posed by the low solubility of
both 3 and 4 because of the presence of the highly hydro-
phobic Trt and Fmoc groups. For the deuterium exchange,
1 was incubated in D,O at pH 8.0 and 50°C before being
lyophilized and redissolved in acidic, nondeuterated
aqueous solution to back exchange readily exchangeable
deuterium atoms. Trt protection was achieved by reacting
2 with Trt-Cl in the presence of dimethyldichlorosilane, us-
ing triethylamine as a base. Fmoc protection of 3 was
achieved using Fmoc-Cl under Schotten-Baumann condi-
tions with sodium carbonate as the base to give the desired
product, 4. Mass spectrometry was performed on the prod-
uct after each step of the reaction to confirm the complete
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FIGURE 2 Synthesis of Fmoc- and Trt-protected, C2-deuterated histidine. Reaction conditions are as follows: (a) D-O, NaOD (pH 8.0), 50°C,
72 h, then lyophilized; H,O, HCI, then lyophilized, 100% yield; (b) dichloromethane, Me,SiCl,, reflux, 4 h; triethylamine, reflux, 15 min; Trt-Cl,
triethylamine, 21°C, 12 h, 84% isolated yield; (c) tetrahydrofuran, 10% Na,CO3 (aq), Fmoc-Cl, 0-21°C, 1 h, 50% isolated yield. To see this figure

in color, go online.

retention of the deuterium probe (Figs. S1 and S2). Com-
pound 4 was then incorporated into Sgls;_49 using SPPS.
Standard Fmoc-deprotection chemistry of 20% piperidine
in dimethylformamide resulted in ~10% deuterium back
exchange with each Fmoc-deprotection step. To counter
this, a solution of 5% piperazine, 2% 1,8-diazabicyclo
[5.4.0]Jundec-7-ene, and 1% formic acid in dimethylforma-
mide was used instead (20). Using these conditions, the
selectively C2-deuterated peptide (Sgl37_49-C2D) was suc-
cessfully synthesized with full retention of the deuterium
probe as confirmed by mass spectrometry (Fig. S3). This
SPPS protocol should be generally useful for synthetic
incorporation of His-C2D into any peptide.

To demonstrate the utility of the His-C2D probe in inves-
tigations of self-assembling systems, the frequency of the
protonation-sensitive C2-D vibrational band was followed
as a function of solution pH using Raman difference
spectroscopy (Fig. 3). Aliquots of a solution of ~7 mM
Sgl37_40-C2D in H,O were pH adjusted to make a titration
curve with steps of between 0.25 and 1 pH units. The
C2-D stretching vibration displayed maxima around 2345
and 2380 cm™! at high and low pH, respectively. These
values are comparable to those reported by Hoffman et al.
(15) and slightly lower than those reported in the study of
the HVD tripeptide, for which a frequency shift of
+10 cm™' was noted in the low-frequency signal (16).
Because of the relatively low intensity of the C2-D vibra-
tional band, a pH 2.0 spectrum was subtracted from each
subsequent sample to facilitate comparison of the spectral
changes as a function of pH. This type of difference analysis
is commonly used in vibrational spectroscopy of peptides
and proteins to visualize changes between two states due
to some sort of perturbation such as photolysis or ligand
binding (16,21). In the difference spectra, the low-frequency
vibration appears as a positive peak, corresponding to
increasing concentration of the neutral histidine residue,
whereas the high-frequency vibration appears as a negative
peak, corresponding to decreasing concentration of the
cationic residue. The intensity difference between the low-
and high-frequency peaks was then plotted against sample

pH (Fig. 3 B). A sigmoidal dose-response curve (Eq. S1),
for which the midpoint corresponds to the pK,-value, was
fitted to the data. The pK, of the histidine residue in
Sgls7_49 was thus determined to be 5.66 *= 0.06. This pH
titration was also performed using a home-built (rather
than commercial) Raman spectrometer (Fig. S5); the pK,-
values determined from these two titrations agree within
the error of the fitting parameters.

The pK,-value determined here supports the hypothesis that
the deprotonation of histidine leads to the pH-dependent self-
assembly of Sgl37_49, which forms a weak gel above pH 5 and
arobust gel above pH 6. The pK;, of histidine in Sgl3;_49 deter-
mined in this experiment is slightly lower than the standard
value for the second protonation of the solvated amino acid
(pK, = 6.0) (22). Interestingly, the pK, of histidine in the
full Sglz7_49 peptide is more than a full pK, unit lower than
that of the C-terminal tripeptide fragment of Sgl37_49 (pK, =
6.82), which does not self-assemble (16). This increase in
acidity is likely caused primarily by the hydrophobic environ-
ment in the fibril core of the aggregated neutral peptides,
demonstrating the large impact that self-assembly can have
on the pK, of histidine. This is consistent with previous studies
showing that self-assembly often leads to significantly shifted
pK,-values (by as much as 6.5 pK, units), with the neutral spe-
cies always favored (23-25), as is observed for Sglz7_49.

It is worth briefly considering the challenges that might be
faced in applying this technique to other systems. One
obvious limitation is that the length of the peptide into which
His-C2D can be incorporated is constrained by the length
limits of SPPS (~50 amino acids) (26). In principle, this
can be readily overcome by using solution-phase segment
condensation (26,27), native chemical ligation (28), or ex-
pressed protein ligation (28,29) to incorporate a His-C2D-
containing peptide, synthesized using the methods described
here, into longer sequences. A more pressing issue is the low
intensity of the C2-D signal; despite working near the solubi-
lity limit of Sgl37_49, the weakness of the signal meant that it
was necessary to use acquisition times of 12 h per Raman
spectrum to obtain reliable data. For systems with lower sol-
ubility, it would likely be necessary to use techniques such as
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FIGURE 3 The pH titration of Sgls;_49-C2D. (A) Concentration-normalized Raman difference spectra are given, showing the C2-D stretching

vibration. The positive band at 2350 cm™"

corresponds to the growth of the neutral form of the histidine imidazole; the negative band at

2380 cm™ " corresponds to the disappearance of the positively charged species. (B) The pH titration curve is shown. The red curve is a sigmoidal
fit (Eq. S1), the midpoint of which corresponds to pK;, and is shown by the dashed line; the blue bar around the midpoint line shows the error in the

fitting value.

surface-enhanced Raman spectroscopy (30), coherent anti-
Stokes Raman scattering (31), or stimulated Raman scat-
tering (32) to increase the Raman scattering cross section
and clearly visualize the C2-D stretching vibration. This
study demonstrates, however, that the His-C2D probe can
be used without the aid of enhanced Raman techniques in
systems with sufficiently high solubility.

In conclusion, we have shown here the applicability of the
His-C2D vibrational probe to the investigation of heteroge-
neous soft materials through the example of a self-assem-
bling peptide system. We synthesized a hydrogel-forming
peptide, Sglz7_49, containing a selectively His-C2D residue.
We then used Raman difference spectroscopy to track the
protonation-sensitive shift of the distinctive C2-D-stretching
vibration as a function of pH to determine the pK, of this
histidine residue, a task which would be extremely chal-
lenging using either solid-state or solution NMR spectros-
copy. Both the synthetic and analytical methods used in
this study can be readily applied to other systems. The pro-
tocol reported here for the synthesis of Fmoc-His(Trt)-C2D
produces a probe-equipped amino acid that can be facilely
incorporated into any target peptide through SPPS using
relatively conventional conditions. This method also allows
for the targeted C2-deuteration of a specific side chain in a
peptide containing multiple histidine residues. Raman spec-
troscopy is a very flexible technique that is amenable to
samples of arbitrary heterogeneity in a way that more con-
ventional techniques are not. Although we have focused
here on a self-assembling peptide, this probe could also be
applied to investigations of histidine residues in nonself-
assembling systems that are similarly difficult to study
such as membrane-associated proteins and peptides. The
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method is not limited to pK, determination because the
C2-D stretching vibration has also been shown to report
on noncovalent interactions involving the histidine imid-
azole such as H-bonding and metal coordination (15). We
envision that, facilitated by the broadly applicable synthetic
and analytical methods presented in this study, the His-C2D
vibrational probe will prove to be a useful tool for investi-
gating the physicochemical properties of histidine in many
different peptide and protein systems.
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