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ABSTRACT: Nitration of tyrosine in proteins and peptides is a post-translational
modification that occurs under conditions of oxidative stress. It is implicated in a variety
of medical conditions, including neurodegenerative and cardiovascular diseases. However,
monitoring tyrosine nitration and understanding its role in modifying biological function
remains a major challenge. In this work, we investigate the use of electron-vibration-vibration
(EVV) two-dimensional infrared (2DIR) spectroscopy for the study of tyrosine nitration in
model peptides. We demonstrate the ability of EVV 2DIR spectroscopy to differentiate
between the neutral and deprotonated states of 3-nitrotyrosine, and we characterize their
spectral signatures using information obtained from quantum chemistry calculations and
simulated EVV 2DIR spectra. To test the sensitivity of the technique, we use mixed-peptide
samples containing various levels of tyrosine nitration, and we use mass spectrometry to
independently verify the level of nitration. We conclude that EVV 2DIR spectroscopy is able
to provide detailed spectroscopic information on peptide side-chain modifications and to
detect nitration levels down to 1%. We further propose that lower nitration levels could be detected by introducing a resonant

Raman probe step to increase the detection sensitivity of EVV 2DIR spectroscopy.

1. INTRODUCTION

Oxidative damage of proteins is involved in mechanisms such as
insulin resistance, cell-cycle arrest, senescence, and apoptosis.'
Reactive oxygen/nitrogen species (ROS/RNS) such as the
superoxide radical (O,”) and nitric oxide (NO) can be
converted to peroxynitrite (ONOOH/ONOO™),> which is a
very strong oxidant. The principal targets of peroxynitrite in
proteins are sulthydryl and tyrosyl side chains with nitration of
tyrosine (Tyr) to 3-nitrotyrosine (nTyr) being one of the most
extensively studied ROS/RNS-driven post-translational mod-
ifications (PTMs).>™>

Protein tyrosine nltratlon is thought to interfere with a range
of biochemical processes® and is known to prevent PTMs such
as phosphorylation.>” Accumulation of nTyr is seen in
neurodegenerative diseases,” '® such as amyotrophic lateral
sclerosis (ALS), Alzheimer’s disease, and Parkinson’s disease, as
well as in chronic inflammation® and cardiovascular disease.'"">
Conversely, at low NO concentrations, nitration of a specific
Tyr residue (Tyr327) has been shown to have a positive
regulatory effect through the activation of p53,"*> a tumor-
suppressant protein that acts as a transcription factor for various
proteins involved in apoptosis and cell cycle arrest.

The main techniques currently employed for quantitative
analysis of nTyr are immunoassays and mass spectrometry
(MS) coupled to separation techniques, such as two-dimen-
sional electrophoresis and liquid chromatography.">'* Also,
MS may be used in conjunction with chemical- labehng
techniques to achieve higher selectivity and sensitivity.
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However, MS is a destructive technique that consumes the
sample, and it relies on an interpretation of the patterns of ions
generated upon fragmentation of the peptide, which can lead to
false-positive identifications. Immunoassays depend highly on
the quality of the antibodies involved and may suffer from
selectivity issues."

The use of infrared spectroscopy to study proteins is
beneficial because it relies on a sample’s intrinsic vibrational
properties, which allow for label-free and nondestructive
analysis. However, backbone vibrational modes of proteins
lead to very congested one-dimensional IR spectra. Thus, we
turn to electron-vibration-vibration (EVV) two-dimensional
infrared (2DIR) spectroscopy, a two-dimensional frequency
domain technique, which is capable of probing both infrared
and Raman transitions."®'” When compared to one-dimen-
sional IR spectroscopy, considerable spectral decongestion is
achieved through EVV 2DIR spectroscopy due to its ability to
spread information across two dimensions and to probe only
coupled vibrational modes. These features make it a valuable
technique in the study of complex systems such as proteins.

EVV 2DIR spectroscopy uses one visible/near-IR and two
mid-IR picosecond laser beams to induce a nonlinear third-
order process in the sample. When the variable mid-IR
frequencies are resonant with coupled vibrational modes, a
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four-wave mixing (FWM) process results, and the emitted
photons are detected via a homodyne scheme, which leads to
signal intensities proportional to the square of the number of
molecules. The picosecond laser pulse durations are shorter
than the vibrational coherence dephasing times, allowing the
pulse ordering to be used with variable delays to select specific
coherence pathways. By choosing the pulse ordering to follow
®, = wz = ®,, we are able to select the nonparametric EVV-
IR pathway (Figure 1)."” The @, pulse is required to be
resonant with an IR-active vibrational mode, a, whereas wy
must be resonant with an IR-active combination band ¢, which
isequal toa + b (or an overtone) where b is a Raman-active
mode. The Raman probe step, which is initiated by ®,, means
that the FWM signal is dependent not only on the vibrational
levels of the molecules studied but also on their electronic
levels.
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Figure 1. Schematic of an energy level diagram for the EVV-IR
pathway depicting the generation of a signal beam through four-wave
mixing of the w,, @y and w, laser beams. The time delay between
successive laser pulses is typically chosen to be on the order of a few
ps. The labels a, b, and c represent vibrational states, whereas g and e
indicate the ground state and a virtual electronic state, respectively.

The results shown in this paper follow a doubly resonant
setup, where the IR beams are in resonance with coupled
vibrational modes of the molecule, whereas the @, beam is
scattered from a nonresonant (virtual) electronic level.
However, it is possible for EVV 2DIR spectroscopy to be
used as a triply resonant technique, where an electronic
resonance is excited by the w, beam. This resonant Raman
enhancement is known to increase the signal by several orders
of magnitude'® and can greatly improve the detection of
vibrational modes coming from low-abundance species in
complex samples.

In this paper, we report on the ability of EVV 2DIR
spectroscopy to identify tyrosine nitration in model peptides, to
quantify nitration levels in peptide mixtures down to 1%, and to
differentiate between nTyr residues containing a neutral versus
deprotonated hydroxyl group. This proof of concept lays the
groundwork for the application of EVV 2DIR spectroscopy to
the study of protein tyrosine nitration in complex samples
through future implementation of a triply enhanced setup.

2. METHODS

2.1. Peptide Sample Preparation. Lyophilized powders
of Ac-SPSYSPS-NH, and its nitrated version Ac-SPSnYSPS-
NH, (Peptide Protein Research Ltd.) with greater than 98%
purity were stored at —20 °C and allowed to thaw for 1 h
before being dissolved in Milli-Q water to achieve a 10 mM
concentration. NaOH solutions were used to adjust the pH to
5.6 and 9.1, which was measured using a double junction pH
probe. For EVV 2DIR experiments, 1 uL droplets for each
peptide solution were deposited onto glass coverslips and dried
under ambient conditions to form gel-phase coffee-ring
structures that allow the peptides to remain hydrated."” The
height of each coffee ring is ~4 ym, which was measured using
a stylus profiler. On the basis of a shift in frequency of the
electronic transition of nTyr upon deprotonation, the pH of the
solution can be monitored throughout the drying process
(neutral nTyr leads to bright yellow solution whereas its
charged counterpart is dark orange). Because the dried spots
remained the same color as their initial solutions, we can
confirm that they retained their protonation state.

2.2. EVV 2DIR Spectroscopy. The experimental setup of
EVV 2DIR spectroscopy has been described in detail
elsewhere.®® In brief, an ultrafast Ti:sapphire laser system
(Newport Spectra-Physics) is used to generate a near-IR laser
beam at 790 nm with a pulse duration of 1 ps and a repetition
rate of 1 kHz. The generated beam is split into three beams,
two of which are directed toward optical parametric amplifiers
(Newport Spectra-Physics) to generate 1 ps pulses with tunable
mid-IR frequencies calibrated using a 38 ym thick polystyrene
calibration film traceable to NIST 1921b frequencies. All three
beams are linearly polarized parallel to the plane of propagation
(PPP), spatially overlapped, and focused at the sample. The
pulse energy of the near-IR beam is set to 200 nJ at the sample,
and the mid-IR beams display near-symmetric energy profiles
across an @,/ 2zc range from 1300 to 1700 cm™ (E,,,, = 800 nJ
at 1500 cm™) and an g/ 27c range from 2600 to 3400 cm™
(Emax = 2.0 pJ at 3000 cm™'). These pulse energies are
measured through a 100 ym diameter pinhole because it closely
matches the 1/e? diameter of the near-IR beam, which defines
the sample area from which the FWM signal is generated. Delay
stages are used to adjust the variable delays between the laser
pulses, thus controlling their arrival times to the order w, — wy
— ,, which leads to the coherence pathway described in
Figure 1. The emitted signal is monitored using a photo-
multiplier detector (Hamamatsu H7422-50).

Prior to measuring spectra, the system is enclosed and
purged with N, to reduce the humidity level to less than 3%.
Unless otherwise stated, EVV 2DIR spectra were obtained
using pulse time delays of 7,5 = 1.75 ps and 7, = 1 ps, a mid-IR
frequency step size of S cm™', and an acquisition rate of 100
laser shots per data point. The FWM signal intensity was
normalized to the methylene cross-peak at 1465/2925 cm™
and smoothed using the shrinking/expanding algorithm in
OriginPro (OriginLab Co.). The data were then plotted as a
contour map with a logarithmic scale.

2.3. DFT Calculations and EVV 2DIR Simulations. As
previously described,”" GAUSSIAN 03 is used to perform DFT
calculations at B3LYP/6-311++G(p,d) level of theory, and a
scaling factor of 0.98 is applied to the resulting vibrational
frequencies. The theoretical EVV 2DIR signal intensity
corresponding to the pathway shown in Figure 1 was
numerically calculated as a function of the IR frequencies
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Experimental 2DIR spectra
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Figure 2. Experimental EVV 2DIR spectra for (a) Tyr heptamer at pH 9.1, (b) nTyr heptamer at pH 5.6, and (c) nTyr heptamer at pH 9.1. The
CH, and amide I cross-peaks are circled and are common to all three spectra. Simulated EVV 2DIR spectra for (d) neutral 4-methylphenol (4MP),
(e) neutral 4-methyl-2-nitrophenol (4M2NP), and (f) deprotonated 4M2NP, where 4MP and 4M2NP are side-chain analogues of Tyr and nTyr,
respectively. Correlations between cross-peaks observed in the experimental and simulated spectra for Tyr or nTyr are indicated by labels and
arrows, whereas the diagonal dashed lines highlight cross-peaks arising from couplings between fundamental modes and their overtones. (g) Scheme
of compounds illustrating Tyr nitration via reaction with the nitrogen dioxide radical and deprotonation of the nTyr hydroxyl group.

employing the method reported by Kwak et al.”* The resulting
simulated EVV 2DIR spectra were produced by representing
each cross-peak as a 2D Gaussian function with a full width at
half maximum (fwhm) of 20 cm™ and a center frequency

matching the harmonic frequencies of the bands involved.

2.4. Liquid Chromatography-Mass Spectrometry. The
peptide mixtures were diluted to 4 yM and separated on an
Ultimate 3000 liquid chromatography system (Dionex,
Camberley, UK.) interfaced with a 5600 TripleTOF mass
spectrometer (ABSciex, Warrington, U.K.) via a New Objective
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PicoTip emitter (FS360-20-10-N, Woburn, MA, USA)
controlled by Chromeleon Xpress and Analyst software (TF
v1.5, ABSciex). The peptides were captured and desalted on a
CI18RP precolumn (C18 PepMapTM, S um, S mm X 0.3 mm
id., Dionex, Bellefonte, PA, USA) by washing for 4 min with
2% aqueous acetonitrile (0.1% formic acid) at 30 uL/min. The
peptides were then separated on a C18 nano-HPLC column
(C18 PepMapTM, S pm, 75 ym i.d. x 150 mm, Dionex) using a
gradient elution running from 2 to 45% aqueous acetonitrile
(0.1% formic acid) in 60 min and a final washing step running
from 45 to 90% aqueous acetonitrile (0.1% formic acid) in 1
min. The system was then washed with 90% aqueous
acetonitrile (0.1% formic acid) for S min and equilibrated
with 2% aqueous acetonitrile (0.1% formic acid).

Mass spectrometer settings were as follows: spray voltage, 2.4
kV; source temperature, 150 °C; declustering potential, 50 V;
and curtain gas, 15. Survey TOF MS scans were collected in
high-resolution positive ion mode from 350 to 1250 Da for 500
ms. MS/MS data were collected using information-dependent
acquisition (IDA) with the following criteria: the three most
intense ions with 1+ to 3+ charge states and a minimum
intensity of 200 counts per second (cps) were chosen for
analysis using dynamic exclusion for 10 s, a 500 ms acquisition
time, and rolling collision energy.

Raw data were analyzed with PeakView (ABSciex).
Accurately prepared solutions were used to measure the
relative signal intensities of the two peptides using the sum
of the corresponding extracted ion chromatograms (XICs), of
the Gaussian smoothed by 4 points, of the 1+ and 2+ charge
states, and of the protonated and monosodium adduct of both
charge states. The nTyr-containing peptide signals were
calculated to be approximately 2.61 times more intense than
those of the native peptide; this factor was used to correct the
data for the mixed peptides.

3. RESULTS AND DISCUSSION

3.1. Experimental EVV 2DIR Spectra. EVV 2DIR spectra
have been measured for two similar heptamer peptides, one of
which contains a single Tyr residue (Ac-SPSYSPS-NH,) and
the other a single nTyr residue (Ac-SPSnYSPS-NH,); the
resulting spectra are presented in Figure 2a—c. A scheme of the
compounds is also provided in Figure 2g to illustrate the
mechanism of Tyr nitration to nTyr and deprotonation of the
nTyr hydroxyl group. Because the pK, of the hydroxyl group in
Tyr decreases from ~10 to ~7 upon nitration,” nTyr species
containing the neutral and deprotonated hydroxyl are expected
to be present in an approximately 1:1 ratio at physiological pH.
Therefore, to obtain the spectral signal for nTyr in each of the
two protonation states, spectra have been recorded at pH
values greater than 1 pH unit away from the nTyr pK,. A clear
difference between the nTyr spectral signatures at pH 5.6 and
9.1 is observed in Figure 2b and c.

In general, the experimental EVV 2DIR spectra measured for
the two protonation states of the nTyr peptide display a
number of cross-peaks larger than that for the unmodified Tyr
peptide; however, there are also several similarities between the
spectra, and these will be discussed first. The cross-peak with
components at 1460/2920 and 1470/2940 cm™" is observed for
all three spectra shown in Figure 2a—c and can be assigned to a
CH, scissor vibration, where the @,/27c and wy/2xc frequency
values correspond to the fundamental mode and the overtone
band, respectively. The observed structure in the cross-peak is
discussed in detail elsewhere.”* Each heptamer contains a total

of 11 CH, groups: one for each Ser residue, three for each Pro
residue, and one for each Tyr or nTyr residue. In previous work
by our group, ratios of the side-chain cross-peak intensities with
respect to an internal reference were determined in which the
internal reference was either the CH,>® or CH,;* cross-peak
intensity. Because the peptides used in the present work
contain only a single CH; group, which is in the acetyl group of
the N-terminal end cap, the CH, cross-peak intensity is used as
the internal reference here.

The elongated diagonal feature centered at ~1640/3280
cm™' is present in the spectra of all three peptides (circled in
Figure 2a—c) and can be assigned to the amide I band
fundamental and its overtone. This band is predominantly
associated with the backbone C=0 stretch mode, rendering it
sensitive to the peptide’s secondary structure and its environ-
ment. The amide I band has been extensively studied using
conventional 2DIR spectroscopic techniques to obtain
information on the conformation and aggregation of peptides
and proteins. However, in the present work, the experimental
conditions have been optimized to directly probe vibrational
modes associated with the Tyr and nTyr side chains rather than
the amide I band. This has resulted in an optical density of ~1
for the amide I band, which is too high for detailed analysis and
interpretation of the band structure; thus, only a basic
discussion of the substructure will be provided here. In Figure
2a—c, component peaks are observed at approximately 1620/
3240, 1635/3270, and 1660/3320 cm™!, which arise from
structural inhomogeneity in the sample. On the basis of
extensive literature describing amide I substructures, we can
assign the highest frequency component at 1660/3320 cm™" to
either a short & helix or a disordered structure, whereas the
component that appears at ~1635/3270 cm™ can be assigned
to f3 strands.”” The third component at 1620/3240 cm™ is in
close agreement with frequencies reported to arise from a red-
shift of the B-strand component due to proline residues.”® The
relative intensities of these three frequency components vary
dramatically among the spectra shown in Figure 2a—c,
suggesting that the peptide conformation and/or aggregation
changes upon tyrosine nitration and is also dependent on the
protonation state. However, we refrain from drawing any
further conclusions because of the high optical density for the
amide I band, as discussed above.

A cross-peak at 1710/3120 cm™' is observed in the spectra
for the neutral and deprotonated states of the nTyr peptide
(Figure 2b and c) and is assigned to the C=O0 stretch of the
acetyl end cap on the N-terminus of each peptide. The
deprotonated nTyr side chain also contains a C=O group;
however, the quantum chemistry calculations discussed in
section 3.2 and in the Supporting Information indicate that the
frequency of this peak is much lower than 1710 cm™, possibly
due to the negative charge that results from deprotonation. The
intensity of the peak at 1710/3120 cm™" is ~4 times weaker for
the Tyr peptide and is not visible in Figure 2a due to the lower
limit used for the intensity range, which has been chosen so
that the strong features are more easily discernible. In our
experience, the appearance of CH,, amide I, and C=0 stretch
cross-peaks in EVV 2DIR spectra is typical for peptides and
proteins.

The main differences between the spectra shown in Figure
2a—c are the presence or absence of cross-peaks associated with
the side chains of Tyr (Figure 2a), neutral nTyr (Figure 2b),
and deprotonated nTyr (Figure 2c). It is interesting to note
that the spectral fingerprint is very different for each of the
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Table 1. Comparison between Experimental and Simulated Cross-Peak Frequencies for Tyr and Their Vibrational Assignments

peak label experimental frequency (cm™") simulated frequency (cm™) vibrational assignment”
Tyrl 1520/3000 1514/3028% CH rock (19a)/2[CH rock (19a)]
Tyr2 1520/3130 1514/3137 CH rock (19a)/CH rock (19a) + CC stretch (8a)
Tyr3 1595/3025 1623/3049° CC stretch (8a)/CC stretch (8a) + CC stretch (19b)
Tyr4 1600/3190 1623/3246 CC stretch (8a)/2[CC stretch (8a)]
TyrS 1615/2810 1599/2762 CC stretch (8b)/CC stretch (8b) + COH bend

. . . . . C b ) .
“Numbers in parentheses are aromatic mode assignments in Varsanyi notation. “This is a weak peak in the simulated spectrum.

Table 2. Comparison between Experimental and Simulated Cross-Peak Frequencies for Neutral nTyr and Their Vibrational

Assignments
peak label experimental frequency (cm™) simulated frequency (cm™)
nTyrl 1430/2850 1419/2838
nTyr2 1430/2965 1419/2969
nTyr3 1490/3070 1494/3078
nTyr4 1540/3080 1550/3100
nTyrS 1545/2795 1550/2808b
nTyr6 1545/2900 1550/2931
nTyr7 1545/2970 1550/2969
nTyr8 1585/3165 1584/3168b
nTyr9 1630/3205 1638/3222
nTyr10 1635/2980 1638/3019

vibrational assignment®

CC stretch (19b)/2[CC stretch (19b)]

CC stretch (19b)/CC stretch (19b) + asymm NO, stretch
CH rock (19a)/CH rock (19a) + CC stretch (8b)

asymm NO, stretch/2[asymm NO, stretch]

asymm NO, stretch/asymm NO, stretch + symm NO, stretch
asymm NO, stretch/asymm NO, stretch + CC stretch (14)
asymm NO, stretch/asymm NO, stretch + CC stretch (19b)
CC stretch (8b)/2[CC stretch (8b)]

CC stretch (8a)/CC stretch (8a) + CC stretch (8b)

CC stretch (8a)/CC stretch (8a) + CC stretch (14)

. . . ) ) C b ) )
“Numbers in parentheses are aromatic mode assignments in Varsanyi notation. ~This is a weak peak in the simulated spectrum.

Table 3. Comparison between Experimental and Simulated Cross-Peak Frequencies for Deprotonated nTyr and Their

Vibrational Assignments

peak label experimental frequency (cm™") simulated frequency (cm™)
nTyr'1 1365/2700b 1361/2722¢
nTyr2 1375/2910 1361/2936°
nTyr 3 1415/2745 1446/2750
nTyr 4 1420/2845 1446/2867
nTyr™5 1510/2845 1507/2811
nTyr 6 1510/3010 1507/3014
nTyr™7 1540/2865 1575/2879
nTyr8 1545/3085 1575/3150
nTyr 9 1625/2965 1626/2930°
nTyr 10 1625/3160 1626/3201

vibrational assignment®

CH rock (3)/CH rock (3) + CC stretch (14)

CH rock (3)/CH rock (3) + CO stretch

asymm NO, stretch/asymm NO, stretch + CC stretch (14)
asymm NO, stretch/asymm NO, stretch + CH rock (19a)
CC stretch (8b)/CC stretch (8b) + CC stretch (14)

CC stretch (8b)/2[CC stretch (8b)]

CO stretch/CO stretch + CC stretch (14)

CO stretch/2[CO stretch]

CC stretch (8a)/CC stretch (8a) + CC stretch (14)

CC stretch (8a)/CC stretch (8a) + CO stretch

. . . . . I . . -
“Numbers in parentheses are aromatic mode assignments in Varsanyi notation. “This feature is broad and contains several unresolved peaks. “This is

a weak peak in the simulated spectrum.

three peptide samples. There are five obvious cross-peaks in
Figure 2a that can be assigned to vibrational modes of the Tyr
side chain. In order of decreasing intensity, the frequencies of
these peaks are 1600/3190, 1520/3130, 1595/3025, 1520/
3000, and 1615/2810 cm™". In previous work using EVV 2DIR
spectroscopy, two Tyr cross-peaks were observed in the spectra
of various peptides containing Tyr residues.”>*® A very weak
peak was observed at 1470/3040 cm™, and a strong peak was
observed at 1530/3130 cm ™. The latter peak was assigned to
v13/(v13 + v16), where 113 is an aromatic stretching mode,
and v16 is a CH, deformation mode on the Tyr side chain.
Assignments of the remaining cross-peaks for Tyr and nTyr
residues will be based on DFT calculations and simulated EVV
2DIR spectra.

3.2. Spectral Characterization. For the purpose of
characterizing the experimental EVV 2DIR spectra presented
in Figure 2a—c, EVV 2DIR spectra have been simulated for
4MP and 4M2NP, and the results are presented in Figure 2d—f.
These molecules are side-chain analogues of Tyr and nTyr
residues. Each simulated spectrum is placed directly below the

12859

corresponding experimental spectrum to aid comparison. The
correlation between the relative intensities of the cross-peaks
for each pair of spectra is not expected to be strong because the
simulations do not consider the variable lifetimes of the
coherences excited by the IR laser pulses. In addition, the
incident laser intensity at the peptide sample varies with the
tunable IR frequency for both the @, and w; beams. However,
the frequencies of the cross-peaks are expected to agree to
within 50 cm™ in most cases.

Before comparing the cross-peak frequencies between the
simulated and experimental spectra in more detail, we first
discuss the differences observed for the three simulated spectra
only. In this case, we can compare the intensities because the
method used to perform the simulations is the same for all
three spectra. From Figure 2d—f, it is clear that the maximum
signal intensity calculated for these side-chain analogues varies
greatly; the signals from the deprotonated and neutral states of
4M2NP are 14 and 229 times higher, respectively, than that for
neutral 4MP. In other words, the simulated spectra predict that
the experimental signal intensity from nTyr residues will be

dx.doi.org/10.1021/jp509053q | J. Phys. Chem. B 2014, 118, 12855—12864
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substantially higher than that from Tyr residues. Another
observation from the simulated spectra is that there are
substantially larger numbers of cross-peaks observed in both of
the 4M2NP spectra than in the 4MP spectrum. The same
observation is made in the experimental spectra (Figure 2a—c).

Tables 1, 2, and 3 list the assignments and vibrational
frequencies for a selection of cross-peaks observed in the
experimental EVV 2DIR spectra; there are five peaks for Tyr,
ten peaks for neutral nTyr, and ten peaks for deprotonated
nTyr, each of which is given a unique peak label for easy
identification. Each cross-peak assignment consists of two parts;
the first corresponds to the mode description for the
fundamental band excited by the first mid-IR laser pulse, and
the second gives an assignment for the combination band or
overtone excited by the second mid-IR laser pulse. For aromatic
modes, a descriptive assignment is given along with a numerical
label in parentheses, which follows Varsanyi notation.>® This
notation has been chosen because it extends the Wilson®
vibrational mode numbering system for benzene to cover more
than 700 benzene derivatives, and it provides general rules for
the assignment of additional benzene derivatives based on the
anticipated frequency and vibrational motion of each mode,
thus removing some of the ambiguity often associated with
mode assignment using alternative schemes. Details of the
assignments for the fundamental modes are given in the
Supporting Information, along with a comparison of the
calculated and experimental frequencies for each mode (Tables
S1, S2, and S3).

The correlation between the cross-peaks in the experimental
and simulated spectra is indicated by the peak labels shown in
Figure 2 and Tables 1—3. For the Tyr peptide, three of the five
cross-peaks observed in the experimental spectrum (Figure 2a)
correlated with cross-peaks in the simulated spectrum (Figure
2d); these peaks are labeled Tyr2, Tyr4, and TyrS. Upon initial
inspection of the spectra, one might presume that the simulated
cross-peak at 1623/3011 cm™" correlates with the experimental
cross-peak at 1595/3025 cm™ (Tyr3). However, the simulated
cross-peak, which is assigned to CC stretch (8a)/CC stretch
(8a) + CH; umbrella, is an artifact because the side-chain
analogue contains a CH; group that is not present in the Tyr
residue. This is also true for the series of four simulated cross-
peaks observed between 1388/2776 and 1514/2902 cm™! in
Figure 2d. The assignments for all five of the Tyr cross-peaks
observed in the experimental spectrum are presented in Table
1.

A good understanding of the spectral signature for nTyr in
both protonation states is indicated by the substantial number
of cross-peaks that have been successfully correlated and
assigned in Tables 2 and 3; these correlations are also indicated
in Figure 2. For the protonated nTyr peptide, the two most
intense cross-peaks observed in the experimental spectrum have
frequencies of 1545/2900 and 1540/3080 cm™ and are labeled
nTyr6 and nTyr4, respectively, in Figure 2b and Table 2. The
first component of these cross-peaks (~1545 cm™) is assigned
to the asymmetric NO, stretch vibration, indicating that these
spectral features can provide information relating to the site of
the peptide modification. Three less intense cross-peaks at
1430/2968, 1545/279S, and 1545/2970 cm™" (nTyr2, nTyrS,
and nTyr7, respectively) also involve excitation of the
asymmetric NO, stretch mode. In contrast, the cross-peaks at
1630/3205 and 1635/2980 cm™' (nTyr9 and nTyrlo,
respectively) are associated with a CC stretch (8a) aromatic
mode, which is the mode responsible for the most intense peak

in the unmodified Tyr peptide spectrum at 1600/3190 cm™

(Tyr4 in Table 1 and Figure 2a).

In the experimental spectrum for the deprotonated nTyr
peptide, there are two cross-peaks at 1415/2745 and 1420/
2845 cm™' that have fundamental frequencies assigned to the
asymmetric NO, stretch mode, and these peaks are labeled
nTyr3 and nTyr 4, respectively, in Figure 2c and Table 3.
However, the most intense cross-peak is at 1545/3085 cm™
(nTyr'8) and is assigned to the fundamental and overtone of
the CO stretch mode. As revealed in Table S3 in the
Supporting Information, the CO stretch mode contains
significant asymmetric NO, stretch motion as well as stretching
motion along the CO bond. It is also interesting to note that
half of the cross-peaks in Table 3 (nTyr'1, nTyr 3, nTyrs,
nTyr7, and nTyr'9) have combination bands containing the
CC stretch (14) mode, which can be explained by the very high
Raman intensity calculated for this mode (Supporting
Information). The detailed spectral characterization that we
have achieved could potentially be used to interpret changes in
EVV 2DIR spectra that result from an altered environment
around nTyr residues when studied under complex biological
conditions.

3.3. Experimental EVV 2DIR Spectra for Peptide
Mixtures. To ascertain whether EVV 2DIR spectroscopy
could be used to determine the percentage of tyrosine that is
nitrated in a peptide or protein sample, it is first necessary to
determine the relationship between the relative intensities of
the Tyr and nTyr cross-peaks and the percentage of nitration.
This characterization can be performed using samples
containing known proportions of Tyr and nTyr residues;
therefore, EVV 2DIR spectra have been measured for five
different peptide mixtures containing 0, 25, 50, 75, and 100% of
nTyr heptamer Ac-SPSnYSPS-NH,, with the non-nitrated
version constituting the remainder of the peptide mixture.
The resulting spectra measured at pH 5.6 are presented in
Figure 3a—e. The spectrum at 0% nTyr (Figure 3a) displays the
spectral signature for Tyr residues and is similar to that shown
in Figure 2a, which was measured for a Tyr peptide sample at
pH 9.1. This similarity is expected because the Tyr side chain is
neutral at both pHs. The 50% nTyr mixture contains equal
amounts of the nTyr and Tyr peptides; therefore, this spectrum
(Figure 3c) provides a simple indication of whether the signal is
more intense from a Tyr or an nTyr residue. In this case, the
Tyr peak at 1600/3190 cm™' is the most intense. This
contradicts the results from the simulations, which incorrectly
predicted that the signal from neutral nTyr would be ~14 times
higher than that from Tyr. This discrepancy is most likely due
to inaccuracies in the quantum chemistry calculations caused by
the use of a simplified molecular model that neglects the effects
of hydrogen bonding due to water solvation and peptide
interactions.

As discussed in section 1, a homodyne-detected signal is
produced by a FWM process in EVV 2DIR experiments;
therefore, the measured signal intensity is proportional to the
square of the number of peptides that contribute to the signal.
Thus, for the mixed-peptide samples at pH 5.6, the square root
of the signal intensity has been plotted against the percentage
of nTyr peptides for various Tyr and nTyr cross-peaks, and the
results are shown in Figure 3f. As expected, the signal intensity
of the Tyr cross-peak at 1600/3190 cm™" (Tyr4) decreases as
the percentage of nTyr peptide increases, whereas the nTyr
cross-peaks at 1540/3080, 1545/2900, and 1635/2980 cm™
(nTyr4, nTyr6, and nTyr10, respectively) show an increase in
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Figure 3. Experimental EVV 2DIR spectra for mixtures of the Tyr and nTyr heptamers at pH 5.6 containing (a) 0, (b) 25, (c) 50, (d) 7S, and (e)
100% of the neutral nTyr peptide. The Tyr cross-peak intensities decrease and the nTyr cross-peak intensities increase with an increasing percentage
of nTyr in the peptide mixture. (f) Given that the signal depends on the square of the number of molecules, the square root of the normalized cross-
peak intensity is plotted against the percentage of nTyr peptide. The linear regressions provide calibration curves from which the percentage of nTyr

in a sample can be determined from the normalized cross-peak intensity.

signal intensity. The solid lines represent linear regressions and
indicate a good linear correlation between the square root of
the signal intensity and the percentage of nTyr with R? values
between 0.973 and 0.995. From these linear regressions, the
ratio of intensities for a chosen nTyr peak with respect to a Tyr
peak can be interpolated at any percentage of nTyr. This
provides our calibration curve, such that the percentage of
nitration in a wide variety of samples can be uniquely
determined from a measurement of the relative intensities of
a pair of nTyr and Tyr cross-peaks in the EVV 2DIR spectrum.
In cases where the spectrum of a sample is particularly
congested, measuring the relative intensities of more than two
nTyr and Tyr peaks may be preferred.

For the 25% nTyr peptide mixture at pH 5.6 used in the
present work, the EVV 2DIR spectrum (Figure 3b) reveals that
two nTyr cross-peaks at 1540/2900 and 1540/3080 cm™ are
easily observable, indicating that the detection limit for tyrosine
nitration is well below 25%. A more accurate estimation can be
determined from the plot in Figure 3f by taking the difference
between the y-value for a data point and the y-value predicted
by the linear regression for a chosen nTyr cross-peak for both
the 0 and 25% nTyr peptide mixtures. The sum of these
differences, which indicates the uncertainty in the cross-peak
intensities, is converted to a percent nTyr value using the slope

of the linear regression. An average value for all three nTyr
peaks in Figure 3f provides a conservative estimate of ~12% as
the detection threshold level for tyrosine nitration. Even though
a sensitivity limit of ~12% may seem high, the potential for
substantial improvement only requires using a resonant Raman
probe step as mentioned in section 1. Furthermore, the
advantage of this technique is that it does not require any
background subtraction or deconvolution of the spectral
features, making data analysis unambiguous and prompt.
Spectra measured for the peptide mixtures at pH 9.1 for the
deprotonated state of nTyr are presented in Figure 4. The 50%
nTyr spectrum (Figure 4c) reveals that the nTyr peak at 1545/
3085 cm™' (nTyr'8) is more intense than the Tyr peak at
1600/3190 cm™' (Tyr4), indicating that the signal from
deprotonated nTyr is stronger than that from non-nitrated
Tyr. The relative intensities of the nTyr and Tyr cross-peaks in
the 25% nTyr spectrum are significantly higher for the
deprotonated sample (Figure 4b) than for the neutral sample
(Figure 3b); therefore, the detection sensitivity for Tyr
nitration is expected to be higher for the deprotonated nTyr
sample also. Furthermore, the measured R* values of greater
than 0.984 for all four of the nTyr cross-peaks (nTyr"1, nTyr 2,
nTyr 8, and nTyr9) indicate good linear correlation between
the square root of the signal intensity and the percentage of
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deprotonated nTyr. From the data presented in Figure 4f and
using the analysis described above for the pH 5.6 sample, we
initially estimate a lower limit of 3% tyrosine nitration for the
deprotonated state.

Spectra have also been measured for mixed-peptide samples
containing 10 and 5% of the deprotonated nTyr peptide at pH
9.1 and are presented in Figure Sa and b, respectively. Because
the relative intensities of the Tyr and nTyr peaks are so large at
such low percentages of nTyr, the data have been plotted over a
small frequency range so as to exclude the most intense Tyr
peaks. In the 10% nTyr spectrum, the nTyr peak at 1545/3085
em™" (nTyr8) is clearly visible, but in the 5% spectrum, this
peak is barely discernible above the signal from neighboring
features. The nTyr spectral signature is more clearly observed
in the line profiles shown in Figure Sc for the 10 and 5% nTyr
samples; these have been measured with the @,/27c frequency
fixed at 1545 cm™" on the center of the cross-peak, whereas the
@p/2mc frequency is varied across the peak. The peaks centered
at 3085 and 3132 cm™' are assigned to nTyr and Tyr,
respectively. The data presented in Figure Sc are the average of
at least three line profiles, each obtained using longer data

12862

acquisition times per point than for the spectra. Furthermore, a
step size of 2 cm™" has been used for the profile measurements
compared to S cm™' for the spectra, and a S-point smoothing
function has been applied. The consequence of using this
alternative method is that the nTyr'8 peak at 3085 cm™' is
clearly discernible above the underlying signal in the line
profiles for both the 10 and 5% samples.

The nTyr peak intensity values measured at 3085 cm™ in the
line profiles shown in Figure Sc were compared to the linear
regression in Figure 4f for the 1545/3085 cm™" peak (nTyr'8).
This analysis yielded nTyr percentage values of 11 and 6%,
which are in close agreement with the known values of 10 and
5% nTyr, respectively. On the basis of the low noise level
observed for the line profiles in Figure Sc, and the clear
separation observed between the profiles for the S and 0%
samples, we estimate a lower detection limit of 1% for
deprotonated nTyr, and we infer a lower detection limit of 4%
for neutral nTyr.

An advantage of using EVV 2DIR spectroscopy is that it can
also distinguish between the neutral and deprotonated states of
nTyr. Therefore, this technique can potentially be used to
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Figure S. Experimental EVV 2DIR spectra for peptide samples at pH
9.1 in which (a) 10 and (b) 5% of the Tyr residues are nitrated. A
weak nTyr 8 peak at 1545/3085 cm™" is observed in both spectra and
is indicated by a white circle. (c) Line profiles measured across EVV
2DIR spectral features using a fixed @,/27c frequency value of 1545
cm™ for 10, 5, and 0% nTyr samples at pH 9.1. The detection limit for
tyrosine nitration can be determined by interpolation and is estimated
to be 1%.

detect the level of tyrosine nitration in biological samples in
their native states and to determine the relative abundances of
the two protonation states, which will also provide an
indication of the sample pH. Finally, potentially significant
improvement in the sensitivity limit of EVV 2DIR can be had
by introducing a resonant Raman probe step using a UV
wavelength that is resonant with an electronic excitation level in
nTyr such that it selectively enhances the signal level from nTyr
residues. This could increase the signal level by several orders
of magnitude, which is anticipated to improve the detection
limit for nTyr to a value substantially lower than 1%.

3.4. Mass Spectrometry of Tyr/nTyr Peptide Mixtures.
For comparison with the EVV 2DIR quantification of tyrosine
nitration, relative quantification was also performed by liquid
chromatography-mass spectrometry (LC-MS). Small changes
in the peptide structures, such as replacement of Tyr with nTyr,
can result in significantly different signal intensities in LC-MS
depending on a number of physicochemical properties of the
peptides, the most important being their ionization efficiencies.
To allow for this, accurately prepared solutions of pure peptides
were used to generate a correction factor for relative
quantitative analysis of the mixtures. Signals for the 1+ and
2+ ions, and their respective adducts with sodium, were
observed in the spectra, and the sum of the areas of the peaks in
the extracted ion chromatograms (XICs) for all of these species
was used in the quantification (Figure 6). The nTyr peptide
signal was observed to be approximately 2.61-fold more intense
than that of the Tyr-containing peptide, and this factor was
used to correct for the relative intensities in the LC-MS profile
of the peptide mixtures.
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Figure 6. Section of the extracted ion chromatograms for peptide
mixtures containing 5 and 10% of the nTyr peptide. The Tyr-
containing peptide elutes at 20.8 min and nTyr-containing peptide at
26.6 min. Peaks appearing at the same retention times are for the 1+
charge states of the protonated and sodiated adducts. The relative
abundance of nTyr appears to be more than 10% due to the more
efficient ionization of the nTyr-containing peptide.

Quantitative mass spectrometric analysis of the peptide
mixtures based on extracted ion chromatograms gave ratios of
5.4 and 12.1% for the S and 10% mixtures, respectively. This is
in reasonably good agreement with the values of 6 and 11%,
respectively, obtained using EVV 2DIR spectroscopy. It is
interesting to note that the values obtained using both LC-MS
and EVV 2DIR are consistently higher than the “known” nTyr
values of S and 10%, which may indicate that these particular
peptide samples have a higher proportion of nTyr than
anticipated. This is highly plausible because of difficulties in
handling small volumes of nTyr peptide solutions that are
required for preparing low-percentage nTyr samples.

4. CONCLUSIONS

We have demonstrated the ability of EVV 2DIR spectroscopy
to identify tyrosine nitration in short peptide models and to
differentiate between the neutral and deprotonated states of
nTyr. Detailed characterization of the experimental spectra has
been carried out using the results of quantum chemistry
calculations and by comparison with simulated EVV 2DIR
spectra. Spectra have been measured for mixed-peptide samples
containing levels of tyrosine nitration down to 5%. Following
optimization of our data collection procedure, we were able to
deduce nitration levels of 6 and 11% for selected mixed-peptide
samples, which is in close agreement with the known values of
S and 10%, respectively. Mass spectrometry was used to
independently verify the level of nitration, yielding values of 5.4
and 12.1%. Interpolation of our EVV 2DIR line profiles
indicates that the detection limits for tyrosine nitration are 1
and 4% for the deprotonated and neutral states of nTyr,
respectively. We propose that this technique has the potential
to detect low levels of protein tyrosine nitration in biological
samples following the introduction of a resonant Raman probe
step to increase the detection sensitivity. In summary, EVV
2DIR spectroscopy is able to provide detailed spectroscopic
information on peptide side-chain modifications and to detect
tyrosine nitration levels down to 1%.
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Results obtained from quantum chemistry calculations are
provided for side-chain analogues of Tyr, neutral nTyr, and
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deprotonated nTyr. The calculated normal modes are assigned,
and the vibrational frequencies are compared with experimental
values determined from EVV 2DIR spectra of model peptides
(Tables S1, S2, and S3). This material is available free of charge
via the Internet at http://pubs.acs.org.
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