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ABSTRACT

Vibrational spectroscopy of protein structure often utilizes 3C!80-labeling of backbone carbonyls
to further increase structural resolution. Sidechains such as arginine, aspartate, and glutamate
absorb within the same spectral region, however, complicating the analysis of isotope-labeled
peaks. In this study, we report that the waiting time between pump and probe pulses in two-
dimensional infrared spectroscopy can be used to suppress sidechain modes in favor of backbone
amide I’ modes based on differences in vibrational lifetimes. Further, differences in the lifetimes
of 13C0-amide I’ modes can aid assignment of secondary structure for labeled residues. Using
model disordered and B-sheet peptides, it was determined that while B-sheets exhibit a longer
lifetime than disordered structures, while amide I’ modes in both secondary structures exhibit
longer lifetimes than sidechain modes. Overall, this work demonstrates that collecting 2D IR data
at delayed waiting times, based on differences in vibrational lifetime between modes, can be used

to effectively suppress interfering sidechain modes and further identify secondary structures.
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I. INTRODUCTION

Structure-dependent variations in the amide I’ vibrational frequency allow infrared spectroscopy
to serve as a powerful tool for protein characterization.?> Changes in the amide I’ frequency occur
as a result of vibrational coupling between individual backbone amides. Couplings vary strongly
between different structures, resulting in the amide I’ mode of strongly coupled parallel B-sheets
absorbing from ~1615 to 1630 cm™,3® while a-helices and disordered structures overlap heavily
between ~1640 to 1660 cm™.387 Ultrafast two-dimensional infrared (2D IR) spectroscopy
provides additional information about peptide structure and dynamics that is not available via
linear infrared techniques.®®® For example, analysis of 2D line shapes allows structural
heterogeneity and environmental interactions to be determined,®'® while the presence of
crosspeaks indicates the orientation and distance of different oscillators within a peptide.®®1° The
additional light-matter interactions present in 2D IR spectroscopy result in the signal strength
scaling with transition dipole strength (p) as |u|*, compared to |u/? as in linear IR.” The resulting
improvement in spectral resolution allows residue-specific structure to be observed through the
incorporation of 3C80-isotope labels into the backbone carbonyl of a residue, which causes an
~55 cm! redshift in the amide I’ frequency and spectrally isolates that residue from the rest of the
protein.®>11-14 Sych labeling schemes have previously been utilized to monitor amyloid
aggregation pathways,>** identify structural differences in B-sheet-rich peptides,>!!'? and
observe changes in a-helical structure.” 181" While separated from the bulk amide I’ backbone
signal, the 1*C*®0-labeled mode can overlap with amino acid sidechain modes,”*3-2° with the most
prominent being arginine (Arg, 1585-1610 cm™), aspartate (Asp, 1550-1590 cm™), and glutamate
(Glu, 1550-1590 cmt).%18 Spectral crowding in proteins containing these residues complicates the
assignment of 3C'®0-modes to specific secondary structures and requires the use of different
strategies to remove interfering signals. Most often, researchers have turned to mutation, replacing
IR-active sidechains with other residues. For example, this approach was used to examine the
hydration of residues lining the transmembrane pore of the M2 proton channel of the influenza A
virus, where two Asp residues were mutated to asparagine (Asn) to prevent overlap with 3C*0O-
isotope signals.t®? However, such mutations can alter native protein structure and function; in the
case of M2, Asn substitution increased the overall conduction of the channel, as well as the
activation and conduction pK, values.'®2° A less perturbative approach would be isotope label IR-
active sidechains in order to shift their vibrational frequencies away from the amide I’ region.
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While sidechain labeling has been demonstrated successfully in a limited number of studies,?+?
this approach is often impractical as sidechain labels are typically more expensive and challenging
to synthesize than backbone labels. Recent work in our group has shown that ratios of integrated
peak areas can be used to make comparisons between multiple labeled and unlabeled variants of
the same peptide to separate isotope signals from the sidechains, but this requires the use of
multiple samples to make such comparisons.” Here, we demonstrate that differences in vibrational
lifetimes between the sidechain and amide I’ modes can be used to distinguish between the
overlapping signals.

Traditionally, ultrafast pump-probe spectroscopy has been utilized to characterize vibrational
lifetimes and population relaxation.?*?* However, pump-probe spectra can suffer from spectral
congestion, particularly for macromolecules such as proteins. Crosspeaks, which arise from
vibrational coupling and energy transfer between modes, contribute to 1D spectra but are not easy
to resolve and further complicate lifetime analysis (Fig. S1).2° By instead utilizing 2D IR
spectroscopy, which inherently has improved spectral resolution, and plotting the spectra over a
second frequency dimension, which shifts the crosspeaks off the diagonal, better peak separation
can be achieved.?® Analogous to traditional pump-probe, the time delay between the second pump
pulse and the probe pulse can be scanned in 2D IR spectroscopy to determine how the system
evolves during the waiting time.?” These waiting time studies provide additional information on
molecular dynamics; for example, the formation of crosspeaks between different modes can be
used to determine vibrational energy transfer during population relaxation.?#26-2¢ Another common
use of waiting studies is characterizing solvent exposure of residues within channel proteins and
within amyloid fibrils.?®2%2% Previous work by Middleton and coworkers characterized the impact
of hydration on the lifetime of amide I’ modes in human islet amyloid polypeptide (hIAPP).?” The
random coil and B-sheet modes were shown to have different vibrational lifetimes, with the
disordered modes decaying more quickly as the waiting time was increased. Similar behavior was
observed for 1*C'80-labeled residues with labels in less structured regions of the fibrils showing
faster signal decay. For both the native and labeled modes, differences in lifetime were attributed
to both increased structural disorder and higher solvent exposure for the disordered regions when
compared to the B-sheets.?” The ability to suppress the broad absorption of disordered structures
via waiting times was noted as an important development that could allow further distinction

between overlapping features, such as disordered and a-helical modes.?” More recent work from
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the Cho and Hunt groups varied waiting times to suppress signal from water to study protein
dynamics in more native environments, such as blood serum, without the need for deuterated
solvents.332 The differences in lifetimes between Sh-0-4 water mode and amide | mode, as well
as the signal enhancement provided by |u* scaling in 2D IR, allows the amide signal to dominate

when 2D IR spectra were collected with a 250 fs delay between the pump and probe pulses.3%3!

In this work, we demonstrate that the waiting time delay in 2D IR spectroscopy can also be used
to suppress sidechain features and reveal underlying isotope-labeled amide I’ modes. Using two
model peptides, we determine differences in vibrational lifetimes between vibrational modes
arising from amino acid sidechains and both native and 3C*80-labeled backbone carbonyls. First,
we demonstrate the suppression of a strong Asp mode that fully obscures the **C*20-labeled amide
mode in a model a-helical peptide (MAHP, DPAEAAKAAAGR-NH>) that we have studied
previously.” In that work, MAHP was shown to be primarily disordered at low pH and partially
helical at high pH, with high helicity only being achieved after the introduction of a
trifluoroethanol cosolvent. As the pH was increased, however, a strong Asp mode appeared at
~1580 cm™, overlapping heavily with isotope-labeled modes.” For this study, we focus on the
suppression of the Asp mode via 2D IR waiting times. Changes in solvent polarity are known to
affect vibrational lifetimes,?®? so no cosolvents are added to increase helicity, leaving MAHP in
a partially disordered state. However, the acronym MAHP is still used for consistency between the
studies. Two isotope-labeled variants are utilized in this study, one with a single label at alanine-5
(A5) and one with double labels at alanine-5 and alanine-8 (A5A8). We demonstrate that the
13C180 amide I’ peak in ASA8 has a longer lifetime than in A5, which we attribute to coupling
between the paired labels that is not present in the singly labeled peptide.” Both the coupled and
uncoupled isotope labels exhibit a longer lifetime than the Asp sidechain modes, however, enabling
waiting times to be used to suppress unwanted sidechain features while retaining labeled amide I’
modes needed to resolve structure at the residue level. Second, we use human islet amyloid
polypeptide (hIAPP), an amyloidogenic peptide associated with type Il diabetes, as a model -
sheet. Again, two isotope-labeled variants are studied: valine-17 (\V17), which participates in the
extended B-sheet structure of hIAPP fibrils, and phenylalanine-23 (F23), which remains disordered
within the fibrils. Again, we observe clear suppression of overlapping sidechain modes, in this

case Arg. Further, labels within more ordered B-sheets display longer lifetimes than those found in
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partially helical or disordered structures, allowing us to distinguish secondary structure for

individual residues.
I1. MATERIALS AND METHODS
Materials

All reagents were used as purchased, with the exception of modifications made to 1-*C-alanine,
1-13C-phenylalanine, and 1-*3C-valine described in detail in the preparation of Fmoc-*C*®0-labled
amino acids. Acetic anhydride, acetone, acetonitrile, diethyl ether, dimethylformamide (DMF),
hydrochloric acid (HCI, 12.1 N), methanol, 4-nitrobenzyaldehyde (4NBA), potassium bisulfate
(KHSOQg4), and sodium bicarbonate (NaHCO3) were purchased from Fisher Scientific (Pittsburg,
PA, USA). Anisole, thioanisole, 1,2-ethanedithiol, and sodium deuteroxide (NaOD, 30 wt. %) were
purchased from Acros Organics (Geel, Antwerp, Belgium). Oxyma, Rink Amide ProTide resins,
and Fmoc-protected amino acids were purchased from CEM (Matthews, NC, USA). N-(9-
Fluorenylmethoxycarbonyloxy)succinimide (Fmoc-Osu), N-methyl-2-pyrrolidinone, and N,N’-
diisopropylcarbodiimide, were purchased from Oakwood Chemical (Estill, SC, USA). 1-3C-L-
alanine (99% enriched), 1-*C-L-phenylalanine (99% enriched), and 1-13C-L-valine (99%
enriched) and 80-H,0 (98% enriched) were purchased from Cambridge Isotope Laboratories
(Tewksbury, MA, USA). N-methylacetamide (NMA) and piperazine were purchased from Alfa
Aesar (Ward Hill, MA, USA). All other reagents were purchased from Millipore Sigma
(Burlington, MA, USA).

Preparation of Fmoc-*C*80 -labeled amino acids

Detailed methods for *C!800 isotope labeling have been previously published.!**> Fmoc-
protection of commercial *3C-labeled amino acids was achieved using a 1:1:1 ratio of the amino
acid, Fmoc-Osu, and NaHCO3 in a 50:50 water:acetone mixture. The mixture was stirred at room
temperature for 24 hours, then quenched using 2 M KHSO4 to lower the pH to 2 and precipitate
the product. The precipitate was vacuum filtered and washed with ice-cold water to remove any
salt. Four washes were performed, and the product was lyophilized between washes to remove any
excess water. Subsequently, an acid-catalyzed ®O-isotope exchange was utilized to produce
13C18080-labeled amino acids. These reactions were performed by dissolving 1 g Fmoc-t3C-

amino acid and 1 g *30H; in 8 mL dioxane and 4 mL 4 M HCI in dioxane and refluxed under inert
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conditions at 150 °C for four hours. The reaction mixture was lyophilized to isolate the product.
The reaction was performed two additional times to achieve greater than 90% labeling efficiency,
as confirmed via electrospray ionization mass spectroscopy (ESI-MS, Orbitrap XL Penn,
Thermofisher, WA, USA). The final product was purified by diethyl ether extraction to remove

any remaining salt.®
Peptide synthesis and purification

Detailed methods for synthesis and cleavage of hIAPP!® and MAHP’ have been described
previously and were performed with slight modifications to the MAHP cleavage protocol and the
hIAPP purification method. Briefly, both peptides were synthesized with a Liberty Blue
microwave peptide synthesizer (CEM, Matthews, NC, USA) using standard Fmoc solid-phase
peptide synthesis (SPPS) with Rink Amide ProTide resin to produce an amidated C-terminus for
both peptides and pseudoprolines to prevent aggregation for hIAPP.33 A cleavage cocktail of 90%
trifluoroacetic acid, 5% 1,2-ethanedithiol, 2.5% anisole, and 2.5% thioanisole was used to cleave
the peptides from the resin. After stirring at room temperature for 2.5 hours, the mixture was
filtered directly into ice-cold diethyl ether to remove the resin and precipitate the peptides. The
peptides were centrifuged at 5000 rpm for five minutes and the supernatant decanted to remove
remaining organics. The washing process was repeated two additional times with fresh diethyl
ether. Prior to purification, the solubility of hIAPP was increased by dissolving it in 20% acetic
acid (5 mg/mL) and then lyophilizing to remove the solvent.®® The peptide was dissolved in
dimethyl sulfoxide (DMSO) at 2.5 mg/mL and allowed to sit at room temperature for 48 hours to
promote a disulfide bond between Cys2 and Cys7. Finally, hlAPP was diluted to 1.25 mg/mL using
water. MAHP was dissolved in water at 2 mg/mL. Both peptides were purified using reverse phase
high-performance liquid chromatography (HPLC, Ultimate 3000, ThermoFisher, Waltham, MA,
USA). A binary gradient was utilized, with 100% water with 0.045% HCI (solvent A) and 90%
acetonitrile with 10% water and 0.045% HCI (solvent B). For hlAPP, the gradient was varied from
30 to 45% B over the course of 15 minutes while UV absorbance was monitored at 215 and 280
nm; h1APP eluted at approximately 11 minutes. For MAHP, the gradient was varied from 0 to 40%
B over the course of 20 minutes while UV absorbance was monitored at 215 nm; MAHP eluted at
approximately 11 minutes. The purified peptides were characterized using ESI-MS. Isotope
labeled peptides (single-labeled V17 and F23 h1APP, single-labeled A5 MAHP, and double-labeled

https://doi.org/10.26434/chemrxiv-2024-7mtkm ORCID: https://orcid.org/0000-0001-8486-0371 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-7mtkm
https://orcid.org/0000-0001-8486-0371
https://creativecommons.org/licenses/by-nc-nd/4.0/

A5A8 MAHP ) were prepared in the same manner, but with the appropriate 3C*®00 amino acids

substituted within the synthesis protocol.
2D IR Sample preparation

Approximately 1 mM stocks of hIAPP were prepared in deuterated 1,1,1,3,3,3-hexafluoro-2-
propanol (dHFIP). The stock solutions were sonicated then allowed to sit at room temperature
overnight to fully disaggregate the fibrils. Stock solutions of MAHP were prepared in D-O at
approximately 10 mM. Precise concentrations were determined using a NanoDrop One® Micro-
UV/Visible spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). Individual
samples of hIAPP were prepared for 2D IR by lyophilizing an aliquot of stock solution and
dissolved in 20 mM deuterated Tris buffer (pH ~7.6) at a final concentration of 1 mM. Individual
samples of MAHP were prepared for 2D IR by diluting to 5 mM in D.O. Due to purification
conditions, MAHP in D20 is typically acidic (pH 3), which was confirmed prior to all 2D IR
experiments. For high pH samples, NaOD was used to adjust to pH 10. For validation studies, 120
mM NMA was prepared in D>O. Samples were deposited between two CaF, windows (Crystan,
Poole, Dorset, UK) with 50 um Teflon spacers. Each hIAPP sample was allowed to aggregate for

a minimum of 2 hours to ensure the formation of amyloid fibrils.
2D IR measurements

Comprehensive methods for 2D IR data collection and processing have been described
previously.!>* 800 nm pulses (7 W, 1 kHz, 60 fs) were generated using a single box ultrafast
amplifier (Solstice, SpectraPhysics, Milpitas, CA, USA). Half of the output was used to generate
mid-IR light (6150 nm, 25 mW, 1 kHz, <100 fs) via an optical parametric amplifier with difference
frequency generation (TOPAS-Prime, SpectraPhysics, Milpitas, CA, USA). The mid-IR beam was
steered into a 2D IR spectrometer (2DQuick IR, PhaseTech Spectroscopy, Madison, WI, USA) and
split into pump and probe beams. The polarization of the pump beam was rotated by the magic
angle (54.7°) relative to the probe in order to eliminate rotational contributions to the 2D IR
spectral dynamics. The signal was dispersed by a monochromator (Princeton Instruments, Trinton,
NJ, USA) onto a mercury cadmium telluride focal-plane array detector (PhaseTech Spectroscopy,
Madison, WI, USA). The delay time between pump and probe pulses (T2) was varied from 0 to
4363 fs, with the step size increasing exponentially from 200 fs. PhaseTech QuickControl software

was used to collect data and all data was processed using custom MATLAB scripts. 4ANBA was
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utilized as a calibration standard. For hIAPP, 10 scans were taken at each delay time. For MAHP,
a minimum of 10 scans were taken at early delay times and the number of scans was increased to
a minimum of 25 scans for delay times greater than 2000 fs. Three replicates were taken for each
sample. To determine the lifetimes using 2D IR spectra, the diagonal was set through the center of
the fundamental (v=0—1) peak for the 0 fs delay and the highest intensity frequency was selected.
The intensity at this frequency was obtained for all subsequent delay times and plotted as a function
of waiting time, T> (Fig. S2). The data for each replicate was fit to a biexponential decay,
comprising time constants t; and t, and corresponding amplitudes a; and a,, with a constant

baseline offset (y,), as shown in Equation 1.2328

A=7y,+a,e /™1 4 q,e T2/ (1)

1. RESULTS AND DISCUSSION

The first peptide studied was MAHP. In a previous study, we showed that MAHP can shift from a
disordered structure to a partially a-helical structure as pH is increased from pH 3-10.” At pH 3,
unlabeled MAHP (UL MAHP) displays a pair of peaks at ~1650 cm™, corresponding to a primarily
disordered structure. A slight redshift to 1645 cm™ is observed at pH 10, which can be attributed
to the formation of a partial a-helix (~1 turn) (Fig. 1A and Fig. S3A). Greater helicity can be
achieved through the addition of a cosolvent such as 2,2,2-trifluoroethanol,” but changing solvent
composition can impact the lifetime of amide I’ modes.? Thus, no cosolvent was used in this study

to enable direct comparison between samples.

While MAHP is mostly disordered at both low and high pH, increasing the pH dramatically
impacts the appearance of sidechain peaks. MAHP contains three IR active sidechain modes: Arg,
Asp, and Glu. At low pH, an Arg C=NH, mode appears between 1600 to 1610 cm™ (Fig. S3A).
This mode would overlap with 3C-labeled modes, if they were being used, but does not interfere
with the *C*80 modes that are of interest in this study, regardless of the pH conditions. However,
as pH is increased to induce changes in the secondary structure, the deprotonation of Asp and Glu
sidechains generates a peak at 1560 to 1590 cm™ (Fig. 1A), which overlaps the spectral window
over which *C*®0-labeled amide I’ peaks appear. This can be seen by comparing spectra of UL
MAHP at pH 10 (Fig. 1A) to spectra of MAHP at pH 3 with labels at A5 (Fig. 1D) and A5A8 (Fig.
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1G). For both A5 and A5A8 at low pH, peaks corresponding solely to the 3C*80-labels occur
between 1580-1585 cm™. The single 3C*0-backbone label in A5 differs in energy from the UL
backbone modes sufficiently enough that it does not experience vibrational coupling. However,
the paired labels in A5A8 allow for coupling between those two residues. Our previous study
showed that MAHP forms a helical turn between these residues first when folding, so some weak
coupling between the modes is expected due to transient helices even in the primarily disordered
low pH condition.” The use of dual labels and the effects of vibrational delocalization due to
coupling lead to A5A8 consistently exhibiting a more intense isotope peak than A5. Yet, at high
pH conditions and a 0 fs T delay, the Asp/Glu sidechain peaks are more intense than the isotope
labeled peaks in either A5 or ASAS8.

When T is set to 426 fs, crosspeaks between the sidechain and UL backbones become more
distinct at both low and high pH (Fig. 1B). At low pH, crosspeaks are observed between the UL
backbone mode and the higher frequency Arg mode (Fig. S3B) and persist as the waiting time is
increased to 681.4 fs, although the overall signal to noise ratio decreases at longer waiting times
(Fig. S3C). At high pH, a new set of crosspeaks between the lower frequency Asp/Glu modes and
the UL backbone also becomes apparent (Fig. 1B). The formation and evolution of crosspeaks as
a function of waiting time has previously been observed for a small labeled peptide, where
crosspeak intensity increased as the waiting time increased due to vibrational energy transfer
between coupled modes.?* The UL MAHP spectra suggest that the UL backbone amide I’ modes
are coupled to both the higher frequency Arg modes as well as the lower frequency Asp and Glu
modes, depending on the pH. However, as the waiting times increase from 426 fs to 681.4 fs for
UL MAHP at high pH, the lower frequency sidechain diagonal peaks as their corresponding
crosspeaks weaken considerably compared to the UL amide I’ diagonal peaks (Fig. 1B,C).
Similarly, for UL MAHP at low pH the diagonal peaks resulting from Arg are largely gone by
681.4 fs, but the crosspeak with the backbone remains, suggesting that there is continued

vibrational energy transfer between the modes.
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Figure 1: 2D IR spectra of (A-C) UL MAHP at high pH, (D-F) A5 MAHP at low pH, and (G-1)
A5A8 MAHP at low pH with waiting times of 0, 426, and 681.4 fs, demonstrating the differences
in signal between sidechain and *3C*80-label modes.

For the isotope-labeled A5 and A5A8 samples at low pH (Fig. 1E,H), crosspeaks begin to form
between the UL backbone and both the Arg and *C'0 modes as waiting time increases. The
isotope peak for A5 also begins to form a crosspeak with the Arg mode (Fig. 1E,F), potentially
indicating vibrational energy transfer between the Arg sidechain modes and **C*®0 mode. There
appears to be the beginning of the formation of a crosspeak between the Arg and *3C*®0 modes for
the ASAS8 isotope peak (Fig. 1H,1), but it is less pronounced than A5. For the isotope-labeled A5
and A5A8 samples at high pH, the isotope label peaks overlap significantly with the Asp/Glu
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sidechain modes (Fig. S3E,F,H,I). However, signal in this region persists longer in the labeled
samples than in UL MAHP at high pH, clearly visible even at 681.4 fs. We attribute this longer-
lived signal to the *3C'®O-labeled amide I’ modes, which suggests that there is an inherent

difference in vibrational lifetime between modes arising from proteins backbone versus sidechains.

To further quantify the differences in

sample were collected at waiting times

<t | ® Backbone

lifetimes for the sidechain and backbone ' | adadliuis )
L ® A5 isotope

modes, additional 2D IR spectra of each \ | ® Side chains

ranging from O to 4363 fs. Frequencies

Normalized Intensity
0.5

were selected based on the diagonal trace

from waiting time O fs for each peptide and

00

the intensity at that frequency versus 0 2000
Waiting Time (fs)

waiting time was fit to Equation 1. Once fit,

Figure 2: Representative traces of intensity

there is a clear qualitative difference
between the normalized decay curves (Fig.
2). The rapid decay of the sidechain signal
(green) can be seen within the first 200 fs.

The unlabeled backbone (blue) and doubly

versus waiting time for UL MAHP backbone
(blue), A5A8 isotope label (orange), A5 isotope
label (purple), and sidechain (green) modes.
Experimental data (filled circles) was fit to a
biexponential decay (Eg. 1, lines) and normalized
to highlight the faster decay of the sidechain
signal compared to isotope signal. The grey box

indicates the waiting time period during which
sidechain signal approaches zero, but isotope
label signal persists.

singly labeled A5 backbone (orange) signal falls somewhere in the middle. The region highlighted

labeled AS5A8 backbone (purple) signals

decay more slowly, while the decay of the

in gray indicates waiting times during which the sidechain signal has almost fully decayed, but
both native and *C*®0-labeled amide I’ signals remain. This supports our observations in the 2D
IR spectra obtained at 681.4 fs (Fig. 1C,F,1), where the peaks arising from isotope modes are still
clearly distinguishable while the sidechain modes have become indistinguishable from the
background noise. By collecting 2D IR spectra at waiting times within the shaded region, isotope
labels can easily be differentiated from overlapping sidechains and analyzed without the need for
sidechain mutation, although proper quantification of the relative vibrational lifetimes can help

establish the optimal time delay.
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The vibrational decay for each peptide was fit to a biexponential decay (Eg. 1) comprising a fast
component (z7,) on the time scale of 200-500 fs and slow component (z,) of 0.5-1.9 ps. For
comparison, we also fit waiting time data extracted from 2D IR spectra of NMA, a common model
of a single, localized amide bond. The biexponential fit yielded a t; of 247 + 12 fs and a 7, of
1743 + 401 fs, which agree with the literature.?>2628 Similarly, the values obtained for both native
and labeled amide I’ modes agree with results by Hamm and coworkers, who studied peptides with
a variety of secondary structures.?® They attributed the slow component to vibrational population
relaxation and the fast component to the dephasing of the initial vibrational state following
excitation by the pump.? Pure dephasing is often attributed to changes in the environment.® In
this work, variations between different secondary structures were seen in both lifetime
components, suggesting that dephasing and population relaxation differ between the modes
studied. Notably, while all backbone modes exhibited a t, value of 1.0 ps or higher, the Asp/Glu
sidechain modes displayed a much shorter second component of 449 + 36 fs. However, for each
mode studied, the faster component contributed more strongly to the overall fit, as indicated by
their relative amplitudes, suggesting that 7; dominates the 2D IR signal decay. For this reason, our
discussion will focus on t,(Table 1) as route towards distinguishing and suppressing side chain
modes while maintaining useful 2D IR signal, although all fitting parameters are summarized in
Table S1.

The unlabeled backbone mode of MAHP

Table 1: 7, fit parameters for magic angle 2D IR

was analyzed at both low and high pH | measurements
- Conditions | 11 (fs)

conditions. pH was found to have a NMA 247 + 12
negligible impact on the lifetime of the | MAHP backbone High/low pH | 375+ 19
unlabeled amide 1’ backbone mode of |ASP/Glu sidechains | High pH 206 £ 8

ABAS labels Low pH 324 +£5
MAHP as the peptide remained primarily | A5 |abel Low pH 275 + 3
disordered at both conditions, yieldingan | NAPP backbone 500 £ 25

V17 label 343+12

average lifetime of 375 + 19 fs across
both conditions. The introduction of isotope labels also did not impact the lifetime of the unlabeled
amide I’ mode. To isolate the lifetimes of the 3C!80-labels from the overlapping Asp and Glu
modes at high pH, the lifetimes of A5 and A5A8 isotope modes at low pH were compared to UL
MAHP sidechain modes at high pH. The single 3C*0-isotope in A5 displays a lifetime of 275 +
3 fs, while the double labels in ASA8 have a longer lifetime 324 £ 5 fs. At high pH, the Asp and
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Glu peaks exhibit a lifetime of 206 £ 8 fs, which is much shorter than the lifetimes of both the UL
and labeled amide I’ backbone modes. Previous studies have attributed differences in amide I’
lifetime to solvation effects, with the backbone modes of solvent exposed residues exhibiting
shorter lifetimes.?” Additionally, different vibrational modes inherently display unique vibrational
lifetimes; novel vibrational probes often introduce heavy atoms that interrupt intramolecular
relaxation pathways in order to extend vibrational lifetimes and study longer timescale
dynamics.®*-38 Changes in solvation and mass could both contribute to the observed differences in
the lifetimes between the sidechain and backbone modes. However, there are also differences in
the t,components for the UL, A5, and ASA8 amide I’ modes that cannot be explained simply by
differences in solvation or chemical bonding. Due to the mostly disordered structure of MAHP, all
backbone amides should experience a similar degree of solvation, resulting in similar lifetimes for
the UL and labeled modes. One possibility is that the differences in t; must arise from small
differences in vibrational coupling. The single label in A5 is unable to effectively couple with any
unlabeled amide I’ modes due to the energy difference, resulting in its *C*®0 mode having shortest
lifetime of any backbone mode. As previously discussed, there is likely at least a small amount of
transient helical structures at low pH that allows for coupling between the different backbone
modes. Thus, the paired isotope labels in ASA8 may experience weak coupling due to partial helix
formation at the center of the peptide sequence. The UL backbone mode, however, exhibits the
longest lifetimes as the many identical unlabeled amide I’ modes can experience nearest neighbor

couplings between adjacent residues, even in disordered structures.*

To further examine the influence of coupling and
secondary structure on lifetimes, hlIAPP was
F23 | utilized as a model B-sheet peptide due to its

J’ propensity to form well-ordered amyloid fibrils
that should experience a high degree of

coupling.*® Middleton and coworkers previously

Figure 3: Structural modal of h1APP fibrils
derived from ssNMR,*° with residues V17 | collected 2D IR spectra of hIAPP at waiting

and F23 highlighted in orange and purple, | imaq of 0, 500, and 1000 fs and compared the
respectively.

relative change in intensity for peaks
representing different regions of secondary structure.?” They concluded that increased hydration

of disordered regions led to shorter amide I’ lifetimes, while more ordered, and thus solvent-
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protected, residues have longer lifetimes. Here, we isotope labeled two residues within hIAPP (Fig.
3) to quantify their vibrational lifetimes relative to overlapping sidechain modes. hIAPP aggregates
always exhibit a strong peak pair at ~1620 cm™, which arise from highly ordered, extended B-
sheets within the amyloid fibrils (Fig. 4). Due to the presence of the disordered N-terminus and
partially disordered loop structure, some absorption remains within the disordered region at ~1650
cm™ in each peptide. For UL hIAPP, there is a small shoulder to the red of the B-sheet peak,
centered at ~1595 (Fig 4A). As UL hIAPP has no *C*0 label, we attribute this shoulder to the
C=NH; mode from Arg sidechains.'® Of the two labeled residues, F23 falls within a partially
disordered loop in hIAPP fibrils while V17 falls within a highly ordered B-strand (Fig. 3). Thus,
their amide I’ modes should experience different coupling based on their positions within the fibril,
with V17 being more strongly coupled than F23. At a waiting time of 0 fs, the F23 *C'80-amide
I’ backbone mode appears as a weak shoulder at 1593 cm™ (Fig. 4D), indicating minimal coupling
to other residues. Due to significant overlap with the Arg mode, spectra from V17 and UL h1APP
are nearly identical at 0 fs. The V17 mode is red-shifted to 1583 cm™ due to stronger coupling
within the B-sheet and is well separated from the Arg sidechain mode, although it would overlap
with the signatures from Asp/Glu, as observed in MAHP, if they were present.

As the waiting time is increased, crosspeaks begin to form between the p-sheet and disordered
peaks within UL hIAPP (Fig. 4B), indicating energy transfer between the amide I’ modes arising
from each structural region. The low-frequency shoulder due to the Arg sidechain decreases in
intensity by 426 fs, but crosspeaks with the UL B-sheet peak become more apparent (Fig. 4B). By
970 fs, the Arg sidechain peaks are no longer visible, but its well-defined crosspeaks persist (Fig.
4C). The disappearance of sidechain modes with persistent crosspeaks matches behavior observed
in UL MAHP, but occurs at a longer waiting time, likely due to the increased lifetime of p-sheet
structures, which will be further discussed below. As the waiting time is increased to 426 fs, the
F23 peak becomes more apparent (Fig. 4E), with greater intensity remaining around 1593 cm™
than observed for the Arg peak in UL hl1APP at the same waiting time. Much like the A5 label in
MAHP, F23 appears to have a slightly longer lifetime than the sidechain mode despite being
existing in a disordered region of the peptide backbone, likely due to inherent differences in
lifetime between amide I’ modes and C=NH, modes. By 970 fs, the F23 peak is no longer visible

(Fig. 4F). The intensity of the V17 isotope peak decreases more slowly as waiting time increases,
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with the peak pair is still clearly visible at both 426 fs (Fig. 4H) and 970 fs (Fig. 41), suggestion it
has a longer lifetime than either the uncoupled F23 label or the Arg sidechain.

UL hIAPP F23 hIAPP V17 hIAPP

1650

S0

1600

1650
S} 9g¥

Pump Frequency (cm™)
1600

o
o
2
N
2
1=}
=}
R

1650
S} 0.6

1600

1600 1650 1600 1650 1600 1650
Probe Frequency (cm™)

Figure 4: 2D IR spectra of (A-C) UL hIAPP, (D-F) F23 hIAPP, and (G-1) V17 hIAPP with waiting
times of 0, 426, and 970 fs.

To quantify the differences in lifetime, the time dependence of the hIAPP UL B-sheet and V17
isotope peak intensities were fit to the same biexponential decay (Eq. 1) as used for MAHP. As
with MAHP, we will focus on the faster decay component (Table 1) as it has a larger impact on the
2D IR signals observed. Example fits and all fit parameters are shown in Fig. S4 and Table S1,
respectively. The unlabeled -sheet mode displayed a lifetime of 500 * 25 fs, while the V17 isotope
label displayed a lifetime of 343 + 12 fs. The highly coupled and ordered nature of the -sheets, as
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well as reduced hydration, likely contribute to the longer lifetime of the UL backbone mode in
hIAPP compared to MAHP. Like MAHP, the V17 isotope label displayed a shorter lifetime than
the bulk peptide; however, the V17 label does have a slightly longer lifetime than either the A5 or
A5AB8 labeled modes, most likely due to its more ordered secondary structure. Unfortunately, the
F23 peak could not be isolated effectively from the Arg sidechain peak, and interference from the
overlapping crosspeak between the UL backbone and Arg modes that grew in at longer delays
further complicated attempts at fitting the time-dependence of F23 signals. Instead, the decrease
in signal intensity at 426 fs relative to 0 fs can be used to compare the V17 and F23 isotopes. In
the F23 sample, the 1595 cm™ intensity decreased to 21% of the original intensity, while a decrease
of 11% was observed at the same frequency in the UL hIAPP sample. As UL hIAPP only has
contributions from the Arg sidechains in this region while F23 hIAPP has contributions from both
the labeled amide I’ and the Arg modes the longer-lived signal in F23 can thus be attributed to the
isotope label. In comparison, the V17 peak only decreased to 41% of its original intensity at the
same waiting time. F23 is less coupled and most likely experiences higher solvent exposure than
V17 in the amyloid fibrils, explaining the shorter vibrational lifetime. Overall, these results suggest
that secondary structure impacts the lifetime of individual isotope labeled residues, in agreement
with previous results on hIAPP,?” and that the *3C!80 amide I’ modes appear to have inherently

longer lifetimes than the sidechain modes that typically interfere with their analysis.
IV. CONCLUSIONS

In this study we have demonstrated that implementing waiting time studies in 2D IR spectroscopy
is a powerful approach for differentiating and even suppressing overlapping vibrational modes on
the basis of lifetimes. An inherent strength of 2D IR spectroscopy is that it naturally facilitates
analysis of modes that are typically not well-defined in pump-probe experiments due to
overlapping peaks, crosspeaks, and overtone transitions. Intensity profiles obtained from slices
along the 2D IR diagonal fit well to a biexponential function, agreeing with pump-probe
experiments. The faster lifetime component, related to dephasing of the vibrational modes, is more
prevalent than the slower population relaxation component. As a result, the faster component can
be used to differentiate between overlapping features arising from *C!80-labeled amide I’ modes
and various sidechain modes absorbing below 1600 cm™. We attribute the differences in lifetimes
to both differences in solvation and coupling. The unlabeled backbones of MAHP and hlAPP
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exhibited the longest lifetimes of all the modes studied, but the 1620 cm™ mode of hIAPP, which
arises from highly ordered and strongly coupled B-sheets, is noticeably longer lived at 500 fs than
the 375 fs lifetime of the 1650 cm™ mode of MAHP, which arise from primarily disordered
structures. Each of the isotope-labeled amide I’ modes in MAHP and hIAPP displayed shorter
lifetimes than the unlabeled amide I’ modes, which we attribute to reduced coupling in those modes
when compared to the bulk unlabeled modes. This is supported by the differences in lifetimes for
the A5 and A5A8 MAHP isotope labels as the double-labeled A5A8 isotope peak demonstrates a
longer lifetime than the single A5 isotope peak even though the local environment is unchanged.
Qualitatively, V17 isotope label, which falls within a highly ordered B-sheet of hIAPP, exhibits a
smaller decrease in signal intensity than the disordered F23 isotope label at longer waiting times.
It was not possible to fit the F23 intensity profile to a biexponential decay due to significant
spectral overlap from a crosspeak that grows in between an Arg sidechain and the unlabeled
backbone at longer delay times. For a more rigorous quantification of the congested spectral
regions, advanced fitting protocols such as lifetime density analysis or the generation of lifetime
amplitude spectra could be utilized.*!*? Regardless, this study has established a waiting time
window in which the signal from interfering sidechain modes decays to baseline, but isotope label
modes in the same region still have appreciable signal. Therefore, waiting times between ~600-
1000 fs can be used to suppress unwanted sidechain signal while still allowing for the identification
of backbone and labeled modes. This alleviates the need for point mutations, allowing for the study
of native proteins, or for additional isotope labeling to shift sidechain modes into a different

spectral window.
SUPPLEMENTARY MATERIALS

Supplementary materials include a table of all fitting parameters, raw pump-probe data for NMA
and UL h1APP, an example of an NMA biexponential fit, hIAPP biexponential fits, and additional
2D IR spectra of UL, A5, and ASA8 MAHP.
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