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Chapter 1. Introduction

1.1 Overview

This dissertation will outline how nonlinear vibrational spectroscopy in combination with
isotopic labeling can reveal detailed structural and dynamic information within proteins. In
particular, my graduate research has focused on characterihielicalstructures, which are one
of the most common secondary structures peptides and proteins adopt. | have empleyed two
dimensional infrared (2D IR) spectroscopy with isotopic probes to examine a series ofamodel
helical peptides and proteins, which revealethiledinsights regarding their local structure and
dynamics through vibrational coupling interactions. This first chapter will establish a foundational
understanding of proteins, including their chemical compositions and how they fold into larger
assembeés thatimpart specific functions involvedin nearly every biological process. Additionally,
this chapter will describe the fundamentals of 2D IR spectroscopy and isotope labeling methods,
and how these techniques provide a powerful toolset to charagieoitein structure and folding.
Together, these experimental methods enabled us to extract novel information within model

polypeptide systems, which improves our understanding of protein structure, folding, and function.

1.2 Introduction

Proteinsarelarg bi omol ecul es that play vital rol e:s
are proteins that catalyze biochemical reactions, including digestion and muscle contractions,
which would otherwise not occur on timescales fast enough to suppé# 8ieme proteins aid in
transportéon, moving nutrients throughoutthe body andions across memlF&Ddser proteins
have passive roles, such as providing structural networks for connective fgsitiasugh

proteins are tsucturally and functionally diverse, their chemical makeup is relatively simple.

1



Proteins are biological polymers comprised of linear chains of covalkmitlyd amino acids.
Amino acids consist of a central carbon atory) @@nnected to four functionat@ups: araming
a carboxylic acid a hydrogen atom, andsaechain (Figure 1.1A). There are twenty amino acids

found in nature, which are classified by their characteristic sidechains.

Proteins are formed by linking multiple amino acids through covabemds. The
condensationreaction betweentheninalamineand carboxylic acidf two differentamino acids
results i n ami doematiom witfimater pstaibybmauct fFiguned..1B). When the
linear chain consists of ~50 amino acabidues or less, it is called a peptide or polypeptide.
Proteins are simply large (>50 residues) polypeptide chains. The repetitive amide bonds make up
the peptide backbone, which extends along the entire polypeptide chain. The order of amino acids,
conventionally written as the Nerminal amino acid on the left and the&minal amino acid on
the right, is known as the primary sequence and is the most fundamental descriptor of a

polypeptide.



E Amino Acid 1 Amino Acid 2
1 H e} H o
I
Carboxylic Acid Group : H—T %,MOH + H—T (:D,MOH
H O " @
Amino Group [
: H,O
H N C, C OH :
I
‘ : H 8] H o
I
H R, Sidechain (20 variations) ' N _lﬁ_ﬂ_N _L_ﬂ_OH
; le 14
I

Ammide or “peptide” bond

Figure 1.1Chemical makeup of amino acids and peptidegA) A central carbon atom @§is bound
to a hydrogen atontarboxylic acidblue), amino group (red), and unique sidechain (R group, ore
At physiological pH, the molecule is zwitterionic. (B) The peptiad (purple) iSormedby the
condensation of two amino aciddolecular geometries are not optimized here for simplicity.

The sidechain chemistry within a polypeptide sequence is a critical determinant for protein
folding. One of the most important femes of sidechain groups is how they interact with water.
Nonpol ar sidechains, l'i ke al kyl groups, are |
favorably with water. Polar sidechains, such as amino and hydroxyl groups, are hydrophilic
(Awat emrg0) owind readily form hydrogen bonds
Hydrophobic sidechains cluster together to form a hydrophobic core, where water is excluded,
whereas the hydrophilic sidechains remain exposed to water. The formation of a dense

hydroplobic core drives protein folding into distinct secondary structures.

Secondary structure describes the local orientation of the polypeptide backbone. To form
a hydrophobic core, the peptide backbone must also fold away from the surrounding water
moleculesThe backbone is hydrophilic, with one hydrogen bond doned)ldnd one hydrogen

bond acceptor (C=0) per residue. There are two main secondary structures that satisfy the

hydrogenbonding requirements for the protein backbandrelices and-sheetsa-helices are

3



right-handed helical structures stabilized by intramolecular hydrogen bonds between the C=0
group of one residue and theHNgroup of another residue four positions away. However, the first
and last three residues of arhelix are not hydrogebondeda-helices are also characterized by
aturn every ~3.6 residues. The other common secondary structure found in proteibssiseite
Unlike a-helices,b-sheets are stabilized by intermolecular hydrogen bonds between adjacent
strands. The hydram bonding patterns can be parallel or antiparallel, where the hydrogen bonds
between the C=0 and-N groups are at an angle or aligned, respectively. Many large proteins
contain both types of secondary structures with loop regions and disordered segmpeeatding

them.

While secondary structure is commonly used to describe the shape of proteins, there are
higher levels of organization. Tertiary structure illustrates the tim@ensional shape of a
polypeptide chain. Interactions between different didetresidues are responsible for stabilizing
tertiary structure. A common example is disulfide bond formation between cystine residues.
Additionally, some proteins are made up of multiple polypeptide chains, known as subunits.
Quaternary structure, thedhest level of organization, describes the globular protein structure
comprised of multiple subunit&igure 1.2summarizeghe hierarchy of peptide and protein

structure.



Primary Structure Secondary Structure
g0 0,0% ese @ os0>
o <"E
AGVILKQPRD Soe ‘. @>
[Disordered|  |a-helix|  |p-sheet|
C Tertiary Structure D Quaternary Structure

%
if £ p g e

N-terminus

Figure 1.2 Levels of peptide and protein structure{A) Primary structure lists the order of amino ac
(colored circles and-letter code) in the polypeptide chain fromthé¢ 2 r mi nus ( gr ee
totheGt er mi nus (or amge c(iBr)clSeec olnedtatreyr sitD uct |
orientation. The three common secondary structures peptides adopt are dis@ewekcgs (blue
cylinder), andb-sheets (green arrow). (C) Tertiary structure defines the gbelpaide/protein structure
(D) Quaternary structure illustrates how multiple peptides/protein units are associated.

The threedimensional shape a protein adopts is critical for its fun@i@tlowever, static
snapshots doat fully capture how proteins work. Proteins are dynamic, fluctuating rapidly to
perform their biological roles. Therefore, if a protein becomes denatured or improperly folded, it
canimpactits function and have detrimental consequeffcesxample, theisfolding of soluble
proteins into insoluble amyloid fibrils is implicated in over twenty human diseases, such as
Al zhei mer ds, type PPTHus,dobbettereunderstdrtnedink betwieenr act s
protein structure and function, both native or toxic, itis ideal to use analytical techniques that can

capture both structure and dynamics.



1.3 Nanoparticles can impact protein structure

Nanamaterials are definedasanhyangi bl e object with di mensi
Specifically, nanoparticles are defined as materials with dimensions less than 100 nanometers
(nm), ~1,000 times smaller than the width of a human hair. While nanoscience and nanotechnology
are relativey new concepts, nanomaterials have been used by humans for centuries, dating back
to Ancient Rome. For example, the brilliant colors of Roman pottery and medieval stained glass
have been attributed to the interactions between lightand different naneisg¢grid, silver, and
copper)tZ14 Significant advances in manufacturing and characterization methods have allowed
scientists to determine the relationship betw

composition, etc.and their unigque optical and electronic behaviors.

Over the past few decades, nanomaterials have been extensively researched for a variety
of applications, ranging from fismar ®%Topday kagi n
nanomaterials are found throughout our daily lives: they are in personal care products, like
sunsceen and cosmetics, television displays, and plastic water bbt#lédncreasingly,
nanomaterialare being explored and integrated in medicine for innovative uses, including drug
delivery, therapeutics, and molecular sen$i##§. These materials are attractive for biomedical
applications because they are similar in size to many biological macromolecules, like proteins and

nucleic acids, Wich can promote novel interactio?fs>

Despite many advances in nanotechnology and medigineh remains unknown about
the longterm effects of nanoparticle exposure on biological systems. It isestblished that
biomacromolecules (DNA, proteins, etc.) can have strong interactions with nanopéaféles.

When biological molecules associate with nanoparticles, they coat the surface, creating a diverse



and dynamic new identity known as the biomolecular cof888 he biomolecular corona, not
the bare nanoparticle, is responsible for molecular interactions within biological media. Proteins
are abundant in biological fluids. Therefore, itis inevitable that sonteipsowill associate with

nanoparticles and create a new protein cordeatity, bothin vitro andin vivo.

Protein coronas can be tailored to have desirable medicinal progéfidse protein
coverage provides a stealth for the nanopatrticle, allowing it to interact with molecules and native
cellular receptor8435Protein structure is key for the appropriate biologicakdtgtof the protein
nanoparticle complex. However, proteins can undergo conformational changes to facilitate
favorable interactions with nanopartickes%3Protein denaturation lends itself to a loss in protein
function, rendering the fcacy of the nanoparticle complex. While some proteins may not
completely denature, their native structure can be altered by exposing previously buried residues
within the hydrophobic core. The exposure of hidden residss known asryptic epitopescan
unlock involuntary biological activities, including autoimmune respoRgesdditionally,
nanoparticles can also influence amyloid aggregation, a processtotkedy disease¥ 41 Thus,
to undestand the fundamental mechanisms of nanoparticle exposure in biological systems, it is

critical to elucidate theirimpact on peptide and protein secondary structure.
1.4Infrared spectroscopy isuseful for probing protein structure

Common biophysical techiques to analyze protein structure argay crystallography,
cryogenic electron microscopy (chEM), and nuclear magnetic resonance (NMR)
spectroscopy? 44 X-ray crystallography and cryBM provide exjuisite structural resolution, but
they capture static images of proteins. Additionally, these techniques require great expertise in

sample preparation and analysis methods. NMR spectroscopy offers detailed structural



information and is more user friendlyt it is limited to relatively homogeneous samples. While
these characterization tools are powerful for probing molecular structure, they have drawbacks:
they are expensive, tir@nsuming, and sometimes lack the ability to monitor the kinetics of the

system, although advances in technology are helping overcome thigisgue.

Key questions in protein science that require knowledge of both structure and dynamics
can be challenging to address simultaneou3ptical techniques, such as fluorescence and
circular dichroism (CD) spectroscopy, may be more suitable to monitor rapidly evolving structural
changes with a tradeoff in resolutiéf® These techniques can capture fluctuations on short
timescales (nanoseconds to picoseconds). However, these are bulk spectroscopic techniques that
only reportglobal strctural information, which neglect critical details about the molecular system.
Chemical labels can be synthetically incorporated in proteins, but they can potentially disrupt the
native structure and kineti€8Generally, most characterization methods cannot capture detailed

structural changesithin unlabeled proteins in real time.

Another useful tool for monitoring protein structure is infrared (IR) spectrosgopyR
spectroscopy uses light in the miid wavelength spectrum (=20 nm) to excite molecular
vibrations within a system. Molecular vibrations are sensitive to tlodimical composition and
arrangement, making them powerful structural reporters. Native amide group vibrations are
commonly examined in protein IR studies because they can report on the local backbone
environment (conformation, solvation, etc.). The amidwations include the amide | (mostly
C=0 stretching), amide Il (! stretch and NH bending), amide IlIC-N stretchng, N-H bendng,
andC=0 bending), and amide A (N stretching) mode%' Most protein studies focus on the
ami de |1 06 iMgd@em:,( wWh6eOrOe 6 denotes amide deuterat

to secondary structuf8®T he structural sensitivity of the



coupling (i.e., the interaction between multiple nearby vibrational modes). When several carbonyl
groups are located within close proximitiiey begin to vibrate together and the modes become
delocalized. The delocalization of individual
normal modes (i.e., the combination of local modes). Vibrational coupling gives rise to

characterista mi de |1 6 frequency ranges4f or different

Figure 1.3s ummar i zes the <characteristic amide
secondary structures observed in linear infrared spectra. Disordered structures, also known as
random cds, lack in long range ordering. The local amide groups exhibit randomized couplings
and hydrogen bonding patterns, which giives ri
1660 cmt (Figure 1.3A) In an a-helix, carbonyls experience hightydered intramolecular
coupling between adjacent r esiaheleesisdypichly t ur ns
observed between ~1685660 cmt, depending on the helix length and solvent environment
(Figure 1.3B)x” The amide groups ib-sheet structures experience strong intermolecular coupling
between strands, where the strands can be oriented antiparallel or pastiled¢s have two IR
active amide |1 6 modand~1886 ecnitFgureeld3C)yfThe intdn6e2l®dv ¢ m
frequencyb-sheet transition arises framphase oscillations along adjacent strands perpendicular
to the fibril axis { ). This mode is sensitive to the number of oscillators, and therefore the size of
the b-sheet® For examplethe’ modefor amyloid peptides is usually more intense and
redshifted?260 The weak, higifrequencyb-sheet mode arises from-phase oscillations along

adjacent strands, but is oriented parallel to the fibril axis (



Parallel ;

B

1620 1640 1660 1680 1620 1840 1660 1680 1620 1640 1660 1680

i;
==
b
7

Intensity (AU)
Intensity (AU)
Intensity (AU)

Frequency (cm™) Freguency (cm™) Frequency (cm™)

Figure 1.3Infrared signatures for protein secondary structures.In each cartoon, the black and r
arrows represent the local and normal modes, respectively. (A) Disordered structures are char
by a broad amide | mode centered at ~1650.¢B) The amide | mode fa-helical structures is centere
~1645 cmt. (C) b-sheets have two Hactive modes perpendiculdr (, ~1620 cnt) and parallel’¢,

~1680 cm') to the fibril axis.

1.5 Two-dimensional infrared spectroscoly can provide more insight into

protein structure and dynamics

Two-dimensional infrared (2D IR) spectroscopy has additional advantages over linear IR
methods for protein studi€g%lIn 2D IR, the vibrational spectrum is spread over two frequency
axes, which can decouple and reveal neatdees hidden in linear spectra. In this technique, a
molecular vibration is firstexcited and probed after a short waitingtime; the resulting 2D spectrum
is plotted as a function of excitation (fApun
featues, such as frequencies, intensities, lineshapes, anharmonicities, and crosspeaks, can be
examined to better understand the underlying molecular structure and dydafiidaother

advantage 02D IR over linear IR is that an additional vibrational transition is probed. In linear

10



IR, only the fundamentaltransiton40L ) i s detected. By adding t
probes the excited state absorption transition (ESA,2L The anharmuwicity, or energy
difference between the fundamental and ESA peak pair, can provide additional molecular

information and is directly read from the 2D spect@im.

It is often useful to plot a diagonal trace to examine the intensity amplitude in specific
regions of interest in a 2D IR spectrum. When the diagonal line intersects the fundamental
transition, the resultamformation is comparable to linear IR measurements. However, there are
a few critical differences between the diagonal trace of a 2D IR spectrum (plotted along the
fundamental transition) and a linear IR spectrum, including spectral resolution and 1D
lineshape&2D IR has improved sensitivity compared to linear IR because the signal strength
(i.e., transition dipole momentyj) is proportional to theumber of light interactionsnff in 2D
IR versusifi?in linear IR)%6 This allows for weaker signals, like sidechains and isclapeled
residues, to be resolved with 2D IR in the amide | r 5&f§ Additionally, lineshapes in the
diagonal trace and linear IR spectrum may difféf.In contrast to linear IR, 2D IR reveals
multidimensional lineshapes, which can deple homogeneous and inhomogeneous broadening

that arise from different molecular interacticfis.

An example 2D IR spectrum of a model protein, hen egg white lysozyme (HEWL), is
shown below in Figure 1.4. HEWL is a relatively small (129 residues, ~14.3 kDa) model protein.
Its native secondary structure is predominalellycal, with smaller contributions from disordered
andb-sheet structures (Figure 1.48)The predominant helix/coil character is reflected by the
ami de |1 06 f r e g-uleadditpntathisintehse Bddle, thene areweaker vibrational

signals at ~1580 cthand ~1550 crd. The ~1580 crhimode is characteristic of specific sidechain

11

he



(SC) modes, like aspartic/glutamic acid and arginine, all of which are presentin lys&Zimae.

weak mode at ~1550 charises from the nomleuterated amide Il (A2) mode.

A B
Joos &
] >
- Jooo &
1700 } Rax
.l
T Heli/Coil w7
§ 1660} J
>
(5} L
c
S 1620} T
g p3
w [ SC 7
g 1580} R
>
o A2 2
rd
1540 H 2
) s

1540 1580 1620 1660 1700
Probe Frequency (cm)

Figure 1.4 2D IR spectrum ofa model protein (A) Protein Data Bank structure for hen egg wt
lysozyme (HEWL, PDB code: 1DPX). (B) Diagonal trace (above) and 2D spectrum (below) of F
Features alapthe diagonal are denoted by black boxes. Crosspeaks denoting energy transfer
the amide I 6 and 11 modes are highlighted

In addition to structural information, 2D IR can also capture dynamic changes within
peptides angroteins. When combined with mi& pulse shaping, 2D IR can monitor how protein
structures evolve in real time. For example, the union of 2D IR with pulse shaping has captured
novel information during the misfolding of polypeptidesinto amyloid fibrilejak is implicated
in diseases like type Il diabetésRevealing local residues and sequences involved in specific
pathways of amyloid formation is crucial for a better understanding of protisiiolding diseases
and potential therapeutic solutioirsaddition to tracking evolving protein structures, 2D IR can

reveal dynamic changes in the water environment surrounding and embedded within proteins.

12



Watermolecules ar&nown to mediate proteistability and binding interactionthus, revealing
watermotions is fundamental for a more complete knowledge of protein structure, dynamics, and
function.’273For example, 2D IR waiting studies have uncovered subpicosecond water motions in
ion channelg475Systematically varying the waiting time between the excitation and detection
pulsesin the 2D IR pulse sequence reveals dynamical changes on the subpicosecond timescale,
which is consistent with hydrogen bond breaking and formatiéhThus, 2D IR waiting time
measurements are sensitive tallygen bonding fluctuations and, in turn, the surrounding water
environment. When implemented with isotope labeling, 2D IR can expose local water dynamics
near particular residues.’”>Elucidating restricted water motions proteins is dtical for

understanding certain functions, as in the case of the influenza A M2 proton cHefinel.
1.61sotopes can be implemented as s#&pecific probes for protein IR studies

Infrared spectroscopy is a bulk technique. Only global changes in protein secondary
structure can be examined througin e ami de | 6 mode. Even with im
IR alone cannotresolve individual residues, which could neglect critical details about the system.

The structural resolution of IR spectroscopy can be improved when coupled with vibrational
probes. Vibrational probes alter the mass of the oscillating atom and thus appear as isolated
transitionsin IR spectra. Examples of vibrational probes include unnatural azido and cyano groups,
which are conveniently located in a biologicalhansparent frguency window.” 7®While useful,

these probes may alter natural protein vibrations, depending on the protein system and placement.
Isotopes can be employed as vibrational probes with minimal perturbation to protein structure and
dynamics. For short peptides, isotopes, susfi@ and13C180, can be sitspecifically inserted

into the peptide backbone orinto sidechain groups, although sidechain substitution is less common.

I ncorporating heavier at oms into t he peptic

13



spectroscopically idating the residue. Examining spectral changes (frequency shifts, intensity
changes, lineshapes, etc.) in the labeled residue can provide additional information about local
structure and environmefft8lsotope labeling can also help distinguish between helical and

di sordered secondary structures, which is dif

ranges (Figure 1.3A and B).

1.7 Outline

This dissertation outlines yngraduate research which has focused on (1) monitoring
detailed structural changes in a moddielical peptide (MAHP), (2) establishing conditions to
study peptide and protein structural changes in the presence of nanoparticles, specifically gold
colloids, and (3) studying conformational and dynamical changes in specific residues within a
transmembrana-helix. For each of these studies, 2D IR spectroscopy was the primary technique
used to study molecular changes in these systems. In Chapter 2, | Vinle dlué experimental
details for peptide sample preparation and the implementation of 2D IR spectroscopy. Chapter 3
will focus on the structural characterization of MAHP, which also employs isotope labeling, to
distinguish between random coil and helistaictures. Chapter 4 will discuss the initial sample
preparation methods for examining peptide and protein structure in the presence of nanopatrticles,
specifically gold colloids, with 2D IR spectroscopy. Chapter 5 will outline the initial work to
investigate dynamical changes within tiransmembrane peptide of the influenzanAtrix 2
(AM2TM) proton channel proteirwhich was in collaboration witthe DeGrado Group at the
University of California at San Francisco (UCSF). Chapter 6 will summarizémdyngs and

provide an outlook for future 2D IR studies.

14



1.8 References

(1)

(2)

3

4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)
(14)

(15)

(16)

Walmsley, S. J. et al. Comprehensive Analysis of Protein Digestion Using Six Trypsins Reveals
the Origin of Trypsin as a Significant Source of Variability in ProteondicBra. Res, 2013 12
(12), 5666 5680.

Li, M. and Zheng, W. AHAtom Molecular Dynamics Simulations of Actiyosin Interactions:
A Comparative Study of Cardiac U My @wchem b Myo
2013 52 (47), 83988405.

Perutz, B. M. F. et al. Structure of Haemoglobin: A Thbémensional Fourier Synthesis at 5.5
A. Resolution, Obtained by-Ray AnalysisNature 196Q 185, 416422.

Doyle, D. A. et al. The Structure of the Potassium Channel: Molecular BastgGafruction and
Selectivity.Science1998 280 (5360), 60977.

Lullo, G. A. Di et al. Mapping the LiganBinding Sites and Diseagssociated Mutations on the
Most Abundant Protein in the Human, Type | CollagkrBiol. Chem.2002 277 (6), 422B4231.

Kim, J. M. et al. Structure and Function in Rhodopsin: Rhodopsin Mutants with a Neutral Amino
Acid at E134 Have a Partially Activated Conformation in the Dark Seate. Natl. Acad. Sci. U.
S. A, 1997 94 (26), 1427B14278.

Schnell, H. M. et k Structures of Chaperofisssociated Assembly Intermediates Reveal
Coordinated Mechanisms of Proteasome Biogenisit. Struct. Mol. Biol.2021, 28 (5), 418
425.

Langan, P. S. et al. AnomalousRay Diffraction Studies of lon Transport irf KChannelsNat.
Commun.2018 9 (1), 15.

Mur phy, M. P. and Levine, H.-b AP e @tdlz.die 200)s Di s e:
19 (1), 311323.

Chaari, A. and Ladjimi, M. Human Islet Amyloid Polypeptide (HIAPP) Aggregation in Type 2
Diabetes: Correlation between Intrinsic Physicochemical Properties of HIAPP Aggregates and
Their Cytotoxicity.Int. J. Biol. Macromol.2019 136, 57 65.

Meehan, S. et al. Amyloid Fibril Formation by Lens Crystallin Proteins and Its Implications for
Cataract Formationl. Biol. Chem.2004 279 (5), 341834109.

You, A. et al. Copper in Glazes of Renaissance Luster Pottery: Nanoparticles, lons, and Local
Environment.J. Appl. Phys.2003 93 (12), 1005810063.

Wagner, F. E. et al. Before $ing Gold in GoldRuby GlassNat. Comm.200Q 407, 691692.

PerezArantegui, J. et al. Luster Pottery from the Thirteenth Century to the Sixteenth Century: A
Nanostructured Thin Metallic Filmd. Am. Ceram. So2001, 84 (2), 442446.

Siddiqui, J. et al. Nanomaterials in Smart Packaging Applications: A Re@mall 2022 18, 1
34.

Igbal, A. and Ul, A. A Review Featuring the Fundamentals and Advancements of Polymer/CNT
Nanocomposite Application in Aerospace IndusBglym. Bull, 2021, 78 (1), 539557.

15



(17)

(18)
(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

Newman, M. D. et al. The Safety of Nanosized Particlesin Titanium Dioxide and Zinc Oxide Based

Sunscreensl. Am. Derm.2009 61 (4), 685692.

Katz, L. M. et al. Nanotechnology in Cosmetiesod Chem. Toxical2015 85,127 137.

Ko, Y. H. et al . Environmentally

Liquid Crystal DisplaysSci. Rep.202Q 1i 8.

Friendly Qua

Honarvar, Z. et al. Nanocomposites in Food Packaging Applications and Their Risk Assessment

for Health.Electr. Phys.2016 8 (6), 25312538.

El-Hamadi, M. and Schétzlein, A. G. Nanoparticles in Medical Imadiundam. Pharm.

Nanosci, 2013 6 (11), 548566.

Jong, W. H. De. Drug Delivery and Nanoparticles: Applications and Hazatds. Nanomedl.

2008 3 (2), 133149.

Lim, D.; Jeon, K.; Kim, H. M.; Nam, J.; Suh, Y. D. Nanogapgineerable RamaActive

Nanodumbbells for Singi&olecule DetectionNat. Mater, 201Q 9, 60 67.

Shao, L. et al. Gold Nanoparticle Wires foerSing DNA and DNA/Protein Interactions.

Nanoscale2014 6, 4089 4095.

Huang, R. et al. Effects of Surface Compositional and Structural Heterogeneity on Naneparticle
Protein Interactions: Different Protein Configuratioh€S Nanp2014 8 (6), 54025412.

Pershina, A. G. et al. Magnetic NanopartidgleBNA Interactions: Design and Applications of

Nanobiohybrid System&uss. Chem. Re2014 83 (4), 299322.

He, Q. et al. Interfacing DNA with Nanoparticles: Surface Science and Its Applications in

Biosensinglnt. J. Biol. Macromol.202Q 151, 757780.

Hill, R. A. et al. Protein Interactions with Nanoparticle Surfaces: Highlighting Solution NMR

Techniqus.lsr. J. Chem.2019 59 (11 12), 962 979.

Saha, D. et al. Tuning of Silica Nanopartitleysozyme Protein Complexes in the Presence of the

SDS SurfactantSoft Matter 2022 18, 434 445.

Monopoli, M. P. et al. Biomolecular Coronas Provitie tBiological Identity of Nanosized

Materials.Nat. Nanotechno] 2012 7, 779 786.

Ju, Y. et al. Persapecific Biomolecular Coronas Modulate Nanoparticle Interactions with

Immune Cells in Human BloodCS Nanp202Q 14, 1572815737.

Lu, X. et al. Tailoring the Component of Protein Corona via Simple Chemiigaty Comm.2019

10, I 14.

Corbg C. et al. Unveiling the In Vivo Protein Corona of Circulating Leukodikee CarriersACS

Nanqg 2017, 11, 32623273.

Schdattler, S. et al. Protein Adsorption is Required for Stealth Effect of Poly(Ethylene Gicol)
Poly(Phosphoestei§oated NaacarriersNat. Nanotech2016 11, 372377.

Rampado, R. et al. Recent Advances in Understanding the Protein Corona of Nanopatrticles and in
the Formul ati on of FostBeend Bittegh2020\& Hil®mat er i al s.

Fleischer, C. C.rad Payne, C. K. Secondary Structure of Corona Proteins Determines the Cell

Surface Receptors Used by Nanoparticle®hys. Chem. 2014
16

118,

140171

14026 .



(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)
(51)

(52)

(53)

(54)

(55)

(56)

Park, S. J. ProteinNanoparticle Interaction: Corona Formation and Conformational Chamges
Proteins on Nanopatrticleist. J. Nanomed202Q 15, 57835802.

Deng, Z. J. et al. Nanopartieladuced Unfolding of Fibrinogen Promotes MacReceptor
Activation and InflammationNat. Nanotech2011, 6, 39 44.

Kim, Y. etal. HowDoth&i z e |

Charge
on Brain Lipid BilayerSci. Rep.2016 6, I 14.

and Shape of

Nanopart.

John, T. et al. Impact of Nanoparticles on Amyloid Peptide and Protein Aggregation: A Review
with a Focus on Gold Nanoparticlééanoscale 2018 10 (45), 2089420913.

Konar, M. et al. Effect of Silica Nanoparticles on the Amyloid Fibrillation of Lysozy/AteS
1026.

Omega 2019 4

10151

Yang, J. et al. Cevipabulifubulin Complex Reveals a Novel Agent Binding Site ofTubulin

with Tubulin Degradation EffecSci. Adv,.2021, 7, T1 12.

Road, H. et al. Model for the Structure of Bacteriorhodopsin Based onR#égblution Electron
Cryo-Microscopy.J. Mol. Biol,199Q 213, 899929.

Johnson, C. N. et al. Mechanismi Galmodulin Modulation of the Human Cardiac Sodium
Channel Struct. Des.2018 26 (5), 688694.

Kim, J. G. et al. Protein Structural Dynamics Revealed by JResolved XRay Solution
ScatteringAcc. Chem. Re2015 48 (8), 22002208.

Dandg, V. P. et al. TimeResolved CryeEM Using SpotitonNat. Methods202Q 17 (9), 897

900.

Sun, M. et al. A TimeResolved CryeEM Study of Saccharomyces Cerevisiae 80S Ribosome
Protein Composition in Response to a Change in Carbon S&uoteomics2021, 21 (2), 19.

Pinotsi, D. et al. Proton Transfer and Struct8peecific Fluorescenda Hydrogen BondRich
Protein Structuresl. Am. Chem. Sq2016

138,

30461 3057.

Pescitelli, G. et al. Inherent Chirality Dominates the Visible/Nédiiraviolet CD Spectrum of
RhodopsinJ. Am. Chem. SqR008 130, 61706181.

Toseland, CP. Fluorescent Labeling and Modification of ProtelnsChem. Bio].2013 6, 85 95.

Surewicz, W. K. et al. Determination of Protein Secondary Structure by Fourier Transform Infrared
Spectroscopy: A Critical AssessmeBiochem, 1993 32 (2), 389394.

Kim, S. K. etal. Insulin Dimer Dissociation and Unfolding Revealed by Amide FDimoensional
Infrared Spectroscopyhys. Chem. Chem. Phy201Q 12, 35793588.

Alperstein, A. M. et al. Amyloid Found in Human Cataracts with Immensioral Infrared
SpectroscopyProc. Natl. Acad. Sci. USR019 116 (14), 66026607 .

Hayashi, T. and Mukamel, S. VibratiofidExciton Couplings for the Amide I, Il, 1ll, and A Modes

of PeptidesJ. Phys. Chem. B2007, 111, 1103211046.

Ghosh, Aet al. Watching Proteins Wiggle: Mapping Structures with -vmensional Infrared

SpectroscopyChem. Rey2017, 117 (16), 10726L0759.

Baiz, C. R. et al. An Introduction to Protein 2D IR SpectroscOfiyafast Infrared Vib. Spectrosc.

2013 22,361 403.

17



(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

Gnanakaran, S. et al. Nature of Structural Innomogeneities on Folding a Helix and Their Influence
on Spectral MeasuremenBroc. Natl. Acad. Sci. U. S. 2004 101 (25), 92209234.

Cheat um, C. M. Sheet&dcondaStrugtures in Lineag and DaDiménsional
Infrared Spectroscopy. Chem. Phys2004 120 (17), 82018215.

Falvo, C. et al. Frequency Distribution of the Amiddibration Sorted by Residues in Amyloid
Fibrils Revealed by 2BR Measurements and r8ulations.J. Phys. Chem. B2012 116,
332213330.

Phys, J. C. et al. Amide | TwDimensional Infrared Spectroscopy eHairpin Peptides]. Chem.
Phys, 2007, 126, 111.

Thielges M. C. Transparent Window 2D IR Spectroscopy of Protdin€hem. Phys2021, 155,
1i14.

Guo, Q. et al. Line Shape Analysis of T"Bimensional Infrared Spectrd. Chem. Phys2015
142, 113.

Price, D. A. et al. Polarization Dependenc@DfIR CrossPeaks Distinguishes Paral8tranded
and AntiparallelStranded DNA GQuadruplexesSpectrochim. Act. A Mol. Biomol. Spe2022
267 (2), 121.

He, W. et al. Picosecond Dynamics of a Membrane Protein Revealed by PibtkNatl. Acad.
Sci. USA2006 103 (10), 1390913914.

Meng, K. and Wang, J. Anharmonic Overtone and Combination States of Glycine and Two Model
Peptides Examined by Vibrational S€bnsistent Field Theoryhys. Chem. Chem. Phy2011
13, 20012013.

Shim, S et al. TweDimensional IR Spectroscopy and Isotope Labeling Defines the Pathway of
Amyloid Formation with Residu&pecific ResolutionProc. Natl. Acad. S¢i2009 106 (16),
6614 6619.

Ghosh, A. et al. 2D IR Spectroscopy of Histidine: Probing-&idain Structure and Dynamics via
Backbone Amide Vibrationd. Phys. Chem. B2014 118 (28), 77907805.

Flanagan, J. C. and Baiz, C. R. S8pecific Peptide Probes Detect Buried Water in a Lipid
MembraneBiophys. J.2019 116 (9), 16921700.

Tokmakoff, A. TweDimensional Line Shapes Derived from Coherent Hardler Nonlinear
Spectroscopyd. Phys. @em. A200Q 104 (18), 4224235.

Weiss, M. S. et al. Crystallization, Structure Solution and Refinement of HekMagg Lysozyme
at pH 8.0 in the Presence of MPActa Cryst, 200Q 56, 952 958.

Buchanan, L. E. et al. Mechanism of IAPP Amyléiibril Formation Involves an Intermediate
wi t h a TSheetPsoc. Bail.tAcafl. Sci. U. S. 2013 110 (48), 192851.9290.

Levy, Y. and Onuchic, J. N. Water and Proteins: A L-blage RelationshigProc. Natl. Acad. Sci.
U. S. A, 2004 101 (10, 3325 3326.

Levy, Y. and Onuchic, J. N. Water Mediation in Protein Folding and Molecular RecogAition.
Rev. Biophys. Biomol. Struc2006 35 (1), 389415.

Ghosh, A. et al. Tidal Surge in the M2 Proton Channel, Sensed by 2D IR Spegtrésoop Natl.
Acad. Sci.2011, 108 (15), 61186120.

18



(75)

(76)

(77)

(78)

(79)

(80)

Ghosh, A. et al. 2D IR Spectroscopy Reveals the Role of Water in the Binding of CBéouikéhg
Drugs to the Influenza M2 Channdl.Chem. Phys2014 235105 (140),119.

Ghosh, A. and Hochsr as s er , R. M. A Pepti de &lsemFPAys.spect i
2011, 390 (1), 113.

Schmitz, A. J. et al. Twd®imensional Infrared Study of Vibrational Coupling between Azide and
Nitrile Reporters in a RNA Nucleosidé. Phys. Chem. 2016 12 0 , 93871 9394.

Chalyavi, F. et al. Synthesis of&yance Tryptophan as a Tw®imensional Infrared Spectroscopic
Reporter of Structurédngew. Chem. Int. E®018 57, 75287532.

Sueur , A. L. et al . Eval uat i anrExtenfled ime(SGag 2D, 15N
IR Probe of ProteindAnal. Chem.2017, 89, 525415260.

Arkin, I. T. IsotopeEdited IR Spectroscopy for the Study of Membrane Prot€lng. Opin.
Chem. Bio.2006 10, 394401.

19



Chapter 2. Experimental Methods

2.1 Introduction

| have learned a broad range of experimental methods throughout graduate school. For
example, | have prepared, purified, and characterized countless peptide samples over the past few
year s. Speci f i wtdided & Liberty Bluéd" Autamgtad MicrowayeAssisted
peptide synthesizer, high performance liquid chromatography (HPLSystem and an
electrosprayy oni zati on mass spectrometer. 1 06ve also
and incorporate them into peptides. In additmthtese wet lab procedures, | have a great deal of
experience operating and troubleshooting an ultrafast 2D IR spectrometer. In this chapter, | have

outlined the theoretical and experimental details for these methods.

2.2 Preparation of peptide samples

2.2.1 Isotope labeling

Isotope labelings a powerful tool to extract detailed information about protein structure
and dynamics using vibrational spectroscopiésSpecifically, isotope eting the peptide
backbone can reveal residgpecific vibrational events® Molecular vibrations are highly
dependent upon t he ;theseforejsdtopdabetednsodas apgearcsgedralyna s s
i solated from the bulk transition. For infrar
from mostly backbone carbonstretching) is often examined because it correlates to secondary
structure’ Therefore, boti#3C and13C180 i sot opes alter the amide
However, thel3Cl80 isotope is typically more advantageous fargke label studies. One

advantage is tha¥C!80 has a low natural abundance (~1% @ and ~0.2% fo¥é0O), making it
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unlikely to occur at a random position along the peptide chain. Additionally, incorporating a
13C180 backbondabeled residueredshitsh e ami de | 6 mdacbmpafedito 4ther ( -
cm! for 13C). Unfortunately, thel3C'®O label is not commercially available and must be
synthesized by al¥O-exchange starting with tHéC-C, amino acic® It is also critical to note that

some sidechains, specifically ones containing carboxylates (aspartic and glutamic acid) and
arginine, absorb strongly in this region (~157610 cnt).® In this scenario, isotope labeling

should be carefully considered.

Amino acids with hydrophobic and unreactive sidechains are often used for isotope
labeling the peptide backbone (alanine, glycine, phenylalanine, leucine, isoleucine, and valine). It
is possibleto label reactive sidechains, but it is more expensive and time consi#iige
general process for isgpe labeling an amino acid is as follows: (Xjéminal protection of the
13C-C, amino acid amino group with affuorenylmethoxycarbonyl (Fmoc) group; (2) two to three
washes with MilkQ H,O by vacuum filtration to remove excess salts; (3) characterization with
ESEMS; (4) three rounds o¥0O-exchange with the Fmegrotected*C-C, amino acid; (5)
centrifugation with cold, dry diethyl ether to remove organic salts; and (6) finalVIiSSI
chara t eri zation. | 6ve f ou%exchahgar reactoristites mpdrtineto pr ot
wash the product several times to remove excess salts present (steps 2 and 5) before
characterization with mass spectrometry. UndesiretaNd Kt saltsreducé he s ol uti onads
pressure, in turn lowering the analyte signal in the mass spectrum. This results in an iEbrrect
exchange efficiency value. Sal ts also artif.i

detrimental for the coupling reactionsriohg peptide synthesis.
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2.2.1.1 Fmoc protection othe N-terminal amino group

It is essential for all amino acids to have an Fmoc protecting group to be compatible with
Fmoc solidphase peptide synthesis (SPPS). Rpoxtected3C-C, amino acids are commercialy
available, but they are quite expensive ($580D per gram). Unproteaé3C-C, amino acids can
be purchased at a lower cost (~$2800 per gram) and the Fmoc protecting group can be
synthetically added in a simple one potreactiérhe Fmoc protection reaction of&-C, amino
acid | have used, which was adapted from literature, is showigure 21.12In this reaction,
equimolar amounts of the amino acid, sodium bicaab®(NaHCQ), and9-FluorenylmethyN-
succinimidyl carbonatéFmocOSu) were combined and dissolved using a 1 to 1 mixture of Milli
Q H.O and acetone (30 mL total volume). This reaction was performed on a 10 millimolar (mmol)
scale with respect to the amino acid (~1 gram). F6fC, alanine this corresponds to 0.9009
grams of amino acid, 0.8401 grams of NaHC&nd 3.3733 grams of Fmd@aSu. After stirring
for 24 hours at room temperature, the reaction was quenched with 2 M KitBithe pH was
~2 (-3 mL of 2 M KHSQ). Under acidic conditions, the Fm@cotected3C alanine precipitated
out of the solution. The white and fluffyrecipitate was immediately transferred to a filter flask
and washed with cold MilQ water (~50 mL). This washing procedure helped remove excess
salts present from the NaHG@nd KHSQ reagents. The precipitate was rinsed with a small
amount of acetonethelp dry and transferred to a labeled and weighed (uncapp+dl). 6 nical
centrifuge tube. The product was frozen with liquigaldd lyophilized to remove residual solvent.
This washing procedure was repeated at least one more time to help removesaksessl

lyophilized again to dry the product before characterization.
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Figure 2.1 Fmoc protection of*C-Ca alanine. The amino acids dissolved in 50/50 water/acetone ¢
FmocOSu and NaHCgare added in equimolar amounts. The Fypoatectecamino acids precipitated
out with KHSQ after 24 hand washed several times with deionized water to remove excess salts

After the product was washed, the successful addition of the Fmoc group onto the amino
acid was confirmed by electrosprepnization mass spectrometry in positive ion mode.-ES
is an excellentharacterization todlor readily-ionizablemolecules, like isotopdabeled amino
acidsand peptide. ESFMS is a soft ionization method, meaning the analytes do not fragment
during the ioniation process. The lack of fragmentation makes data analysis of biomolecules
much easier to interpret, comparedto traditional hard ionization techniques. In ESI, a liquid sample
flows through a capillary with an applied high voltage, formingtiny chadgeglets. The charged
droplets are desolvated with a heating gas, decreasing the size and increasing the charge density.
Upon the Rayleigh limit, where the charge repulsions are maximized, the droplets burst apart into

gas phase ions. The gas phase ioasaparated by a mass analyzer and further detected.

An appropriate sample concentration for this technique is rgl@nalyte per mL of
solution, which is prepared by serial dilutions. To prepare the sample stock solution, ~1 mg of
Fmoc!3C-C, amino acid was dissolved in 1 mL of a 70% acetonitrile and 30% water mixture. It
is important to note here that only high pustivents should be used with MS instrumentation;
impurities present in lower solvent grades can negatively impact the experimental accuracy and

reproducibility and lead to instrument damage. Additionally, the sensitivity of this technique is
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enhanced whem volatile solvent mixture is employed instead of 100% water (e.g., 70%

acetonitrile with 30% water) due to the decreased surface tension of the solvent mixture.

The ~1 mg/mL amino acid stock solution was vortexed until fully dissolved. If the sample

doesnot dissolve, further dilute the stock by adding more solvent and note the final concentration.

Additionally, the stock solution can be centrifuged for ~10 minutes and the supernatant can be

used to prepare the dilution. A 1@/mL sample solution was grared by mixing 1@ of stock

(2 mg/mL), 9891L of solvent (70% acetonitrile in water), andhril of concentrated formic acid,

which helps with protonation/ionization. The diluted sample was characterized BYESA

mass spectrum of a representative Frpomtected-3C-C, alanine sample is shown in Figure 2.2.
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Figure 2.2 Mass spectrum of Fmocd3C-C, alanine. The signal at 335.08 m/z is assigned to
[M+Na]*adduct, confirming the successful Fmoc protection of the amiimemolecular weight of Fmc

13C-C, alanine is 312 g/mol

2.2.12 180-exchange with an Fmoeprotected3C-C, amino acid

To prepare th&C80 label, the oxygensfQ) in the Fmoeprotected3C-C, amino acid

are exchanged with heavier isotop&©j through an acigdatalyze exchang&Unlike with the
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Fmocprotection reaction, this reaction is sensitive to water, dvem residual water vapor
presentin the air. Therefore, Schlenktechniques mustbe used for this reaction. A Schlenk line and
appropriate glassware with constant(ty) flow must be used along with dry reagents. Usually,
small quantities of reagents anerphased and used immediately to ensure water is not introduced.
Additionally, the catalyst (4 M HCI) in dioxane is particularly air and wagarsitive, so it is best

to purchase small volumes of this reagent and use it quickly. Prior to adding thetseduen
glassware is flamed dried (typically three times) under vacuum to remove residual water vapor.
The®0-ex change reaction |1 6ve wused, which was

summarized ifFigure 2.38

150 180
1 Dioxane I
N_ 3¢ 4 M HCl in dioxane N_ 3¢
Fmoc~ Fmoc~ ™
\l/ 18OH  *20-enriched H,0 \l/ 180H
CHs 4 hours, 150 C CHs

Figure 2.3 Reactionschemeand experimental setup for *80-exchange of Fmoé3C-Ca, alanine.(A)
Both 180 oxygens present in the amino acid are exchanged with the heavier isotop&fremniched
H20 (98%) under acidic conditions at high temperature ¢{C30(B) The apparatus for th#D-exchange
reaction. A Schlenk line with appropriate glasswareistised mi ni mi ze t he soa
residual water.

The 180-exchange reaction is usually carried out on-grdm scale with respect to the

amino acid. After the glassware was flamed dried three times, the amino acid was quickly added
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to the 50mL threeneck round bottom flask. Adding the amino acid this way dogsduce
minimal water vapor to the flask, but flame drying the reactant is notideal, as it could decompose
the starting material. Additionally, residual water present in the flask should evaporate during the
reflux. After resealing the septum, the(l) port was opened to the apparatus. A mixture of
dioxane (8 mL) and 4 M HCl in dioxane (4 mL) was used to dissolve the amino acid. The reagents
were added underXy) atmosphere. The mixture was stirred and heated to 3-19he reaction

was heated for ~3Minutes before adding 1 mL &0-enriched water (~98%). After refluxing 4
hoursat158 , the round bottom flaskwas removedfromthe heatand cooledto room temperature
(~20 minutes). The flask containing the lighellow solution was removed from therodenser,

frozen with N(I), and lyophilized overnight to remove the solvent. This process was repeated,

starting with the addition of dioxane and 4 M HCl in dioxane.

After the third exchange, the solution was transferred to a labeled and weigimeld 50
conical tube, frozen with p{l), and lyophilized overnight. The dry product should appear slighty
yellow or orange, due to HCI from the reaction. Itis possible that an organic salt is also formed as
a side product during this reaction. If the sample is darkeolor (burnt orange or brown), there
Is likely more of this undesired side product that needs to be removed. The amino acid can be
further purified by centrifugation with cold, dry diethyl ether. For this step, it is critical to use a
new bottle of dethyl ether (with a sure sealif possible) to minimize the amount of water introduced
to the sample, which can reverse t¥@-exchange. To purify the exchanged amino acid, ~10 mL
of cold, dry diethyl ether was added to the product and centrifuged atfm@@0Ons per minute
(rpm) for 5 minutes. A miniscule amount of brown precipitate crashed out of solution, likely the
impurity. The light yellow/brown supernatant was transferred to a neml5@onical tube and

dried with compressed air. A light brown/Ai@k film remained in the conical tube, which was
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resuspendedin ~5 mL of cold, dry diethyl ether. The washes were repeated at least twice more,

producing an offwhite/light yellow precipitate each time.

ESFMS was used to determine the labeling efficieatgach precipitate. The sample was
prepared similarly to previously described with the Frpoatected amino acid, but using 100%
acetonitrile as the solvent system, as introducing water revertd8@iexchange process.
Typically, threet®O-exchangesesultin ~90% or higher labeling efficiency, which is the lowest
percentage desired for 2D IR studies. During the reaction, the two carboxylate 0X§g8 s
exchanged with the heavig isotope. There is a mixture of three isotopic species present
solution: unlabeled¥C160160), single labeled'$C'601€0), and double labele@C180180) amino
acid. The two carboxylate oxygens are chemically equivalent due to resonance; this means that
each oxygen is equally likely to form the amide bond durigtioe synthesis. Therefore, a high
yield of the double labeled amino acid@!80180) is necessary to ensure the desired residue is
correctly labeledEquation 2.lis used to approximate tA#-labeling efficiency using the peak
intensity ratios in the @ss spectrumAn example ofl80-enriched Fmoé3C-C, alanine mass

spectrum is shown iRigure 2.4.
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Figure 2.4 Mass spectrum of-80-enriched Fmoc*C-C, alanine. The peak intensities of the N.
species (339 m/z for double labeled, 337 m/z for the single labeled, and 335 m/z for unlabeled
were used to calculate tht-labeling efficiency (93% for this sample). The smaller peak at 355.0
is from the [M+K} adduct.

2.2.2 Fmoc solidphase peptide synthesis

Prior toautomatedolid-phase peptide synthesis (SPPS), peptides were often synthesized
by solutionphase methods or through bacterial expression. While these traditional methods are
still valuable today, SPPS is often timethod of choicéor several reasonSPPS is more efficient
than traditional methods, both from time and cost perspecfWben coupled with automated
synthesizers, the amount of reagent and solvent required is significantly reduced. For my research,
| have exclusively used an automated, microwassisted peptide synthesizer from Liberty
Blue™ (CEM, Matthews,NC, USA). Stadard reagents and protocols for Fmoc synthesis
(deprotection, activation, etc.) were directly obtained from CEM and were used without

modification. SPPS theory and its experimental implementation are described in detail below.
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An overview of thecyclic process oFmocSPPSs illustrated inFigure 2.5 This method
involves a series of deprotection and coupling steps to sequentially build the peptide chain on a
stationary resi2 The resinis usually a polymer, like polyethylene glycol (PEG), with an attached
acid-labile linker Figure 2.5. Unlike natural protein expression, SPPS builds peptides from the
C-terminus to the Nerminus. Tlerefore, the desired-@rminal chemistryamidated or acidified)
is dictated by the resin linker. For my work, | have used the Rink Amide ProTide(GEsM,
MatthewsNC, USA), which yields an amidatedterminus upon cleavage with trifluoracetic acid
(TFA). The linker is protected with an Fmoc group, which museineovedbefore attaching the
first amino acid. The initial deprotection st
amineis thencoupled with the carboxig acidof C-terminal anino acidto formthe first peptide
bond.However, the carboxylic acid and amine do not readily undergo peptide bond formation.
The carboxylic acid must first be fAactivated?o
two coupling reagents: an agddtor (diisopropylcarbodiimide, DIC) and an activator base
(Oxyma). DIC converts the carboxylic acid to form arafylurea intermediate. Oxyma is then
added, which attacks the carbonyl group of theat@ivated amino acid, resulting in an Oxyma
activatedamino acid esterand , Mi@opropylurea byproduct, which is washed away. The free
amine on the linker attacks the carbonyl of the Oxyaotivated ester to form the desired peptide
bond and regenerates Oxyma. The excess reagents are washed away inyyiedseted behind
the firstamino acid on the resifhe deprotection and coupling steps are repeated until the desired
peptide sequence is obtained. A final deprotection step is required to remove the Fmoc protecting

group on the Nerminal amino acid.
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Figure 2.5Schematic of Fmocsolid-phase peptide synthesig:irst, the Fmoc groujs removed from
the linker (dark blue) to afford a free amine. Next, the first amino acid (AA1, green) along with cc
reagents (an activator and activator base, pidtired) are added and thet&€minal amide bond i
formed through a condensation reaction (top right image). This cycle is repeated until the desire
is built on the resin. A final deprotection step removes terkhinal Fmoc protecting group.

Although SPPS is a highly efficient method, the yield does considerably drop as more
amino acids are added to the peptide chain. This disadvantage can be overcome with microwave
assisted peptide synthesis. Microwave reactors improve the efficiency agpgyptthesis due to
the highly precise and homogeneous nature of he&tiie theoretical peptide yield for
microwaveassisted SPPS is approximated as Om%tiplied by 100, where n is the number of
amino acids. For short peptides (~10 residues), the yield is quite high (~90%). However, as the
length is increased to ~50 residues, the yield significaletrease&-60%). Itis also important
to note that tb peptide yield will inevitably drop during successive cleavage from the resin and

purification steps. Larger peptide sequences are also likely to encounter amino acid deletions
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within the sequence. To avoid deletions, multiple coupling steps can be iengkxhio ensure the
maximum amount of free amino groups are chemically linked to the next amino acid. | have found
that double coupling methods are essential when synthe$#dif@-labeled peptides. During my
firstisotopelabeled peptide synthesis, latsstandard single coupling protocols and observed an
amino acid deletion in the lakegl positionupon characterizatioThis could have resulted from
the180-exchange impurity, where the isotelaeled amino acid mass would have bless than
anticipatel while preparing the amino acid solution. Precipitation with dry etBeroves some of

the impurity, but withoutenhancedgurification methods like HPLC, it is likely still present.
Double coupling this position during synthesis ensures a sufficient arabtire isotope isully

incorporated into the peptide sequence.

For the unlabeled model a-helical peptide synthesis (MAHP, sequence:
DPAEAAKAAAGR-NH,), the standard Rink Amide ProTide resin was employed. This resin
contains a polyethylene glycol polystyre (PEG PS) core and is suitable fete@ninal amidated
peptideswith fewer than 30residuesThe resin is first swelled with 15 mL of wash solvent
(dimethylformamide, DMF) for 5 minutes; the high swelling option ensures the following reagents
will diffu se quickly and homogeneously throughout the resin core. Next, the Fmoc group on the
linker is removed with a deprotection solution of 10% piperazine (weight/volume) inN80%
Methylpyrrolidone (NMP) and 10% ethanol (EtOH) (volume/volume) ustiardard deprotection
methods. After the Fmoc group is removed, the first amino acid (arginine) is coupled onto the
linker. Arginine contains a stericalfpindered guanidine sidechain with a 2,2,4,6,7
pentamethyldihydrobenzofurdéssulfonyl (Pbf) protectig group making it one of the bulkiest
amino acidsArginineis the only amino acid in MAH®s s e thatrequicegdouble coupling

to ensure sufficient additioonto the linker. The standard single coupling procedure involves
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microwaving the amino acid®(2 M in DMF), activator (0.5 M DIC in DMF), and activator base

(1 M Oxyma in DMF) at %3 for 15 seconds and 80 for ~2 minutes and then removing the
reagents with wash solvent (DMHRgain, this procedure is repeated omere with arginindo
guaranteeouplingontothe linker. The deprotection and coupling reactions are repeated with the
remaining amino acids with the standard single coupling method. A final deprotection step

removes the Fmoc group from thetéfminal amino acid and is followed by sealdDMF washes.

After the peptide synthesis is complete, the resin is carefully transferred from the reaction
vessel with dichloromethane (DCM) into a labeledrBD conical tube. The DCM is gently
evaporated in the fume hood, resulting in a dry, {y&lkow resin. The tube containing the dried
resin is sealed with Parafilm to minimize contact with water and stored in the fre€z@ at | 6 v e
found that MAHP on resin is stable-203 for atleast a yealtypically synthesize MAHP (and
other peptides) on@10 mmol scale, which yields enough peptide for several 2D IR experiments.
The reagent concentrations depend upon the amount of peptide synthesized, so it is important to

reference the Liberty Blue guidelines when scaling the synthesis up or down.

2.2.3Peptide deavage from resinand precipitation with ether

After synthesis, the peptide is cleaved from the resin and the sidechain protecting groups
are removed using an acidic cleavage cocktail. The cleavage cocktail composition is highly
dependent upoime types of residues present. Many linkers (Rink, Wang, etc.) aréaddeand
readily cleaved with a mixture of concentrated TFA with a much smaller percentage of scavenger
species, which are dependent upon the sidechains present. For my peptids damapie used
standard cleavage protocols provided by ThermoFisher. In particular, MAHP does not contain any

highly-reactive sidechains (e.g., cysteine, methionine, histidine, etc.). Therefore, a cleavage
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cocktail of 95% TFA, 2.5% kD, and 2.5% triisopropsilane (TIPS) is sufficient. In this reaction,

TFA severs the peptide from the resin along with the sidechain protecting gra@anH TIPS

bind to the free sidechain protecting groups in solution, preventing them from reattaching to the
peptide.For® . 10 mmol synthesis, usually a third to
that ités unfortunately not useful to weigh t
staticky and does not produce an accurate mass reading. Howeveritical to be as consistent

as possible when measuring the dry resin and adding the cleavage cocktail solution. The resin is
carefully transferred to a@ram glass vial with a small stir bar on a stir plate in the fume hood.
Approximately 5 6 mL of cleavage cocktail is slowly added to the dry resin, which causes it to

react vigorously (smoke and heat are given off). The reaction mixture was stirred i@ k@Quis

in the hood atroom temperature. Itis important that the resin does not interaitievilieavage

cocktail for >4 hours due to undesired side reactions.

Afterthe cleavage reaction is complete, the resin is filtered from the solution and discarded.
The solution, which contains the crude peptide and scavéagsrd sidechain protecting grgs,
is filtered directly into a labeled and weighed®0L centrifuge tube. The solventis dried and a
thin, yellow film/gel remains in the tube. The peptide is precipitated out with cold diethyl ether.
The cold mixture is centrifuged at 5,000 rpm fér1B minutes. After centrifugation, the white
fluffy peptide should settle at the bottom of the tube. The ether supernatant, which contains the
soluble scavengdround sidechain protecting groups, is gently removed by a Pasteur pipette and
discarded. The etherashes are repeated at least twice more to remove the scavenger groups from
the crude peptide. Once most of the supernatantis removed, the remaining ether can be gently
evaporated in the hood to minimize loss of the dry peptide, which is very statidkyodatile at

this stage. Once the cleaved peptide is completely dry, the tube is sealed with Parafilm and stored
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at-203 untilit is ready for HPLC purification. In general, peptide cleavage from the resin should

be timed as closely to HPLC, if possiblie preserve the sidechain group chemistry.

2.2.4High-performance liquid chromatography peptide purification

High performance liquid chromatography (HPLC) is an indispensable tool for peptide
purification. In HPLC, analytes are loaded ontiationary phase, usually a fused silica column,
and eluted from the column with a mobile phase (i.e., solvent system). The analytes in a mixture
have different affinities for the stationary phase, depending upon the specific chemistry. Reversed
phase HPLGRP-HPLC), which uses a nonpolar octadecylsilane (C18) stationary phase, is best
suited for peptide separation. Hydrophilic peptides do not interact strongly with the nonpolar
column and elute first. Hydrophobic peptides interact more favorably withi#tiersary phase
and elute at later times. RFPLC can be performed with a single solventas the mobile phase (i.e.,
isocratic elution) or by changing the solvent system over time (i.e., gradient elution). Gradient
elution improves peptide separation andmsich faster compared to isocratic methods. An
ultravioletvisible (UV-Vis) detector is often used to monitor peptide elutionfrom the column. The
detector monitors 215 nm (the wavelength where the peptide backbone absorbs UV light) and 280
nm (the wavelegth where aromatic residues, like tryptophan, absorb UV radiation). A fraction

collection system is used to collect each species based on the character¥iE &bgorption.

To prepare MAHP for HPLCthe crude peptide was dissolved in water (HPi@de) to
make a ~2 mg/mL stock. The stock was vortexed and immediately filtered throughtar©.20
filter. For purification, typically ~2 mL of peptide solution was loaded onto the preparative column
(~4 mg of crude peptide) during each injection. Singaesaydrophobic peptides (e.g., amyloids)

tend to aggregate on the column, a quickn3@ute cleaning gradient was performed at the
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beginning and end of each day when usingXBeidge BEH C18preparative column. To clean

the column, ~1 mL of dimethylsulfacke (DMSO) was loaded onto the column and a 10% change
per minute gradient of 100% Solvent A (water with 0.045% HCI) to 100% Solvent B (90%
acetonitrile in water with 0.045% HCI) was performed. After 10 minutes, the column was flushed
with 100% Solvent Bdr 10 minutes and then equilibrated with 100% Solvent A for 10 minutes
before the peptide injection. To purify MAHP, a 2% change per minute gradient was used and the
peptide elution was monitored at 215 nm. The solvent gradient started with 0% Solvea¥A (1
water with 0.045% HCI) and ended with 40% Solvent B (90% acetonitrile in water with 0.045%
HCI ) over 20 minutes, where the Ilmnptesi~- @6 6s r et
Solvent B composition). At 20 minutes, the gradientincreased fréatd@00% Solvent B over

1 minute. 100% Solvent B was flushed through the column for 10 minutes to elute the remaining
hydrophobic analytes in the sample. The column was then equilibrated with Solvent A for 10
minutes and the peptide injections were repédbr the remaining crude peptide solution. An
example of the binary gradient for MAHP and resulting chromatogram is shdwiguire 2.6 All

pure MAHP fractions were collected, combined into andlOcentrifuge tube, and lyophilized for
several days (depéing on the sample volume). A single round of HPLC purification is sufficient
for MAHP. Typically, MAHP can be fully purified in ~I®0 injections (~12 days) on the
preparative column, compared to several weeks on the analytical column. However, treeimatc
analytical column (XBridge BEH C18 analytical column) can be useful for initial gradient

optimization if the peptide sample is limited or contains an expensive label.
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Figure 2.6 OptimizedHPLC gradient and chromatogram for MAHP. (A) A binary gradient of 0%
to 40% Solvent B (green) starting with Solvent A (yellow) over 20 minutes is sufficient to elute N
(B) The corresponding chromatogram of MAHP monitored at 215 nm. The pure peptide elut
minutes (~22% Solvent B composition). The pinaction (denoted in the red box) is collected ¢
lyophilized.

It is important to note that different counterions can be used in HPLC solvents, depending
upon the chemical nature of the peptide. We tend to use a smaller percentage of HCI instead of
TFA, which is a standard acidic counterion. TFA absorbs strongly at ~1680which can
overlap with the weak paralldd-sheet mode in infrared spectra. When switching between
counterions, itis important to consult the instrument and column manuals te #msaounterion
is compatible with the system. For HCI, 0.045% by volume is within the acceptable concentration

and pH range of the XBridge columns and instrument.
2.2.5Electrospray-ionization mass spectrometrypeptide characterization

Once the peptidis lyophilized into a white, fluffy powder, itis ready for characterization
with ESFMS. TheMAHP solution was prepared as previously described in Section 2.2.1, instead
using a solvent system of 70% methanol and 30% water (high purity grédgshericmass

spectrunfor pure,unlabeled MAHP is shown iRigure 2.7 The [M+2HE* species is consistently
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the most intense signal observed for MAHP samples under these conditions. After the correct
peptide mass is confirmed, the diluted sample cadidsarded. If there is limited sample, the

concentrated stock should be combined with the dry stock and lyophilized again.
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Figure 2.7 Mass spectrum of pure MAHP Signals observed in mass spectra correspond to protc
species of MAHP (112¢/mol). The most intense signal at 564 m/z corresponds to the doubly prott
peptide [M+2HF*. The weaker signal at 1127 m/z is from the singly protonated [NMspdlies

2.3 Preparation ofpeptidesamples forCD and2D IR measurements

All peptides were prepared in deuterated solvents to prevent interferences from water
bending modes in the amide 16 region in 2D |
under several different conditions for 2D IR analysis. MAHR isodel peptide that has a pH
dependentsecondary structure due to the titration of the aspartic and glutamic acid sidechains (pKa
~4)15MAHP also exhibits an increase in helical content with the addition of the cosolvent 2,2,2
trifluorethanol (TFE)® To prepare the peptide for 2D IR experiments, a concentrated MAHP
soluion (>10 mM) was first prepared in,D. The stock concentration was quantified using the
Nanodrop instrument. MAHP does not contain any aromatic residues (tryptophan, tyrosine, or
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phenylalanine) and cannot be quantified at 280 nm. Instead, the peptideobhackavelength
(~205 nm) is used, although it is much weaker. The estimated molar absorptivity for MAHP is
28.53 L/g*cm, which was calculated based upon the number of amino acid residues and
contributing sidechain absorptions at 205 ¥riRollowing MAHP quantification, sample dilutions

(5 mM) were prepared at different pH values and with varying concentrations of TFE (up to 40%
by volume) in microfuge tubeg&igure 2.8depicts a generalized sample composition for a typical
MAHP 2D IR experiment. The solution pH was adjusted using sodium deuteroxide (20% by
weightin D,O) and deuterium chloride (30% by weight ig@) and theexact value was recorded

with a micropH probe. If applicable, TFE was added (40% v/v) to the 5 mM MAHP samples and
the pH was checked again to ensure the acid did not significantly drop the pH value (>1). The
remaining solvent volume was accounted fohwieat DO. After the sample mixtures were
prepared, the tubes were sealed with Parafilm and incubated at room temperature for at least 1

hour before collecting spectra. After incubation, a small volume of the sampl2qnk) was

sandwiched between twoaE, windows separated by a Bon Teflon spacer.

@ @ @ Il Deuterium oxide (D,0)
— -

Increasing amount of TFE
Decreasing amount of D,0

Figure 2.8 Sample composition for MAHP 2D IRand CD experiments 100nL of sample is prepare
containing equivalent amounts of MAHP stock with varying amounts.@f &hd TFE. Concentrate
MAHP stock isdiluted to a final concentration of 5 mM with the solvent system. The solution |
adjusted before TFE is added (up to 40% by volume).
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2.4 Experimental setup for 2D IR spectroscopy

2D IR is a thirdorder, nonlinear spectroscopic technique that cawigeoadditional
information about molecular vibrations compared to linear spectroscdgiy spreadingan IR
spectrum over two frequency axes, the relationship between multiple vibrational modes can be
investigated. The pulse sequence and example of the 2D IR process is slriguna2.9.1’ The
2D IR pulse sequence consists of a pair of pump pulses and one probe pulse (Figure 2.9A). The
first pump pulsew;, establishes a coherence between the ground state and the first excited
vibrational state and the second pump pulsecreates a popation with this stateFigure2.98
yellow arrow). The waiting time between the two pump puldgsg known as the coherence time
and can be Fourier transformed to yiey)tlethe i
probe pulseys, interactawith the system. The probe pulse can: (1) create another coherence with
the second excited vibrational state, known as excited state absorptionHig&#,2.9B, red
line); (2) stimulate emission to the ground sté&igire2.9B, downwarddblue ling or(3) stimulate
ground state bleaclrigure2.9B,upwardslue ling. The coherence time between the probe pulse
and the emitted signal is Fourier transfor med
probe frequency axes are plotted against eacér dthcreate the 2D IR spectrufidure 2.9C).
By correlating vibrational modes over two frequency axes, more detailed information about the

molecular system of interest can be revealed.
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Figure 2.9 Overview of 2D IR procesgA) 2D IR pulse sequencdwo pump pulses aralprobe pulse
are required to generate the 2D IR signal (second blue coher@i)cEnergy level diagram of 2D I
process. (C) Example 2D IR spectrum. The spectrum is plotted as a contour function, where the
intensities (from GSB and SE processes;) are blue and the positive intensities (excited ¢
absorptionwi) are red.

ExperimentalD IR spectroscopy relies on femtosecond light pulses, which can only be
generated with commercial ultrafdaser systems. There are different methods for implementing
2D IR spectroscopy, but I will focus on the pulse shaper method (i.e.-purhp geometry):2
Generally, pulse shaping hasny advantages over other 2D IR methods, although other methods
still have meritand remain in use tod&@ymplementinga midR pulse shaper allows for complete
corntrol over the pulse phases and the data acquisition time is much faster due to the computer
generated time delay$22Additionally, using a pulse shaper can simplify alignment bechase t

pump pulses are generated onthe same bead*hhe. exampl e of the 2D I R |

is shown inFigure 2.10
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Figure 2.10 Schematic of experimenta2D IR setup.The experimental setup consists lofee main
parts: the ultrafast laser system (Solstice Ace, Spectra Physics, top left), the OPA and DFG (
Spectra Physics, top right), and the 2D IR spectrometer with pulse shaper (2DQuick IR, Ph.
Spectroscopy Inc., bottom left).

Mid-IR femtosecond pulses cannot currently be generated from a commercial laser system.
Instead, visible ultrafast pulses are first generated by a commercial laser system and converted to
infrared pulses using an optical parametric amplifier (OPA) and diffefe@gaency generation
(DFG). For all of my research, |1 0veCAUSAd a So
This system initially generates 800 nm femtosecond pulses by pumping a Ti:Sapphire oscillator
(MaiTai, Spectra Physics, CA, USA) with alb8m continuous wave pump laser. These pulses
were intensified using a regenerative amplifier through a process called chirp pulse amplification

pumped with a higtpower Nd:YVQ,laser (Ascend, Spectra Physics, CA, USA). The Solstice Ace
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systemoutputs 806nm pulseg7 mJ, 60 fs, 1 kHz). In our experimental setup, the output pulses
from the Solstice were attenuated by a 50/50 beam splitter and half of the beam was dumped. The
other beamline was directed into an OPA (TOPAS, Spectra Physics, CN), DUe 800Gnm

pulses were overlapped ontd-darium borate crystal (BBO) to generate signal and idler pulses

in the near infrared spectral region. The signal and idler pulses were overlapped onto g@ AgGaS
crystal, which generated mi light through diference frequency generation (DFG). The mid

IR outputis controlled by the signal and idler frequencies through the following equations:

1 1 1 cq

1 1 1 C®
Inthese equations, isthe inputlight (~12,500 cAfor 800 nm) is the output
frequency (~1,667 crifor 6nm lightwhere proteins absorb), and and are variables.

This system of equations allows us to solve forsigmal and idler frequencies needed for the
desired output frequency ( ). Adding the two equations results yields the signal frequency,
which is greater than the idler frequency by convention. Likewise, subtracting the equations
providesthe iter frequency term. To satisfy 1,667 cmt, the signal and idler frequencies

are setat ~7,083.5 chf~1,412 nm) and ~5,416.5 ch{~1,852 nm), respectively.

After the DFG process, the mi® beam was directed into a commercial 2DQuick IR
spectrometer (PhaseTech Spectroscopy Inc., WI, USA). More details regarding the spectrometer
design are provided elsewhére2First, the midIR beam was splitinto an intense pump (~90%
and a weaker probe Iline (~10%). The resultan
acousteoptic modulato(Ge AOM). Sound waves that travel across the Ge crystal alter the lattice

spacing, which transformed the output pump frequency. The modulated beam was recombined
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with a diffraction grating, producing two individual pump pulses. The pumpand probe paftses w
spatially and temporally overlapped at the sample, which generated the nonlinear signal along the
probe line. The probe line, which contains the signal, was dispersed by a monochromator onto a
mercury cadmium telluride (MCT) detectanray (Princetonistruments, NJ, USA2D IR spectra

were processed by the QuickControl software (PhaseTech Spectroscopy Inc., WI, USA). Data
analysis was performed using a custom MATLAB script and additionatgrosessing was

completed with Adobe lllustrator.

The MCT aray should be calibrated daily with a standard to minimize variations in data
collected overthe span of severalmonths oryears. During my firstfew years in the group, we used
water lines from ambientwater vaporto calibrate the detector because hasibmational modes
spanning the protein region (~133000 cnt). However, this method did not work well with our
spectrometer setup (i.e., the water modes were notresdllived) and was sensitive to humidity
changes, which fluctuated daily. Instead, 8meolecule calibrant molecules tend to work best
because they are consistent and largely insensitive to humidity fluctuations in Hab. 4
nitrobenzaldhyde (4NBA, ~3G§600 mMin toluene) is a small organic molecule thatabsorbs mid
IR light at 1535 cm, 1606 cm?, and 1711 criin toluene, which was measured on our commercial
Nicolet iS20 FTIR spectrometéFhermoFisher, MA, USA). These three vibrational modes are
useful because they span the isotope athed amid
first ANBA probe spectrum (50 scans averaged) was collected as described and the pixels were
matched to the absorption minima frequenciess€balibrated pixels were useliringspectal

processing for theemainingdata set collected on the same day
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Chapter 3.Structural differences in a shaoat-helix revealed by two

dimensional infrared spectroscopy and isotope labeling

3.1Abstract

a-helical secondary structures impart specific mechanical and physiochemical properties
to peptides and proteins, enialglthem to perform a vast range of molecular tasks ranging from
membrane insertion to molecular allostery. However, loss of helical contentin specific regions can
inhibit the polypeptidebds native funevuties. on or
Thus, identifying specific residues that exhibit loss or gain of helicity wighiimelical peptides
and proteinsis critical for understanding the molecular basis for peptide and protein function. Here,
we examine the ability of twdimensional infared (2D IR) spectroscopy coupled with isotope
labeling to detect subtle changes in pepédeelicity. 2D IR spectra were collected of a set of
peptide isotopomers (DPAEAAKAAAGRIH,), under optimized solvent conditions, which
allowed thea-helicity of the peptide to be tuned systematically. These results demonstrate that a
13C180 probe pair at theandi+3 residues can report on subtle helicity changes along the length
of a 12residue moded-helix. These probes revealed strong hydregending and vibrational
coupling spanning the fierminal and central residues @ with a more disordered conformation
atthe Gterminus (8 11) in the predominantly helical state. Additionally, a quantitative signal
strength analysis in the lefvequency region (154@ 600 cmt) was implemented to establish
contributions from the underlying sidechain mode (likely Aspl), whiehfied the isotopic

signals were arising from local helix interactions. These results demonstrate that 2D IR in tandem

with i,i+3 isotope labeling schemes can capture resgheific molecular interactions in an
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helix in real time, which can be fueth applied for structural characterization of short helical

peptide drug candidates and nanomaterials.

3.2Introduction

Secondary structures impart unigue mechanical and physiochemical properties to proteins,
allowing them to act as efficient molecular rhaes!’3 In particular,a-helices are the most
commonseconday structural motif that polypeptides addithis secondary structure is critical
for a wide array of molecular functions, including membrane insefi6proteinprotein and
proteinDNA interactions®10 and intra/intermolecular alloste#y.13 These diverse biological
activities have raised interest @m-helical peptides as drug candidates and novel peptide
nanomaterial$21415However,denaturation or transformation afhelices intoother secondary
structures may lead to loss of native function or gain of toxic funéfiéti-or example, industrial
nanoparticles, which are commonly implementedasmetics, textiles, and medicine, can risk
unintentional exposure to proteins in our bodies through inhalation or ingé%#édanoparticles
are known to induce structural rearrangements in polypeptides, which predominantlyaaffect
helical structure8326 Thus thecrucial relationshifpetweerhighly-abundan-helical motifs in
peptides and proteirendtheir biological function make®vealingthesestructural changesf

great importance.

Two-dimensional infrared (2D IR) spectroscopps been demonstrated to provide
exquisite insightintpolypeptidesecondargtructure$732To date, most 2D IR studies of peptides
and proteins have examined the amide I 6 transi
stretching) because itis sensitive to secondary strugtdr&hen coupled with isotope labeling

methods, 2D IR is capable of singlesidue structural resolutiéf.43 Although the vast majority
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of these st udi-seetpemdes sevemicepatehdveemplofed?2D IR and isotope
labeling to characterize helical peptidéd’It is importantto note that both hydrogen bonding

i nteractions and vibrational c oupl iviorgtionalf f e ct
transition33.41.4851 Hydrogen bonding weakens the carbonyl double bond, lowering its vibrational
frequency relative to carbonyls that are not hydrogen boff@n the other hand, vibrational
coupling occurs via either mechanical (throtmgind) or electrostatic (througtpace)
interactions?2 Polypeptidesexperience both kinds of vibrational coupling, with the strongest
mechanical interactions occurring between adjacent resfddesWhen polypeptides exhibit a

higher degree of order, patterns of vibrational couplings between inditrdnsition dipoles lead

to delocalization of vibrational modes over the extended structure, giving rise to distinctive

spectral signatures (frequencies, intensities, lineshapes) in an IR spé&ttfum.

There is some debate on which type of underlying molecular interactions dominate the
spectral features observedin 2D IR spectra of isctapeled ina-helices. Fangnd coworkers

employed doublé3C180 probes spaced one, two, or three residues apart in a atdi@kx to
determine how the relative positions of the isotope labels influenced vibrational sigrfatures.
Experimental spectra demonstrated varying shifts of¥éO-| a b e | e d odesdedeadiny 6 m
on the relative label positions. When supplemented with extensive calculations, these results
yielded the interesidue coupling constants)(n a-helix, with the strongest vibrational coupling
occurred between adjacent residues € 8.5° 1.8 cmi, by, > 0) followed by the andi+3
positions b4 = 6.6° 0.8 cm?l, b4 < 0). They attributed coupling arising from adjacent residues
primarily to throughbond vibrational coupling, whereas electrostatic coupling betweearatite

i+31d residues, which corresponds to tdaelical repeat length of 3.6 residues, should be unique

to this particular secondary structure.
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A subsequent study by Backus and colleagues utilized 2D IR%@tPO isotope labeling
to probe local molecular interactions within a photoswitchabkeelix.#’ This study revealed that
even singlé3C'80 isotope labels experienced signafint frequency shifts as the peptide switched
betweena-helical and denatured states. As vibrational coupling between unlaBeled and
single’3C®0 ami de |1 6 modes has a negligible effect
large energy differerg they attributed frequency shifts to intramolecular hydrogen bonding
between the andi+4th residues. An entirely novel labeling scheme reportedlagkawaand
colleagues, which utilizeéPN and13C!80 labeled residues, led to the formationcodsspeaks
bet ween the amide I 6 and | I;fhelnBWhdeshisistndy®@ad | R s
performed on ag-helix rather than aa-helix, and thus the repélength along the helical axis

differs, the conclusions should prove general to all helical peptides.

Despite many recent advances in this field, there are currently limitations to probing the
structure and dynamics afhelical motifs with 2D IR and isotopic labeling methods. One major
drawback is sidechain interference in the isotopic regtdior example, aspartate ¢ 820 M!
cnrl), glutamated ~ 830 M1 cm?), and arginined ~ 500 Micml) sidechains contain Hactive
functional groups that absorb between 5018610 cmtin deuterated solvelt.While theextent
of sidechain IR absorption in polypeptides is dependent upon many factors, including solvent
exposure, protonation state, and chain length, these molecular vibrations coincide &@H®e
edited ami d®¥5Jorde 2DrRagstudiesthave nircumvented this complication by
mutating native residues to those that do not contain sidechains with overlapping vibrational
signatures, which was successfully demonstratedavb IR study of the influenza A M2 proton
channek® However, the need to employ mutants limits our understanding of the structure and
dynamics of the native peptide or protein. Another drawback of prabimglical structures with
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isotopes is the effects of vibrational couplingirhelices is inherently weaker compared to the
more commonly studied extendedheet structure®;4143.4551.5The |ocal amide backboneshin

sheets experience both irtend intermolecular couplings. basheet structue nearest neighbor
(intra-strand) couplings are relatively small and positive in sign, while coupling between strands
(interstrand) are much || arger and negative 1in
shift.27.41.51Conversely a-helices exhibit large, positive couplings between adjacent residues,
which opposes the large, negative couplings between t&fa8’Additionally, extendedb-sheet
structures contain a greater number of oscillatading to a greater delocalization of the
vibrational modes and thus larger changes in spectral features. Overall, competition between intra
helical coupling makea-helical structures less straightforward to analyze with individual isotope

labels comparmtob-sheets.

In this study, we aimto resolve the remaining challenges with studylredical structures
with 2D IR and isotope labeling to make it a more inclusive tool for characterizing peptide and
protein structures. While previous studies haveprily focused on stable and binary helices, this
study aims to determine how sensitive isotdgigeled modes are to subtle changes-imelicity,
such as when ama-helix begins to unravel slightly. Additionally, we closely examine the
underlying mechanisms, such as hydrogen bonding and transition dipole coupling, that are
responsible for the characteristic signaturesadielical isotopologues. As discussed above,
another critical challenge to measuring isotopic signals within this particular secondary structure
is the competition between overlapping sidechain modes. To address all of these questions

applied 2D IR spectroscopy to study systematic changesnmodel peptide with a solvent

dependent secondary structure, which prSovided
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Both single and paire’C'80 probes were used to monitor the structural change from disordered
to a-helical in the model system. The findings presented here sutigeisboth vibrational
coupling and hydrogen bonding contribute to the spectral features, with hydrogen bonding being
the major determinant of the redshiftin mode frequency while vibrational coupling leads to greatly
enhanced mode intensity as the orgadigtructure forms. This increase in intensity also provides

an avenue to differentiate coupled isotopes from overlapping sidechain méel@sso probed

two 13C labeling schemes (Figure 3.1), but as we will see, these isotopes were fresalkwied.

Scheme 1 Scheme 2 Scheme 3
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Figure 3.1Cartoon depiction of isotope labeling schemes fa -helices (top) and predicted 2D IR
spectra (bottom).Orange and red arrows denb¥€ and'3C!80 isotopes, respectivellfor each schemt

isotopelabeled spectral features (boxed) will be usedprobe the sensitivity of each schenife
applicable

3.3 Materials and Methods

Materials. The 12residue modeh-helicalpeptide(MAHP, DPAEAAKAAAGR-NH,)
was obtained through sotighase peptide synthesis using standafii@renylmethoxycarbonyl
(Fmoc) chemistry with piperazine deprotection and diisopropylcarbodiimide/Oxyma activation on
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a Liberty Blue microwavassisted peptide synthesizer (CEM, NC, USRink Amide ProTide

resin (CEM, NC, USA) with high linker loading (0.70 milliequivalents per gram) was used as the
solid support to yield an amidatedt€@minus. Peptide cleavage from the resin and sidechain
protecting group removal was achieved with aesge cocktail of 95% trifluoroacetic acid, 2.5%
triisopropyl silane, and 2.5% deionized water after 3 hours. The resin was filtered from the peptide
solution and the excess solvent was removed from the solution. The peptide was precipitated in
cold diethy ether by centrifugation (5,000 rpm for 5 minutes) three times and the supernatant was
discarded. The crude peptide was dissolved in-pigfity water (~2 mg/mL) and filtered (0.2@n
diameter). The peptide was purified by reverpddse high performandiquid chromatography
(Ultimate 3000, ThermoFisher ScientifdA, USA) using an XBridge BEH preparative column
(Waters Corporation, MA, USA). A binary gradient of pure water (Solvent A) to 90% acetonitrile
in water (Solvent B) with 0.045% HCI (v/v) was emented for purification. The gradient was
varied from 040% Solvent B over 20 minutes, and the peptide eluted from the column at ~11
minutes (~22% Solvent B composition), which was monitored by ultravioletabsorption at 214 nm.
The eluted fractions weltgophilized (Labconco, MO, USAand stored a20°C. A ~1 mg/mL

stock solution of pure peptide was prepared in a 70/30 acetonitrile/water mixture, usipghigh
grade solvents. A ~1@g/mL peptide dilution was prepared in the same solvent syste®.a¥d
formic acid (v/v) was added to facilitate protonation during mass spectrometry analysis. The
diluted sample was characterized by electrospoaization mass spectrometry (Orbitrap XL
Penn, ThermoFisher Scientific, MA, USA). Peptide isotopologues syarthesized and purified

in the same manner, substituting isotegwiched {3C and'3C180) Fmoecprotected amino acids

at appropriate positions (Ala3, Ala5, Ala6, Ala8, and Gly11) during peptide synthesis.
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L-alaninel-13C and L-glycine-1-13C (99%enrichment, Millipore SigmayiO, USA) were
individually Fmoc protected using a mixture of 1:1:1 mole ratio amino acid (10 mmol), sodium
bicarbonate, and Fmesuccinimide dissolved using a 1:1 mixture of water and acetone (30 mL
total). The reaction mixturstirred at room temperature (26) for 24 hours and was quenched
with 2 M potassium sulfate (~3 mL) until the solution reached a pH of 2, which precipitated the
Fmocprotected amino acid. The product was washed sparingly witaltedeionized water by
vacuum filtration to remove residual salts present. The Fprotected amino acid was lyophilized
overnight to remove residual water. The Fnprotected amino acid was characterized with
electrosprayionization mass spectrometry as previously describedif@p XL Penn,

ThermoFisher Scientific, MA, USA).

Fmocalanine1-13C180180 and Fmoeglycine-1-13C180180 were individually prepared by
an acidcatalyzed®0-exchange using Schlenk techniques under nitrogen atmosphere. Briefly, 1
gram of Fmoel-13C amino a@ was dissolved in a mixture of dioxane (8 mL) and 4 N HCI in
dioxane (4 mL) in a 50nL round bottom flask. The reaction mixture was heated to reflux (~20
minutes, 150@C) and tmL of 180-enriched water (98%), Cambridge Isotope Laboratories, MA,
USA) was hjected. Aftef8O-enriched water addition, the reaction refluxed for ~4 hours at 150
°C. The solvent was removed either by vacuum on the Schlenk linet (r@urs) or by
lyophilization overnight. Th&0O-exchange reaction was repeated twice more with the amino acid
to achieve >90%°0-labeling efficiency, which was determined by electrospray ionization mass
spectrometry. Before characterization, the amino acid was precipitated and washed with dry
diethylether by centrifugation (5,000 rpm, 5 minutes, 3x total) to remove undesired organic salts
formed during th&80-exchange reaction. Precipitates resulting from these washes were combined

using dry dioxane and lyophilized overnight. For sample charadiemaaith mass spectrometry,
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100% acetonitrile was used as the s-exchangeeds s
with 160-water. A ~10mg/mL dilution of thel®0-enriched amino acid was prepared from a ~1
mg/mL in 100% acetonitrile and charactedzgith mass spectrometry as previously described.
The Na adduct isotopic ratiog{C180180, 13C180160, andl*C160160) i n t he | abel e d

mass spectrum were used to determine the overall labeling efficiency.

All purified peptide samples werissolved in deuterated solvents to ensure strong water
bending modes did not overlap with the amide
stock solutions (~10 mM) were prepared iglDand quantified by ultraviolatisible absorption
measurements &05 nm on a Nanodrop O#@ spectrometer (ThermoFisher Scientific, MA,

USA). 5 mM peptide solutions were prepared from the stock and diluted y@taid a cosolvent,
2,2, 2trifluoroethanol (TFE), if applicable. The diluted peptide solution pH was monitoited
micro-pH probe and adjusted with small (soh) aliquots of sodium deuteroxide and deuterium
chloride stocks as necessdfgr the high helicitysolventcondition (high g with 40% TFEv/V),

the solution pl was adjusted prior to adding the cosolhvamdmeasured again afieard4o ensure

the acid did not cause a significant (<1 udexrease in pH.

The peptide mixtures were vortexed, sealed with Parafilm, and incubated at room
temperature for at least atir prior to 2D IR measurements. After an hotrQ L (or less) of
peptide solution waplacedbetween two CaFwindows(Crystran, UK separated by a 5m
Teflon spaceunder N atmosphere for 2D IR measuremeriisr CD experiments, ~48L of
peptidesolution wassandwichedetween two quartz windows (0.1 mm pathlength, Starna, Cells
CA, USA). The decreased cell pathlength was implemented in CD experiments to directly compare

the same sample conditions with 2D IR measurements. The quartz cuvette wiasl imgeran
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adapter (Starna Cell s, CA, USA) to accommoda

standard pathlength holder (10 mm).

The following small organic molecules and amino acids were used as model compounds
for TFE solvatochromatic studies BD IR studies:N-methylacetamide (NMA)N-methyl2-
pyrrolidone (NMP), Laspartic acid (Asp), darginine (Arg). Concentrated stocks of each
compound were prepared in neatD Separate dilutions of each compound were made with (1)
neat DO and (2) TFE(40% v/v) and DO to maintain the analyte concentration. The final
concentration for the diluted model compounds j0vere 68 mM (NMA), 60 mM (NMP), 50
mM (Asp), and 29 mM (Arg). These samples were vortexed, sealed with Parafilm, and incubated
atrooméemperature for atleastan hour priorto 2D IR measurements. Afterincubation, the sample
solution (~10nL) was placed between two Cawindows separated by a 50n Teflon spacer

under N atmosphere for 2D IR experiments.

Methods. 2D IR data collection angrocessing methods are described in detail
elsewhere? Briefly, ultrafast 800nm pulses were generated by a Ti:Sapphire oscillator and
amplified with a neodymiurdoped yttrium vanadate (Nd:YVPpumped regenerative amplifier
housed in a single compact laser system (Solstice Ace, Sgtggsacs, CA, USA). The Solstice
output pulses (800 nm, 7 mJ, 1 kHz, 60 fs) were directed into a 50/50 beam splitter, where half the
beam was sentinto an optigarametric amplifier coupled with difference frequency generation
(TOPASPrime, Spectrdhysics, CA, USA) to produce ultrafast M pulses. The midR
pulses (6m, 30mJ, 1 kHz, 70 fs) were directed into a commercial 2D IR spectrometer (2DQuick
IR, PhaeTech Spectroscopy, WI, USA) purged with dry, compressed air. ThRERbidam was
split into pump (~90%) and probe (~10%) paths, where the pump beam was directed into a

germanium acoustoptic modulator (Ge AOM) pulse shaper, where time delays betweéirsthe
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two pulses ) were computegenerated. After the pump pulse was shaped, both beam paths were
focused onto the sample to generate the nonlinear response along the probe line. The time delay
between the second and third pulsg@syas kept constaliite., zero delay) for all measurements.
Additionally, all mid-IR pulses had uniform polarizations (i.e., parallel polarization). After the
beams were overlapped on the sample, the nonlinear signal was generated in the same direction
along the probe beanThe probe line (containing the nonlinear signal) was directed into a
monochromator (Princeton Instruments, NJ, USA) and measured with @id&8mnercury
cadmium telluride (MCT) array (PhaseTech Spectroscopy, WI, USA). Raw data was initially
processed tlough the QuickControl software (PhaseTech Spectroscopy, WI, USA) and further
processed using MATLAB with a custom script. Adobe lllustrator software was used to generate

the final 2D IR spectra.

Electronic circular dichroism (CD)measurements weremade on a J810
spectropolarimetefJasco, MD, USA) purged with ) to prevent optic damageAll
measurements were made aP€4Spectra were collectddom 190 260 nm in 2nm increments
at a scan rate of 100 nm per minute. Standard sensitivity (100 mdeg) was used for all CD
measurementd.hree spectrper samplavere collectedaveragecandsmoothedn Microsoft

Excel The final spectra were plotted in MATLAB and further processed watbb® lllustrator.

3.4 Results and Discussion

3.4.1 Peptidea -helicity is controlled through solvent conditions

Published 2D IR studies @f-helices focused on either stable helical structures or those

that could be switched between completadyical and completely disordered stat&®4In this

study, we aim to identify and localize structural changes as a peptide gains @r-loslesty. As
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such, MAHP was identified as an ideal model sydbesed on literatun@dicatingthat its helicity
could be modulate@radually via pH38 In acidic conditions, MAHP adopts a disordered
configuratonAs t he pH of the solution is increased,
deprotonated and favorable intramolecular interactions (e.g., salt bridge formation between the
and K residues and deprotonationofthée @ r mi nal D resi due) promot e
linear a-helical structureSuch solventiependent behavior allows us to precisely control the

peptideds conf oisatopicspectral featuredt eachk pminti n e

Theinitial study reported a qualitative increaseatmelicity with pHusing CD, butlid not
guantify the amount cd-helical content as a function of FITo do so, and thus confirm that the
structure of MAHP changed sufficiently to serve as a model system for thys 8D pectra were
obtained across a pHrange ®fl®. The CD signature @f-helicesis distiné there is a maximum
at 190 nm and two minima at 208 nm and 222%he 222 nm band, which arises from apf
electronic transition, is commonly used to quantify helical contentin peptides damhp¥®®©To
extract quantitative information aboathelical content within a peptide, tegperimental mean
residue ellipticity (MRE) value must be compared to the theoretical MRE for the same péptide
In a CD experiment, MRE is a normalized value of the measured molar ellipticity, which varies
significantly depending upon the peptide/protein system and experimental condiggmsi(nber
of residues, concentration, pathlength, éi¢The following equatiomasused to compute the
normalized MRE[q]) value:

Q Q2D G q
Qaea az6z0

q oP
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whereq is the measurellipticity (millidegrees) | is the pathlengthnom), C is the
concentration (mol/L)and N is the number of residu@d he experimental MRE values for each
solventtonditionwascompared to the theoretical MRE vabfeMAHP in a perfectly helical state.
The following equationvas usedo calculate the theoreticalaximumMRE ( g ) value fora

perfectlyhelical peptidavith N residues
. W Y
q Tmmnap 5 prtayY o]

wherex is achainlength dependertonstant used to correct for ntwydrogen bonded
carbonyls and T is the temperatut€)®! The constant x has been previously estimated to range
from ~0i 3, where x isinversely dependentupon chain leBg#AHP is a relatively short peptide

with 12 residues, thus x was estimated as 2.5 based on the CD unfolding curves from the study by

z

Scholtz and coworke@.Taken bgether, thiyielded aq value ok ¢ dwpo X at24

°C. Furthermorewe can calculate thgercenpeptidehelicity as a function afolvent condition

b "M a Q(I)Qe—(g Bp T oD
i

CD measuremen®t222 nmrevealeda pHdependent increase in helicity for MAHP
(Figure 3.2, solid lines). MAHP exhibited ~8% helicity at pHidicating thathe peptide is
primarily disorderedunder this conditionlsobpes placed in the center of the helix would be
expectedto exhibitweak coupling aistholventtondition. AthighpH{1 0 ) , t he pepti de
was increased to 52, butfor thel2-residueMAHP this corresponds to only 3 residues adopting
ana-helical configuration which correspondsto just less than a full turn. As such, we could not
be confident that paired isotope labels would reliably repoupling To further enhance the

pepti debs h estabilizing tosalvent 22eRifllomdthanol (TFE) was introduced to
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MAHP under the same pH conditiaf%85 CD spectra revealed that TFE (402 ) induceda
greater effect on peptide helicity compared to pH alone (Figure 3.2, dashed lines). At high pH
(~10) with 40% TFE\/v), the peptide exhibited ~60% helical characigrich corresponds te&?

helical turnan MAHP. Under this condition, the isotofmbelsplaced in the center of MAHP are
expected to participate in aw@ltganizeda-helix and thus experience strongvibrational coupling
due to their proximitylncreased vibrational coupling tveeen the isotope pairs should yield
prominentspectrathanges (i.e., frequency shifts, intensity changes, and crossjpeh&ajive of

helix formation Additionally, helix formation is stabilized by intramolecular hydrogen bonding,
which should inducelarger, negative frequency shift (up to ~20-9rf In contrast, one or both

of the peptidgermini likely remain frayedunder these conditions. Isotopic pairs placed three
residues apart in a frayed region would exhibit weak coupling spectral features (i.e., constant
frequencies, low intensities, and no observabled@fonal features). Thus, we anticipate isiotop

pairsplaced at théelix center versus termini shoujekld distinct signatures in 2D IR spectra.

0.0
L |—pH 3, N0 TFE 8.13% )
pH 7, no TFE
>~ -04 pH 10, no TFE
TO - = =pH 3, 40% TFE
% pH 7, 40% TFE ]
== pH 10, 40% TFE ,
o= -08 } 401
1] #
o g / ,
g ’
BE 12 43.83% ¢
= iU - - -
£ T
23 ’
e - I
L \/
L '
£
-2.0

206 210 215 220 225 230

Wavelength (nm)

Figure 3.2 Solvent conditions modulate peptida -helicity. CD spectra revealed an increase in

from 3/ 10 resulted in an increasednhelicity (solid lines, 8.13%25.13%). The addition of 40% TF
(v/v) further enhanced the pepti ded&l4d¥®l i c
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3.4.2 TFEenhancegeptide a -helicity and blueshifts frequencies in 2D IR

While TFE increases-helicity in MAHP, likely by creating a more hydrophobic
environment that promotéise formation of intramolecular hydrogéonding this environmental
change can also result isolvatochromicshifts in IR frequencie%-6868 Therefore, before
examining 2D IR spectral features that arise adH®Aransitions from a disordereddehelical
structure, we must firstfind a way to decouple frequency shifts that arise from changes in structure
versus those that arise from changes in solvent environment. To this end, we measured
solvatochromishiftsin small model compoundd\N-Methylacetamide (NMA) andl-Methyl-2-
Pyrrolidone (NMP) arboth contaira single amide bonamhdhave been used previously as peptide
analogues for IR studi¢g.5%.70Additionally, IR solvatochromic shifts of twamino acids, Argand
Asp, were studied/Nhile the amino acids do not containrae amide bond, the carboxylate and
guanidinosidechaingroupsh ave vi brati onal modes wi*®The n t he

chemical structures of each model compound are depicted below in Figure 3.

A B C D
0 N -CHs NH 0 0
M en A HO
~CH3 H,N™ N OH OH
H:C”™ °N H
H 0 NH; O NH,

Figure 3.3Chemical structures of model compounds user solvatochromnism study. Small organic
molecules (A) NMA and (B) NMP were used to model the amide vibration. Amino acidsdfgjirine
and (D) L-aspartic acid were uses model compounds

2D IR spectravere collected of the model compoundg1) neat BO and (2) in a mixture
of 40% TFE in BDO. In the presence of TF&l model compoundsxhibited 5 6 cm? blueshift

compared to the same compound dissolved in ng@t (Bigure Al.6 andlable Al.1) The

60



blueshiftconfirms that the carbonyl bonds are strengthened in TFE, consistent with a reduction in
the available hydrogehond partners in solutiowWhile the ~6 cmd blueshiftis considerable

vi brational coupling i1 s euwepcesTheeetorewhie sohert s hi f t
induced frequency shifts may dampsructuralinducedrequencyshifts in the model peptide

they should not create Afalse positiveso or p

Based on CD experiments (Figure 3.2), three solvent conditiogre selectedto
characterize the model peptideds spectBal sic
without TFE, which corresponsito a disordered structure. The second condition is ail@H
without TFE, whichcorrespondso an intermediatpéartially helical secondary structure. The last
condition is at pHLO with the addition of the cosolvent, whiclrresponds to a mostly helical
structure Representative 2D IR spectra of unlabeled MAHP at each solvent conditions are shown
in Figure 34. Ast he peptidebds hel i &fraqyency nedshifts ansl ¢he , t hi
antidiagonallinewidth qualitatively narrovs, a characteristic signature of highedered
secondary structurg8ltis importantto note that h e a Mmeqdeacyof MAHP continues to
redshft as helicity increases, even once TFE is add&tile the amided modeshift is likely

dampened by theolvatochromic effect of the cosolvetite increase in vibrational coupling as

thea-helix forms is strong enough to dominate the ovegadictral shift.
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Figure 3.4 2D IR spectra of unlabeled MAHP under optimized solvent conditiondVIAHP adopting
a (A) disorderedstructure (low pH without TFE), (B) partialyelical structure (high pH without TFE
and (C)predominanthyhelical secondary structure (high pH with 40% TW&). Amide I6frequencies
(red) and percent helicities quantified by CD experiments (black)aesl at the bottomight of each
spectrum.Aspartate sidechain presents as a shoulder near F1580 cmt at (A and B) low anc
intermediate conditions and an isolated transition at (C) the highest helicity.

3.4.3Dual *C*80 probesdetecta -helix formation spanning central residues

After establishing solvent conditions that corresponded to distinct helical states in the
model peptide Hreeisotopelabelingvariations werénvestigated by2D IR: (1) doublé3C, (2)
doublel3C180, and (3) mixed3C/3C180. Isotopicprobeswere incorporated at theandi+3
positionsinthemo d e |  psequéncedwhéresthe carborsf®uldbe oriented parallel to each

otherwhen thea-helix is folded For initial experiments, the central residues were labeled at

residues A5 and A&s these residues span the center of the MAHP sequenceavhelieal tums

are hypothesized to be most stablD IR spectra of each labeling scheme incorporated into
MAHP were examined under the three distinct solvent conditmesiously discussed
Representative 2D IR spectra of the dodBelabeling scheme (i.eScheme IMAHP LS1,13C-
labeled at A5 and A8) are shown in Figur®.3n the disordered configuratigRigure 35A), there

is a clear isotope peak at ~1606-tmadshifted ~44 crifrom the bulk amide@mode. Thés3C

transition is quite broad along the diagonal (Figue®3) , i ndi cati ve of wvar.i

62

a



environment, whichis expectedin adom coil conformation. In the intermediate conditionghe
are two transitions: one at 1606 @mvith more intensity, and another ~1580-grhkely due to
the aspartate sidechain mode (FigurBB3. While the more intense ~1606 énmode could
indicatean increasé couplingbetween thé3C pair, it is difficult to discern due to the broadened
transition As the helicity is increased (Figureg.), the isotope peappears toedshiftto ~1593
cmrl. This significant redshift in theésotopic frequency is likely due to local intramolecular
hydrogen bonding, which stabilizes helical structuFesmthese2D IR experimentsit was clear

that theduall3Clabels werenot ideal for tracking changes in peptide helicity from this sydigen

t o i

nsuf ficient

frequency region.

Pump frequency (cm™')

Figure 3.52D IR spectra of MAHP LS1 as a function of peptide -helicity. Double!3C-edited AS
and ABMAHP experiencing éA) disordered, (B) intermediate, and (C) helical structure. The isc
labels appear as a distinct transition in the disordered peptide configuratidagtfed ling but the
isotope transition broadens as the peptide folds into a helix (B adds@ed lirg. In (B), the low
frequency shoulder arises from the aspartate residue.
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Next, 2D IR spectra of the doubléC®O-editedMAHP (i.e., Scheme 2, MAHP LS2,
13C180-labeled at A5 and A8)ere collectedKigure 36). The heaviet3C!80 isotope shifts the
| ocal amide I 6 backbones further H{Cr(62rcmt he bul
Figure 36A). The larger frequency separation generally provides better spectral resolution to
examine changes in the labeled moaléhoughit is important to note aspartate is located in this
region.The13C180 pair appears as an isolated transition at ~1589igrie random coil structure
(Figure 36A), whichredshifts to ~1581 crhand gains intensity as the helix begins to fold (Figure
3.6B). These spectral signatures (i.e., redshifted frequency and higher intensity) reflectincreased
ordering which arises fronmydrogen bond formation and vibrational coupliaihough these
interactions cannot be decoupléd the highest helical condin, the isotope pair is centered near
~1584 cm, butis more intense compared to the intermediate structure (Fi§@¥ Bhis slight
blueshift was due to TFE (see Section 3.4TRke intensity gairsuggestsstronger vibrational
coupling of the isotopesdicative ofincreased-helicity. From this study, it is clear th&#C180
probes features are more resolved comparé¥tdabels in this peptide system. These features
are suggestive of helix formation through hydrogen bonding interactions antionaraoupling,
although the two events cannot be isolated from this set of experiments. In the following section,

we will discuss how single labeling was utilized to assign the origin of these features.
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Figure 3.6 Representative 2D IR spectra of MAHP LS2 at varying degrees @-helicity. The*CO
mode ishighlighted with horizontal dashed lines in each spect(@)iThe isotopes appear at ~1589
1in the random coil configuration. (B) As the helix begins to fotime isotope mode intensifies a
redshifts to ~1581 crh (C) The isotope mode remains near ~1584 amd intensifies in the helic:
conformation.

Finally, the mixed labeling scheme incorporated into MAHP (Beheme 3MAHP LS3,
13C at A5 and3C180 at A8) waexaminedby 2D IR todeterminavhether or not crosspeaks could
be resolved between twebfferentisotogc modes The representative 2D IR data for MAHP LS3
is illustrated in Figure 3. Two distinct features were observed 4589 cmtand ~1612 criin
the low helicity condition, which matches with the frequencies observed in the diabeled
13C180- and13C-labeled peptides, respectiveBigures 36A and 35A), in the disordered peptide
configuration. At the intermediat@andition, both labeled modes double in intensity and redshift
~10 cm! (Figure 37B). Again, the increased intensities reflect stronger local transition dipole
coupling, revealing a higher degree of structural ordering(i.e., local disordered to helitkdrg.n
This magnitude in redshift (~10 cHhis characteristic of hydrogen bonding, which is another
defining feature of helix stabilization. However, this spectral region is notrestilved enough

to detect crosspeaks between the isotope labelgsept. Interestingly, only one strong transition
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Is observed around ~1580émvh en t he peptideds hel YC).Thisy was
distinct mode has a high#requency shoulder along the diagonal trace (Figur€ 3op panel),

which could suggdsthat thel3C-labeled A8 residue is experiencing hydrogen bonding and
vibrational coupling, but cannot be spectrally resolvEdr this system, this observation
significantly complicates our characterization of théelix due to the additional sidechain
interferencedrrom these initial 2D IRneasurement# can be concluded th&#iC wasoverall

lacking at identifyindocalchanges ipeptidea-helicity.

E) e 1648 cm™ 8
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Figure 3.7 2D IR spectra of MAHP LS3 as a function of peptidea-helicity. The3C and3C*O
features arelenoted with horizontal dashed liné&) Both isotopes appear as isolated transitions v
the peptide is disordered. (B) As the helix forms, limkopes redshift ~10 cin(C) At the high helicity
condition, a single transition is observed at ~1581* evith an unresolved shoulder on the hic
frequency side.

3.4.4 Doublet3*C*80 labeling suggests terminal conformational differences

Overall, labeihg scheme 2 (i.e., doubléC0 editing af andi+3 positions) was the most

straightforward scheme for examining changes in isotopic signatures, which sadoest
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differences between disordered antelical secondary structur@sgure 36). To further probe

the helix formation, the Nerminus (A3 and A6) and-@&rminus (A8 and G11) were aledited

with a pair of13C180 isotopes. The isotopic signatures were monitored with 2D IR under the same
solvent conditions to examine thelical termini conformations as a function of peptide helicity.

The spectraforthe doub&C180 labeling of Nterminaland @erminal ends are shown in Figures
3.8and 39, respectivelyThe labeled Nerminus followedthe same trend as the central lage
scheme (Figure 8), where the isotopic modedshifted~12 cm?® and exhibited arntensity
enhancemempproximating h e a nmodegFiguré &). However, thel3C80-edited C
terminus displays a similar trend but to a lesser e&téim¢ isotopdransition shifted ~9 crhand

the intensity was comparatively weaker (Figur®)3. Agai n, the slight b |
frequencies here are attributed to the cosolvEmfrequency shift in the A8 and G11 signatures
infers more hydrogen bonding interactions occur in the helical state compared to the unfolded
conformation, but there seems to be a greater degree of disorder in this region. While the intensity
of the isotopigrobesincreases, the magnitude is approximately half compared to when the probes
are inserted at the-derminus. Overall, these findings suggest @erminal 13C180 probegA8

and G11) do not participate in the helix to the extent of the other pas(d) A5, and A6)This

result is logical when considering th&l1 residue exhibita high degree of conformational
flexibility due to its small hydrogen sidechawhich is known to destabilize helical structup&sd

In summary13C'80 probe pairs inserted at the helical termini revealed that whear-Hedix is
folded,the Gterminus(A8 and G11) adopta less restricted structure compared to the other

labeledpositionsexaminedA3, A5, and A6)
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Figure 3.8 N-terminal MAHP LS2 (A3 and A6) spectra as a function o&-helicity. Thel3C'€0 labels
aredenoted by dashed ling®\) Isotope paippears as an isolated transition at ~1594 icnthe low
helicity condition. (B) The isotope mode gains intensity and shifts to ~158Lipon helicity increase
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Figure 3.9 C-terminal MAHP LS2 (A8 and G11) spectra as a function o -helicity. Isotopeedited
features are represented by horizontal dashed (iAg3he labeled mode is present at ~4587!in the
disordered structure. (B and C) As the helicity increasessakme mode gains intensity and redshi
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but to a lesser extent compared to the other labeled positions.
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3.4.5 Semiquantitative intensity ratio comparison of sidechain and isotopes

While we have demonstrated th8€C180 labels three residues apagportmolecular
changes in am-helix upon folding, we still need to address the underlgidgchainfeature
presentin all of the MAHP samplekhis feature idikely due to the ionizable aspartate resjdue
which simultaneaisly appears in theegion of interesbetween~1580 1590 cmt.>4 Here, we
reveal the sidechambsorption is much weaker compared to the detf80-labeled samples
due to vibrational coupling effects. When two isotopes are oriented in the helical turn, their
transition dipole strengths delocalize. This delocalization of charge induces a larger transition
dipole and redistributes the oscillator strength. Since weaaenining different positions along
the samea-helix, which inherently experiences some structural and solvent variations, ratios were
hypothesized to be sufficient at capturing qualitative coupling differences. A more rigorous
approach would quantify theansition dipole coupling strengths, which has been previously
applied to the ami d25Hbveves TDHoadcllationsarendt aslséhsitset u d i
to weaker signals, such as those arising from sidechains and isotopes. Here, we quantified the
ratios betweenthelolvr equency (sidechain and isot&pe sig
forthe unlabeled, singléC'80-labeled, and doubléC'80O-labeled peptides. Examining the single
13C180-edited (A5) peptide provided a way to compare how removing coupling between identical

residues influenced the overall signal strength.

Representatie 2D IRspectran the lowfrequency spectral region (1540600 cmt) and
gquantitative intensity ratios are summarized Figure 3.0, Figure 3.11,and Table 3,
respectively Additional 2D IR spectralong witha full description of the raticalculatiors are
provided inAppendix 1.The sidechain signal strength in the unlabeled peptide spectruiis ~1

18% of main amided mode at the high pH conditi¢gs). The lowfrequency transition for the
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single13C180-labeled (A5) peptide is approximatelyice as intense as the sidechain alone under
the same condition(s). It is critical to note that a single isotope does not experience the same
vibrational coupling enhancement compared to the dual probes, where the transition dipole
strength is delocalizemlver two residues. The lotveqguency ratio calculated for A5 MAHP, which
arises from a single labeland the sidechain contributions, is consistent with a previous 2D IR study
employing single labels in am-helix with aspartate residuéskor the Nterminal (A3A6) and
centrally (A5A8) labeled peptides, thatio is greatly enhanced-bi 6x more intensecompared

to the unlabeled peptide at the same condition. This verifies that, for these samples, coupling
betweenthe isotopepair is the primary contributor to signal strength and are suppressing the
sidechai® signal. For the @erminal labeling scheme (A8G11), the overall signal strength is
weakerand comparable to the singléC80 mode intensity, especially at the highest helical
condition.Additionally, there is more variations in the intensity ratiostfer A8BG11 spectra,

which reflects more structural and/or solvent fluctuations. In conclusiancoupledisotopes
contributesubstantiallymore to the overall signal strength compared taithderlyingsidechain

or a single!3C180 probe This ratio comparison supporisotopic coupling in a folded-helix
induces alarger intensity gain in this region in 2D IR measurements, allowingthe local interactions

to be measured in the presence of the sidechain mode.
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Figure 3.10. Summary of intensity ratios(low-f r e g u e h ¢ y niode fax umlalokled, dingle,
and double!3*C*®0-labeled MAHP as a function ofa-helicity. Theunlabeled (red) intensity increas
at highera-helicity due to sidechain ionization. A singR€80 isotope at A5 (orange) displayed t
same trend as the unlabeled sample. The ddéBtéO-edited samples (A3A6, yellow; A5A8, gree
A8G11, blue) exhibited enhanced intensities in the intermediathighcconditions due to increas
vibrational coupling between probes. The average intensity values and respective standard devi
listed in Table 3.1.
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Table3lLow-f requency to amide |06 niCéf@sarptes e n
13C80-labeled positions AveragelowF r equency to Amide | {
Unlabeled (low helicity) 7.0° 1.4

Unlabeled (intermediate helicity) 15.8° 3.2
Unlabeled (high helicity) 18.2° 5.2
A5 (low helicity) 15.1° 4.3

A5 (intermediate helicity) 37.0° 11.8
A5 (high helicity) 34.7° 11.1
A3AG6 (low helicity) 33.6° 9.4

A3AG6 (intermediate helicity) 103.4° 11.7

A3AG6 (high helicity) 66.4° 9.5

A5A8 (low helicity) 34.3° 3.1

AS5AS8 (intermediate helicity) 79.1° 7.7
A5A8 (high helicity) 116.2° 2.9
A8G11 (low helicity) 18.9° 1.5
A8GL11 (intermediate helicity) 51.2° 16.1
A8G11 (high helicity) 35.9° 10.1
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Figure 3.11 Representative 2D IRspectraof unlabeled, single, and doublé*C*0O-labeled MAHP

in the low-frequency spectral window.(Ai C) Unlabeled, (DF) A5-labeled, (Gl) A3A6-labeled, (0

L) A5G8-labeled, and (WMO) A8G1Ztlabeled MAHP at low, intermediate, and high helicity conditi
(left toright). See Appendix 1 for more details on this calculation.
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3.5 Conclusions

In summary we have demonstrated how 2D IR supplemented with isotope labeling
methods can measure sensitive molecular interactions in a @dudix. By incorporating dual
13C180 probes three residues apart ind@hbelix, we were able to monitor local intensity changes
arising from local transition dipole coupling, allowing us to isolate where these particular
structures formed. The isotopi@absition revealed that the-tdrminal and central region (A3, A5,
and A6) underwent hydrogen bonding and vibrational coupling as a functahelicity, while
the Gterminus remained less ordered (A8 and G11). Additionally, single labeling3@#©O at
the central A5 position allowed us to decouple the effects of hydrogen bonding and vibrational
coupling, revealing that hydrogen bonding was the primary contributor to the ~1fedshift.
Lastly, we addressed the interference of sidechain vibratiahg ispectral region of interest by
showing that two couple’#C180 probes induce a large enough intensity difference to effectively

suppress the sidechain mode.

Taken together, these resuttsggest that as the peptide foldadopts ~2 helical turns
spanning the Nterminal (A3 and A6) and central (A5 and A8) residues, but remains more flexible
between positions A8 and Gllhese findings are al$o good agreement with CD measurements
(~60%, Figure 3.2). This structure is also supportethbylesign ofthe model peptide, where the
N-terminus is stabilized by a hydrogen bond with the D1 sidechain and a salt bridge between
residues E4 and K®.Additionally, residues P2 and Gate knowntal e mar c at e MAHPO s
ends due to the hellareakingpropensityG1 16s i nherent conf or mati ona
weaker coupling features (i.elesser frequency shifts and intensity gaingserved in 2D IR

spectrgFigure 3.11).
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While 13C80 probes were sensitive to the degrof peptidea-helicity in 2D IR
measurementsC labels were largely ineffective at capturing the same molecular events. In
particular, the mixed labeling scheme (Schem&@L80/13C) lacked crosspeaks, which would
have been an additiongppectral marker of vibrational coupling across the helical tartheory,
amixed amide I/ll labeling scheme witBC180 and!>N placed four residues apaduld be used
to monitora-helix formationthrough crosspeaks, which has bpesviouslyapplied b a3;¢-helix
but in adifferent solvent system (CD@¥s. D,O).53 Future workwould need taaddres$iow to
mitigate DO interferences froman+4 mixed amidedll 6labelingin ara-helix to be compatible

with peptide and protein IR structural studies.

Additionally, future work could focus on collecting rephasing and nonrephasing sgectra
isotopeediteda-helices which may be more sensitive tmsspeaks compared to absorptive 2D
spectraP3 The data presented here was collected using dRnjdilse shaper, where the two pump
pulses are collinear and have the sanmlanmation.All data provided in this study was collected
utilizing a parallel polarization, where all pulses and the emitted signal are polarized in the same
direction (i.e., ZZZZ). Implementing a perpendicular polarization scheme, where the pump and
probe pul sesd have podlofaset(ie ,ZIXX)pcarshelpvdnhande crasspeaks9 0
in this experimental setup. However, the perpendicular polarization scheme was not informatve
in this isotopestudy (Appendix 1, Figures A1.11 and A1.12D IR pumpprobemeasurements
generally danhot allow for fine polarization adjustmentsttee two individuapump pulses. Future
work could examine these labeling schemes implementing afaue mixing 2D IR geometrgr
utilize more specific polarizatioschemeswhichmay help resolve crosspeaks obscured by the

strong diagonal peak8

Potential sidechain interferences ire tMAHP sequence include Asp, Glu, and Arg. The

75



strongest sidechain feature, likely the underlying carboxylate from Asp, coincides with the isotope
mode (~15801590 cmt).>*While the sidechain is more intense at high pH (i.e., intermediate and
high helicity conditions), the signals from twabupledisotopesxceed thaidechain absorption

by at least 50% (Figuss3.10 and 3.11). While spectral subtraction methods can be implemented,

a wide range of experimentéctors (e.g., calibration, laser power fluctuationseptide
concentratiopscattergtc.)that affect 2D IR signals can complicate the subtraction process and
introduce artifact$2 Here, a semquantitative comparison was drawetween the unlabeled
single,anddoublel3C!80-labeled peptidem the low frequencyegion (15401600 cmt). This
intensity-ratio evaluation indicated the strong spectral features originatedcivapling between

the isotopes, rather than thederlyingsidechairabsorption (Table 3.1As previously mentioned
transition dipolestrength measurements could be applied to quantify coupling, but these
measurements are difficult with weaker signals, such as those arising from one or two ®otopes.
These issues could be overcome by altering sample conditions (increasing concentration or
pathlength) or by introducing additional isotope lab@lg., uniformly labeling domain®¥)to

improve signal strength.

Future work could harnessdechains as labétee vibrational probes peptides and
proteins For example, the aspartatsidue in MAHP provides a wetkesolved IR signal, which
could probe local molecular changes as the helix folds. Aspartate mutation in the MAHP sequence
has been shown to significantly decrease its helical content, revealing its crucial role in helix
stabiization throughend capping®71.74The mechanism Nerminal stabilization through end
capping could be further clarified through 2D IR linesbamalysis and waiting time studies of
the sidechain carboxylate group in this model peptideg’” Additionally, the vibrational lifetime

of the aspartate sidechain likely differs in the protonated and unptetbfams. Lifetimes have
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been previously used to suppress different protein signals in 2D IR experiments, which could have
the potential to resolve isotopic signals underneath native sidechain Mdtesapproach could
also be extended to ti@terminal ArgresidueathigherpH (>10)to explore ionization effects on

its local environment
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Chapter 4. Establishing conditiofts structural analysis afanoparticle

bound peptides and proteins with t@omensional infrared spectroscopy

4.1 Abstract

In this chapter, sample conditions necessary for future 2D IR studies of polypeptides in the
presence of nanoparticles were established. For initial studies, a exbedical peptide (EK
helix) and protein (lysozyme) were studied in the presence of goldids. Three distinct
nanoparticle sizes were tested: 20 nm, 60 nm, and 74 nm gold colloids stabilized in citrate solution.
The 20 nm and 60 nm gold colloids stabilized by 0.1 mg/mL sodium citrate were purchased from
Alfa Aesar and used as supplied. THenm gold colloids in citrate solution were synthesized by
a collaborator in the Macdonald lab at Vanderbilt University and used as provided. The citrate
stabilizer (0.1 mg/mL) did notimpact peptide/protein structure or absorb IR light at sub milligram
per milliliter concentrations. Centrifugation and sonication, which were technigues required for
nanoparticle solvent exchange and isolations, did not alter the secondary structure of the model
peptide/protein. Peptide/protein addition to the commercialoparticles resulted in no
nanoparticle isolation after centrifugation, which was unexpected. The commercial nanoparticles
were only separated from solution at low protein concentrations (nM), which were not feasible for
2D IR characterization. The synthesd gold colloids were mixed independently with the model
peptide and protein systems, which each displayed a different affinity. Lysozyme did not associate
strongly with the gold colloids, as indicated by a slight redshift (~2 nm) in the LSPR band and the
substantial removal of protein upon centrifugation-lix interacted with the synthesized gold
colloids, as reflected by a noticeable color change of the mixture and a larger redshift (~9 nm) in

the LSPR peak. Efelix stabilized the gold nanoparticiesolution, which could notbe removed
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by centrifugation. 2D IR spectra were collected of model peptide and protein with gold colloids
added, but indicated no major structural changes were induced by the nanoparticles. Further
characterization methods Wbe required to identify the different nanoparticle stabilization
mechanisms induced by peptides and proteins. Other purification techniques could also be
implemented to isolate the nanoparticles from free peptide/protein in solution, if desired.
Importantly, the gold colloids did not exhibit major IR light scattering, which allows

peptide/protein spectra to be collected without implementing spectral deconvolution methods.

4.2 Introduction

It is important to understand the impacts of nanomaterial exposuak aspects of our
world, especially biological systemds$. Nanomaterials range in size fromi<1000 nm, are
comprised of various materials (e.g., metals, polymers, etc.), and adopt many shapes (e.g., spheres,
cubes, stars, etc®)!1 The combination of nanoparticle size, composition, and shequulates
specific interactions with biological molecules and c#1¥. The molecular associations between
biological molecules and nanoparticles can be utilized for different biomedical applsaiich
as imaging, drug delivery, and senst#@* However, despite their increasing use in medicine and
other industries, much remains unclear about interactions between nanoparticles and biological

entities on the molecular level.

Nanoparticles can be tailoredd induce selective interactions with various biological
targets?>27Some nanomaterials can elicit strong associationswith biomacromolecules, like DNA
and proteirmagnetic nanoparticled 34Other nanomaterials can be decorated with polymers, like
short peptides or polyethylene glycol (PEG), to evade biological molettdéswhen biological

molecules associate with nanoparticles, they tend to rapidly coat the surface and create a
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biomolecular corona. The biomolecular corona gives the nanoparticle a new identity and dictates
future interadbns with other specie®¥i4° Proteins comprise a large percentage of biological
media, such as blood seru#f2Nanoparticle introductioninto biological media, like bloodiser

can elicit favorable protein interactions, resulting in protein corona formation. Therefore,
understanding the molecular compositiansl resultant biological activities of protein coronas is
critical notonly for their medical use, butalso applicatiathin other industries where they likely

come in contact with biological species.

A proteinds structure is vital for proper
well , wher globalbenprgueanden wil | tignswithdiffeteit e c om
speciesd345 When proteins come in contact with nanoparticles, they can sometimes undergo
structural changes to facilitatmergeticallyfavorable interaction&47Evenslight modifications
in protein structure can result in drastically different biological activities of protein coronas, like
autoimmune reponsed8 Therefore, elucidating structural changes in protein coronas, whether

intentional or unexpected, is vital for a more complete understanding of their biocompatibility.

Many protein corona studies employ molecular spesciopy to identifystructural
alterationsbefore and after nanoparticle expost#él Common techniques to probe protein
structure in the presence of nanoparticles include fluorescence, circular dichroism, and vibrational
spectroscopies (e.g., Fourier transform IR and Raman), which provide information on global
structural andconformational changesi>4 However, proteins can also exhibit minor structural
rearrangemenisvhich could be lost without highesolutiontechniques or additional labeling
procedures. Therefore, spectroscopic techniques that can also captsesitec structural

changes are extremely advantageous for protein corona studies.
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Two-dimensional infrared (2D IR) spectroscopy coupled with igetlabeling is capable
of tracking sitespecific structural changes within peptides and proteia%lsotopes, like3C or
13C180, can be incorporated at spigciocations within the polypeptide sequence through solid
phase peptide synthesis or protein expression in isedopiehed media?80integrating istopes
within the peptide backbone redshifts the resi
the bulk protein amide |6 transition. Vibratd.i
through spectral features (e.g., frequency shiftgrisity changes, lineshapes, crosspeaks, etc.),
thus achieving residuspecificity. In addition, 2D IR spectroscopy has been utilized to examine
molecular interactions at nanoparticle surfa@¢8.Some nanoparticles (e.g., gold asiter
colloids) do not strongly abs@%This alows pratent t er |
structure and dynamics to be tracked without spectral interferences from nanomaterials, which has

been demonstrated with glutathione in the presence of silver nanop&Réles.

The overarching goal of this project was to examine detsitedtural changes in peptides
and proteins upon nanoparticle exposure with 2D IR spectrosaogisotope labeling. In
particular, a-helical proteins have been shown to commonly denature upon nanoparticle
contactt3.6770Common serum proteins, like albumin and fibrinogen, contain a large percentage of
a-helical structure, providing motivatiol study changes iproteinhelicity when exposed to
nanoparticlest’2Therefore, | chose to exane modela-helical peptides and proteins for my
initial nanoparticles studies due to their high natural abundance and diverse roles in various
biological activities. For preliminary experiments, | selected a robust neotielix (EK-helix,
Ac-AEAAAKEAAAKE AAAKA -NH,) that is stable over a wide pH range to avoid structural
differences arising from sample conditiof¥$.also chose to examine a model protein (egg

white lysozyme, HEWL) containing a high abundance of helical character, which has been well
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characterized and implemented in severalgirotorona studie®:’478 While there have been
several protein corona studies with HEWL, | could not gain access to the exact nanoparticles use
in this specific FTIR study due to proprietary rights from the compé@kiye initially explored

similar nanoparticles used in these studies (e.g., silica and alumina), but these species experienced
significant solubility issues and thus were not carried forward. | eventually settled on goitdscoll

for the preliminary nanoparticle systems, which are easily quantifiable, suspend well in aqueous
media, and are abundant throughout protein corona literatdf8.5478] have used both
commerciallypurchased and synthesized citratgped gold colloids, which wesgnthesized by

a collaborator in the Macdonald lab at Vanderbilt. In this Chapter, | will discuss my preliminary

work on sample preparation and characterization of model peptide and protein corona samples.

4.3 Materials and Methods

EK-helix (Ac-AEAAAKEAA AKEAAAKA -NH;) was synthesized on an automated
microwaveassisted Liberty Blue peptide synthesizer using standard Fmoc chemistry as described
in detail in Chapter 2. The-t¢rminus was acetylated immediately following Fmoc deprotection.
N-terminal acetylabn was carried out using a solution of 10% acetic anhydride (v/v) in
dimethylformamide (DMF) using the standard amino acid coupling method. The peptide was
cleaved from the resin (Rink Amide ProTide) and the sidechain protecting groups were removed
using acleavage cocktail of 95% trifluoroacetic acid (TFA), 2.5% triisopropylsilane (TIPS), and
2.5% H0. The cleavage cocktail was filtered from the resin and dried with compressed air. After
the solution was dried into a film, the peptide was precipitatedowsithdiethyl ether and washed
3x by centrifugation (5,000 rpms for 5 minutes). The crude peptide was dissolved indgf&tdeC
H,0, vortexed, and filtered through a 0-8m filter to prepare a ~2 mg/mL solution for RFPLC
purification. The same gradientessfor MAHP (See Chapter 2, Section 2.2.4) was sufficient to
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elute Ekhelix at ~28% Solvent B (90% acetonitrile in® with 0.045% HCI) composition. The
peptide fractions were collected and lyophilized-B#ix (1612.81 g/mol) washaracterized by
electrospray ionization mass spectrometry using the same preparation methods as the MAHP
peptide (See Chapter 2, Section 2.2.5). The mass spectrum of purifieel&ks shown in Figure

4.1. PurifiedHEWL (~14,300 g/molwas purchased fra Millipore Sigma and used without any

further modifications.
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Figure 4.1 Mass spectrum of EKhelix. Signals observed in the mass spectrum are characteristic

EK-helix peptide (1612.81 g/molyhe most intense peak at 538.6 m@@aresents [M+3H}. The weakel
signal at 807.4 m/z is corresponds to [M+2HNo peak is observed for the [M+Hjpecies.

Concentrated stocks of purified peptide (~10 mM) and protein (~20 mg/mL) were prepared
in D,O or D,O with 0.1 mg/mL sodium citrate, depending on the experiment. The stock solution
pH was recorded using a standardized micro pH probe (ThermoFisher, MA, USA). The peptide
and protein stocks were quantified by Wisible spectroscopy on a Nanodrop One C

spedrometer (ThermoFisher, MA, USA) using the pedestal optieonflpathlength). EKhelix
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does not contain tryptophan and was therefore quantified at 205 nm using the calculated molar
absorptivity value €exneix = 27.58 L ¢t cm1).7® HEWL was quantified at 280 nm using the
lysozyme setting installed on the Nanodrop softwagef ~ 39,000 Micm?). 1 mM EK-helix

and ~10 mg/mL (~0.70 mM) HEWL dilutions were prepared at low pH for initial 2D IR and CD

experiments. The solutions were incubated at room temperature for at least 1 hour prior to

collecting spectra.

Gold colloids (10, 2pand 60 nm diameters) with 0.1 mg/mL added sodium citrate were
commercially purchased (Alfa Aesar, MA, USA). All nanoparticle suspensions were stored at 4
3 and covered with aluminum foil to prevent exposure to light. Supplementary information about
these nanoparticles, which was provided by the company, is listed beloWalne 4.1.
Additionally, 74 nm gold colloids capped with sodium citrate were synthesized and characterized
by a collaboratorin the Macdonald lab according to a published prétdemity pical nanoparticle
experiments, a-inL aliquot of nanopatrticle stock was transferred teral2Zmicrofuge tube and
centrifuged (17,006 20 minutes) to separate the nanoparticles from the solution, which formed a
purple/red pellet at the bottom of the tube. The solvent was exchanged at least twice with
deuterated solvent to avoid overlapping water absorptions in IR experimentsiniraize
nanoparticle loss, a maximum of ~90D of supernatant was carefullgmoved from the -InL
aliquot and was replaced with the same amount of deuterated solvent. The nanoparticle
concentrations were quantified with WVisible spectroscopy according to their localized surface
plasmon resonance (LSPR) band on the Nanodrop Qii@a€&moFisher, MA, USA) using the
cuvette feature. A-tm pathlength quartz cuvette (Starna CeligiL1total solution volume) was

used to quantify all nanopartictntaining solutions to avoid contaminating the pedestal. A
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minimum of ~6007L of blank (D,O with 0.1 mg/mL sodium citrate) and nanoparticle solution

was required in the-inL cuvette for the quantification.

Table 4.1 Supplementary informationfor gold nanoparticlessuppliedin 0.1 mg/mL
sodium citrate from Alfa Aesar
Molar Particle Molar Molar
Diameter Particles Surface
SPR(nm) extinction volume mass concentration
(nm) per mL area (M)
(Mcm?) (nn) (g/mol) (M)

10 515520 | 5.98E+12| 1.01E+08 | 5.24E+02 | 3.14E+02( 6.11E+06 9.93E09

20 524 6.54E+11| 9.21E+08 | 4.19E+03 | 1.26E+03| 4.89E+07 1.09E09

60 540 1.96E+10( 3.07E+10 | 1.13E+05| 1.13E+04| 1.32E+09 3.25E11

Peptide/protein and nanoparticle mixtures were prepared in deuterated solvents to avoid

overl apping water bendi mo damaparticle solutiorewasa mi d e

ng
exchanged twice with deuterated solvent and quantified, the solvent was again removed by
centrifugation (17,006 20 minutes). 90@L of supernatant was gently removed and replaced
with the appropriate volume of peptide/proteiockt and solvent. The final concentration of
nanoparticles in solution was quantified as previously described. The final peptide and protein
concentrations were ~1 mM (slightly less for HEWL, ~0.70 mM). Sodium citrate was present at a
low concentration (0.Ing/mL) to stabilize the colloidal charge in solution. The nanopatticle
containing samples were vortexed, sealed with Parafilm, and incubated at room temperature for at
least ~1 hour in the dark to avoid light exposure. For some experiments, the {bosady
peptide/ protein was removed

by centrifugatio
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containing the free peptide/ protein was remoyv
was resuspended by bifie{~few seconds3onicatingand vortexinghe mixture The supernatant
containing the free peptide/protein was saved and quantified, which could be used to roughly
estimate the amount of peptide/ protein assoc
corona mixture was also quantified at theppde/protein and LSPR wavelengths on a Nanodrop

One C spectrometer (ThermoFisher Scientific, MA, USA) using the cuvette option.

After incubation, 2D IR samples were prepared by addingml1®f sample solution
between two CaFwindows with a 56nm Teflonspacer under Ng) flow. For CD experiments,
40 L of EK-helix (Starna Cells, 0.1 mm pathlength) and20f HEWL (Starna Cells, 0.01 mm
pathlength) were sandwiched between two quartz windows. The decreased pathlength was utilized
in CD experiments so the same sample conditions could be directly compared with 2D IR
experiments. The quartz cuvette was gently placed into an adapter (Starna Cells) to accommodate

for the difference in the CD sample holderds

2D IR meaurements were collected and processed as described in detail in Chapter 2
(Section 2.4). CD spectra were collectedao#810 CD spectropolarimetédasco, MD, USA)
purged with N (g) in the Biophysical Core at Vanderbilt Universi@D sectra were colleted
from 190 260 nm in nm incrementsvith standard sensitivity (100 mde@hree spectra were
collected for each sampéand blank, which weraveraged@ndsmoothedn Microsoft Excel The

final spectra were analyzed with a custom MATLAB script and meeein Adobe lllustrator.

4.4 Resultsand Discussion

4.4.1Citrate does not impact model peptide/protein signal or structure
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Nanoparticles are typically capped with ligands (i.e., small organic molecules) to precisely

control growth and impartolloidal stability8?83 Additionally, ligands can impart unique

characteristics to the nanoparticle, providing more tunability to the sy$t& common

capping agent for gold and silver colloids is citft&The molecular structure of citrate is shown

below inFigure 4.2A Citrate contains three carboxylate groups, which could interfere with the

amide | 6 region. 2D

I R,Owasanedsureb detérmim ibcdratal m c |

capped nanoparticles would be practical for IR studies. 28pettrunof citrate(0.1 mg/mL in

D,0) did not exhibit anybsorption in thepectrategion of interestRigure 4.2B. Additionally,

nolR absorption was detected uphGfold increase in citrate concentratiffigure 4.2G. Thus

at concentrationselow~1 mg/mL, citrate should notinterfere with theni d e
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Figure 4.2 Citrate does not absorb in amide éregion at relevant concentrations.(A) Molecular
structure of citrate anion stabilized witiree sodium cation2D IR spectra of (B) 0.1 mg/mL and (!
1 mg/mL sodium citrate in £D with relative intensity bar (right). No interference from the citrate ic

detected at either concentaati
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After confirming there was no spectral interference from sodium citrate at the
concentrations present in the <colloidal susp
secondary structure was examined. Even at low concentrations, citrate iorsalatild alter
peptide/protein structure. To investigate the impact of low (0.1 mg/mL) citrate concentrations on
peptide structure, 2D IR and CD spectra of-E&lix was collected determine if there were any
major structural interferences. No discernabfeflie r ences i n amide 16 freg

the 2D IR spectra for EXelix upon adding sodium citratgigure 4.3.
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Figure 4.3A mi d frequeidcy of EK-helix is unaffected by citrate.2D IR spectra of 1 mM Eelix
in D20 (A) neat and (B) with 0.1 mg/mL sodium citrate added. The amitede remainsenteredat
1646 cmt in both sample conditions.

CD measurements of the model peptide without and with added citrate were also collected
to verify a-helical content at 222 nm, as described in detail with MAHP in Chapter 3. Standard

ellipticity values measured for EKelix were converted to mean residulgpécity using the

following equation:
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whereq is themeasureellipticity (millidegrees)l isthe pathlengthrim), C isthemolar
concentration (M)and N is the number oésidue$°The theoretical maximum MRE value at 222

nm for EK-helix was determined®m the following equation:
. W .
q Tmmnap 5 prayY T8

wherex is a constant used to correct for Rleydrogen bonded carbonyld,denoteghe
number of residues, and T is the temperatt@gL The constant x has been previously estimated
to range from ~03, where x is inversely proportional to chain length:lix is a relatively short

peptide with 17 residues, thus x was estimaed2.5 based on the previous CD unfolding
experiments by Scholtz and cowork&3his yielded aq valueok o fx p xz— at24
oC for EK-helix using equation.2. Thus, we can estimate tpercentage of peptidehelicity as

a function ofadded citrate:

D'md'Q(I)"Qgé—gép T T @
R

CD measurements at 222 nm further supported that there were no major structural changes
inthemodel pept iFdwedds). Fom khese initialystudies, it was determined that at

low concentrations (suhnilligram), sodium citrate does not absorb IR light in the protein

wavelength region or impact the model peptide
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Figure 4.4 Peptidea-helicity remains constantin the presence of citrate CD spectraof 1 mM EK-
helix (blueline) without citrate and (red dashed line) with 0.1 mg/mL citrate added. The percent |
was ~93% for sample conditions, indicatingcg

4.4.2Centrifugation/sonication do not altermodel peptide/protein structure

Protein coronas can be comprised of multiple layers of different species. The region where
the protein directly associates with the nanc
corona can induce multifaceted networks of more loeselyrdinated proteins, which do not
directly interact with the nanoparticle butare still an integral part of the complex. The protein layer
that associates indirectly with the nanopartd.i
Ahar do c oasayaund prothires mlist be separated and removed. The most common
method of isolating nanoparticl®ound proteins is through centrifugati®if* Therefore, it was
important to establish the conditions used to prepare the nanoparticles did not impact
peptide/protein structure prior to characterization. 2D IR and CD spectra-belKand HEWL

were collected before and after three rounds of ceigtiion, which matched the conditions used
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for nanoparticle isolations. Centrifugation is a common method for proteinisolations, so I did not
anticipate structural differences would arise from this technique. As projected, no major changes

I n t he frequenay werelobserved for either the peptide or prokégue 4.5. Again, CD
measurements were used to confirm the approximate percent helicities estimated at 222 nm signal.

For lysozyme, the theoretical MRE was estimated to beo yt A using the values x =

1,N=129, and T =29C. CD measurements verified no loss in peptide or protein helkigyie

4.5).
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Figure 4.5Centrifugation retains model peptide and proteinsecondary structure.2D IR spectra o
EK-helix (top panel) and HEWL (bottom panel) (A, C) before and (B, D) after centrifugatio
significant changes in the amide | 6 mode o

Additionally, the effect of sonication ongtein structure was established. Brief sonication
was required to resuspend the synthesized gold nanoparticles after centrifugation, which is
discussed in further detail in the next section. Sonication is much harsher than centrifugation and
has been showtn induce protein structural changes or aggrega@fdh2D IR spectra of lysozyme
(~10 mg/mL in BO) was collected before and after ~60 minutes of sonication. No major

differences were reflected by the amide 1260
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sonicatbn required for nanoparticle resuspension

structure.
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Figure 4.6 Sonication does not disrupt HEWL structure Novariationgn the amidedfrequencywere
observedn 2D IR spectrdA) before andB) afteranhour of sonication.

4.4.3Commercial AuNPs remain suspended upon peptide/protein addition

After confirming the citrate additive and sample preparation methods did not impact
protein secondary structure, the model peptide and proteinmiresl with 20 nm citrateapped
gold nanoparticles (Alfa Aesar, MA, USA). The analyte concentrations for these initial isolations
are listed in Table 4.2. After the nanoparticle solution was exchanged with the deuterated
equivalent solvent, the peptide sks were added to the nanoparticle pellet. The solution was
resuspended, incubated in the dark for ~1 hour, and centrifuged. However, after centrifugation

(17,00@ for 20 minutes), the nanoparticles no longer crashed out of solution.
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Table 4.2 Initial solution c omposition for nanoparticle and model peptide/protein mixtures
Model Total [peptide/protein]| NP diameter | Total [NP] in solution | Crashed
peptide/protein use( in solution Out?
EK-helix 1 mM 20 nm 100 pM No
Lysozyme 5 mg/mL 20nm 100 pM No

These experiments were repeated at least 3 times along with splagetting blanks. As
expected, the nanoparticles were easily separated from the peptide/Amedesolutions upon
centrifugation, while the nanoparticles remained suspended in pégptideircontaining
mixtures. From these centrifugation experiments, it was clear that peptide/protein addition
prevented the nanoparticles from pelleting out of solution. Without nanoparticle isolation, only the
entire protein corona could be examinetoubleshooted the nanoparticle isolations by adjusting
several experimental variables, which are summarized in Table 4.3. The simplest variable to test
first was centrifugation conditions (speed, time, and temperature). The fastest speed on our lab
benchop microcentrifuge (accuSpin Micro 17, Fisher Scientific, PA, USA) is 1 4Qid&, 13,000
rpom). Therefore, extending the centrifugation time to an hour was first tested with the 20 nm gold

nanoparticlepeptide/protein mixtures, but it did not resultianoparticle isolation.

Next, | switched to a refrigerated benchtop microcentrifuge (Eppendorf Centrifuge 5417R)
and an ultracentrifuge (Beckman Optima TL Ultracentrifuge) in the Department of Cell and
Developmental Biology (CDB) shared instrument cor¥atderbilt. Different combinations of
speed, temperature, and time were tested on HEWL/gold nanoparticle mixtures (Table 4.3). The
nanoparticles remained suspended in the protein solutions even at extremely high rotational forces

(~100,00@) for extended times (~1 hour) and chilleids( ).
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Additional factors, such as the nanoparticle diameter, nanoparticle concentration, protein
concentration, and incubation time were also examined. The only conditions where the
nanoparticles were successfully seggad from the mixture were at extremely low protein
concentrations (~10 pM)t appeared that when the protein (HEWL) concentration was equal to
or less than the nanoparticle concentration, the nanoparticles would crash out. While the
nanoparticle concerdtion was limited by the stock concentration (Table 4.1), the protein
concentration could be adjusted to closely match the nanoparticle concentrations through serial
dilutions. To test this hypothesis, the protein concentration was systematically bifeaédctor
of 10 while keeping the nanoparticle concentration constant. This observation held true until the
[HEWL] >> [NP] by a factor of 1000. Therefore, when the molar ratio of the protein to
nanoparticle exceeded ~1000, the proteins irreversiblylig@dhithe nanoparticles in solution
through a concentratiedependent mechanism. Due to the extremely low protein concentration
required for isolations, the commercial citrai@pped gold nanoparticles were not feasible for IR

studies under the conditiotested.
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Table 4.3 Sample conditions used for troubleshooting nanoparticle isolations

Model Incubation
[Peptide / NP Centrifugal Cent.time Cent. | Crashed
peptide / [NP] time
Protein] diameter force (minutes) tenp. out?
protein (minutes)
EK-helix 1mM 20nm 100 pM 60 17,0009 15 253 No
EK-helix 1mM 20nm 100 pM 60 17,0009 60 253 No
HEWL 5 mg/mL 20nm 100 pM 60 17,0009 20 253 No
HEWL 5 mg/mL 20nm 100 pM 60 17,0009 60 253 No
HEWL 100nmg/mL 20 nm 100 pM 60 17,0009 20 253 No
HEWL 100mg/mL 20nm 100 pM 60 17,0009 60 253 No
HEWL 10ngy/mL 20 nm 100 pM 60 17,0009 20 253 No
HEWL 10ng/mL 20nm | 100 pM 60 17,0009 60 253 No
HEWL 1 mg/mL 20 nm 100 pM 60 24,0009 30 253 No
HEWL 1 mg/mL 20 nm 100 pM 60 25,0009 30 153 No
HEWL 1 mg/mL 20 nm 100pM 60 50,0009 10 43 No
HEWL 1 mg/mL 20nm 100 pM 60 100,0009g 60 43 No
HEWL 1 mg/mL 60 nm 10 pM 5 17,0009 60 253 No
HEWL 10 pM 20nm 100 pM 5 17,0009 72 253 Yes
HEWL 10 pM 60 nm 10 pM 5 17,0009 72 253 Yes
HEWL 10 pM 20 nm 100 pM 5 17,0009 20 253 Yes
HEWL 100 pM 20 nm 100 pM 5 17,0009 20 253 Yes
HEWL 1nM 20nm 100 pM 5 17,0009 20 253 Yes
HEWL 100 pM 20 nm 1nM 5 17,0009 20 253 Yes
HEWL 1nM 20 nm 1nM 5 17,0009 20 253 Yes
HEWL 10 nM 20 nm 1nM 5 17,0009 20 253 Yes
Yes, but
HEWL 100 nM 20nm 1nM 5 17,0009 20 253 visibly
less
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4.4.4Synthesized AuNPs exhibit opposite affinities for peptidgrotein

Next, | switched to the synthesized gold nanoparticles to see if they exhibited the same
behavior as the commerciahnoparticles. A dnL aliquot of the 74 nm gold nanoparticles in
citrate solution were exchanged with deuterated solvent as previously described. A brief (-5
second) sonication was required to fully resuspend the nanopatrticles, which should not impact
HEWL structure (Figure 4.6). After the last exchange, deuterated solvent was added to the
nanoparticles and the mixture was quickly sonicated and vortexed to resuspend. The HEWL stock
solution was added to the nanoparticle mixture last to avoid additionakdimm. The mixture
was vortexed and incubated for ~1 hour in the dark. After incubation, the mixture was then
centrifuged at 17,0@for 20 minutes, which was sufficient to pellet the nanopartiéldditional
information about the synthesized gold cal®iand HEWL/nanoparticle concentrations for this

experiment are listed in Table 4.4.

Table 4.4 Solution composition for synthesized nanoparticlelEWL mixtures

NP diameter | [NP] in stock Literature Particles per [HEWL]
Crashed out?
(nm) (pM) LSPR (nm) mL (mM)

74 17.3 544 1.04E+10 0.070 Yes

Unlike with the commercial nanopatrticles, the synthesized gold colloids were successfully
isolated in the presence of the model protein. 2D IR spectra were collected of HEWL in the
presence of the 74 nm gotwlloids after ~3 hours of incubation in the dark, first without any
washes and then withi 2 washes to remove excess protein. The LSPR band was recorded before

and after the addition of HEWL, which can be used identify interactions between the protein and
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nanoparticlez66.98No major changes in the location or intensity of the LSPR band was observed
upon adding HEWL (Table 4.5). Additionally,
was incubatedvith the 74 nm gold nanoparticles for ~3 hours (Figure 4.7). The protein
nanoparticle mixture was centrifuged to remove excess wesddgciated HEWL. The
supernatant was removed and the protein coronas were resuspended in deuterated solvent through
brief sonication and vortexing. 2D IR spectra were collected immediately after each wash. The
amide | frequency did not change after one wash, but the signal strength decrea$ad ~10
(Figure 4.7B). After two washes, no observable HEWL signal was detecguagF4.7C).
Together, these initial results suggest that the gold nanoparticles do not associate strongly or

impact HEWL secondary structure.

Table 4.5RepresentativeLSPR data for gold nanoparticles withmodel protein
Sample LSPR (nm) Intensity
Gold nanoparticles 550 nm 9.71
Gold nanoparticles + HEWL 552 nm 8.82
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Figure 4.7 2D IR spectra of HEWLwith synthesizedgyold nanoparticles. HEWL with gold colloids
after ~3 hours of incubation with (A) no washes, (B) one wash, and (C) two washes. Intensity
each spectrum are at the top of each panel

wash (A and B). No pttein signal is observed after two washes (C).

Additionally, EK-helix was mixed with the synthesized gold nanoparticles. A noticeable
color change from pink to light purple occurred immediately upon adding the peptide, which was
not observed in the HEWEXxperiment. Interestingly, centrifuging Eielix and gold colloids
mixtures did not separate the synthesized gold nanoparticles as expected. In the presence of the
model peptide, the LSPR peak redshiftedl nm and the intensity decreased significantly,
indicating the peptide was associating with the nanoparticles (Table 4.6). 2D IR spectra were
collected of Ekhelix before and after the nanoparticles (Figure 4.8):rEE | i x 6 s ami de

frequency remained constantin the presence of the gold nanoparticgEstsugno structural

change.
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Table 4.6 RepresentativeLSPR data for gold nanoparticles withmodel peptide

Sample LSPR (nm) Intensity
Gold nanoparticles 550 nm 14.15
Gold nanopatrticles EK-helix 559 nm 3.56
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Figure 4.8 2D IR spectra of Ekhelix with synthesized gold nanoparticlest mM EK-helix (A) in
D20 and (B) mixed with gold colloids (17 pM, 74 nm).h e
exposure to the gold nanoparticles, indicating no structural ehang

4.5 Conclusions

In this chapter, 2D IR spectroscopy was used to examine model peptide and protein signals
in the presence of gold colloids. Model peptides and proteins with a high degree of helicity were
chosen for initial studies becausehelices & common secondary structuresin proteins altered
upon nanoparticle exposui®é? 70 For the model peptide, a short modehelix (EK-helix) with

a robust secondary structure was used. Additionally, hen egg white lysozyme (HEWL) was
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selected as the model protein for initial experiments due to its high helical content. Both
commercially purchased and synthesized gold collodggped with citrate were implemented in

these experiments. The gold colloids were stored in an aqueous suspension in sodium citrate (0.1
mg/mL). Therefore, itwas firstimperative to establish if this additive disrupted the peptide/protein
secondary structe. Additionally, citrate has functional groups that absorb in the protein spectral
region, which could obscure the underlying amide signals. Citrate did not alter the peptide/protein
secondary structure (Figures 4.3 and 4.4) or display any IR absorptgurd 4.2) at this
concentration. Iltwas also importantto establish that preparation methods required for nanoparticle
samples did not change peptide or protein structure. The nanoparticle solvent was exchanged for
a deuterated solvent ¢D with 0.1 mg/nh. sodium citrate) to avoid overlapping absorptions from
water in the amide 16 region. The solvent exc
therefore, the impact of these two procedures on peptide/protein secondary structure were also
examined As expected, centrifugation did not impact peptide or protein secondary structure
(Figure 4.5). Sonication also did not affect

no changes in the amide |16 mode (Figure 4.6).

After confirmingthe samplpreparation methods did notalter peptide or protein secondary
structure, the model peptide and protein were mixed with the gold colloids. The commercial
nanoparticles remained irreversibly suspended in the presence of HEWL under most conditions
tested Table 4.3), which was unexpected. Most protein corona publications use centrifugation to
isolate nanoparticles from protein solutions, butdo notelaborate on details or challenges with these
isolations?2 94 Nanoparticles are very sensitive to solution conditions (pH, charge, additegs,
and it is no surprise that adding highbnic species like proteins could influence their solution

stability 54.74.87.88,94The initial studies with the commercial gold colloids suggestad at high
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concentrations (i.e., when HEWL concentration exceeded the nanoparticle concentration by
~1000x), the protein seemingly stabilized the gold colloids (both 20 nm and 60 nm) in solution
and could not be removed by standard centrifugation metlibalsle 4.3). However, the
synthesized gold colloids (74 nm) were readily precipitated from HEWftaining solutions
(Table 4.4). Since the experiments were carried out under the same conditions (i.e., protein
concentration, solvent system, pH, tempemtincubation times, etc.), this effectis likely due to

the inherent differences in the synthesized and commersafiplied nanoparticle stocks. The
nanoparticle concentrations could affect this behavior, although timm6@nd 74nm colloids

were usedt similar concentrations (i.e., ~10 and 17 pM, respectively). A more likely explanation
for this behavior is the presence of another higbhjic species, which could have interacted
strongly with the protein. Degradation of the purchased nanopartickami&ely, as there was

no precipitate in the stock solution or in the deuterated samples. In summary, commercial
nanoparticles should be used with caution, as they could contain unknown additives or not be the
exact composition advertised by the compangving forward, synthesizing nanoparticlesin lab
would be the preferred option because the precise composition is known and can be readily

modified.

In summary, 2D IR spectroscopy is capable of examining structural changes within
proteins and peptidesdniced by nanoparticles in solution. | have examined a model helical
peptide and protein in the presence of citstebilized gold colloid$74 nm) which displayed
opposite affinities for the particles. When H€lix was mixed with the synthesized goldlcds,
there was an apparent color change (from pink to light purple) and the nanoparticles could not be
isolated by centrifugation. However, when HEWL was added to the gold nanoparticle solution,

there was no color change and the nanoparticles werdresadiated from the mixture. There was
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no significant LSPR shift upon incubation with HEWL (~2 nm redshift, Table 4.5), but there was
a ~9 nm redshift with EKhelix (Table 4.6). 2D IR spectra of the model peptide/protein incubated
with gold colloids did ot display any structural changes (Figures 4.7 and 4.8). Additionally,
HEWL likely did not associate strongly with the nanoparticles, as it was washed away after two
rounds of centrifugation (Figure 4.7). Further characterization of the nanoppejaiiek/protein
complexes will be required to further optimize and determine the types and strengths of
interactions present in these complex samples. For example, CD spectroscopy can confirm there
IS no peptide/protein denaturation upon nanoparticle exposbrehws not as straightforward to
monitor through dlomelf partal whiolding & oldfsexvad withh & specific
peptide/proteinthe isotope labeling can bieplemented to examine regions that undergo
structural changesith 2D IR. Dynamic ight scattering (DLS) can be used to determine the sizes
of the protein coronas in solution, which could provide insight into the stabilization effect
Additional purification methods could also be explored, such as applying a sucrose density
gradient to entrifugation methods or size exclusion chromatogr&ptsfin addition to model
helical structures, sulfecontaining peptides and proteins (i.e., cysteine and methionine) have the

ability to interact strongly with gold/silver colloids, which could be furtineestigaed.101.102
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Chapter 5: Environmental changes in ihituenza AM2 proton channel

revealed by 2D IR spectroscopy

5.1 Abstract

Here, wehave utilized 2D IR spectroscopy with isotope labeling to studyntuee
transmembrane region of the influenza A matrix 2 protein (AM2TM). Distinctive spectral features
in AM2TM were observed as a function of detergent type, revealing a conformational change in
the highly-selectiveproton channel. A characteristic mode at ~1689" was observed in the
inward closed state of the tetramer, which w&asigned to an alkene (C=C) ring stretch. This
vibrational signature likely arises from enhanced vibrational coupling between His37 and/or Trp44
residues in the closed conformationtbé tetramer. Future studies will examine M2 mutants
(H37G and W44Y) to ultimately identify this distinctive vibratiomabde This unique feature
was notobserved atlow pH, suggesting a conformational change to the inwasdaip &aldition
of amantadhe to thanwardopen state of M2 resulted in channel closieyealed by the presence
of the ~1630 cm feature and more homogeneous lineshapésl water dynamic studies of M2
(wild type and isotopologues) were investigated through 2D IR waitimgtneasurements under
previously established conditions. While dynamic changes were observed in the M2 isotopologues,
the underlying aspartic aciegsidues (Asp24 and Asp44) alsghibited some tim&ependent
fluctuations, complicating spectral interprédat A 13C-labeled AM2TM variant wasalso
examinedo determine if this label could avomverlapping sidechain interferences, but was
ineffective.Futurestudieswill isotope editaspartic acid sidechairad individual backbone

carbonyls (Val27*, Ala30*and Gly34*) which shouldlecouple featuras this spectral window
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Additionally, 2D IR waiting time studies of individuallgbeledaspartic acid residug¢asp24*

and Asp44*) mayrovidefurtherinsight into water dynamics at the AM2 chantamini.

5.2 Introduction

Influenza viral infections can induce severe illnesses in humans and is the ninth leading
cause of death among U.S. addlisfluenza A is a common RNA virus that causes disease in
many mammals and is responsible for annual plidemics within the human populati@dThe
influenza A matrix 2 (AM2) protein is located in the viral envelope and is an essential for
maintaining homeostasis and viral replicatigrilhis 97residue protein embedded in the viral
membrane is a common target for antiviral medications, including small moletilkétors
amantadine and rimantadif@The selectivity of the AM2 ion channel arssérom the highly
conserved residues in the transmembrane regidd@SSDPLVVAASIIGILHLILWILDRL). 89
The 25residue AM2 transmembrane (AM2TM) peptide forms a homotetramer, which is
ultimately responsible for moving protons across the membrane in a selecthepgadent
mannertd13 Structural studies of the AM2 protein have shown undidlynacidic conditions
(~5), protonation of the His37 sidechain in
promoting conductancé.1416 At neutral pH (7.0), His37deprotonation results in a
conf ormati onal change to t he Aclosedo state
channel0.14916 These pHdependent configurations of the M2 protein have been extensively
characterized by Xay diffraction and NMR spectroscopy1>17.1However, these conformations
are hidnly sensitive to variations in experimental conditions, such as sequence mutations and
certain membrane mimetié&20 Additionally, smallmolecule channel inhibitors, likkemantadine

and rimantadingare largely ineffective due to growing antiviral rearste?!.22Therefore, there
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has been extensive research focusedlotidatinghe mechanism of proton conduction spanning

all residues of the transmembrane M2 ion channel.

lon channels accommodate water molecules, which play key roles in protein fiZaétion.
Substrate and ion transportation is mediated by water ordering, dynamics, and hydrogen bonding
as it flows through the chann®l2° Several methods have been proposed for watediated
conductance mechanism(s) in influenza M2 proton charif&#/.26.300ne proposed method of
proton movementis by transiently hopping along chains of hydrbgaded water molecules, or
water fiwi r e-eonjnusftortieerlis37 hetrad Bnd into the viral intefidrAnother
potential mechanism is through poo shutting by His37/Trp41l gating, triggered by a
conformational switch7:30However, details of water structure and dynamics in the M2 proton
channel are not completely understood. Other
hydrogen londing network around His37 tetrad. Additionally, the water dynamics at various pore
lining residues could differ between thpen and closestates. Water molecules also influence
interactions between antiviral drugs and the target residues in the tetfdms, revealing water
orientation and movement along the transmembrane region is essential for a better understanding

of ion channels and antiviral resistance in the AM2 protein.

In this chapter, | have outlined a collaboration between our group abétBeado Group
at the University of California San Francisco (UCSF) to investigate water dynamics in the
AM2TM channel using 2D IR spectroscopy. 2D IR spectroscopy has been previously used to
characterize ultrafast events within ion channels, which is iplesslue to its inherent
subpicosecond temporal sensitivi§2032Previously, the DeGrado group demonstrated structural
control of the AM2TM tetrad through the use of different deterg&fisr this study, we chose

decyl maltose neopentyl glycol (DMNGNd dodecylphosphocholine (DPC) detergents to
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stabilize the inward closed and inward open conformations of AM2TM, respectivetg, we
characterized AM2TM stabilized in these two distinct conformations through 2D IR
measurements, which revealed a napctral feature in the inward closed stétéditionally,

this previousstudy by the DeGrado group demonstrated that adding amantadine to the AM2TM
DPC mixture induced a change from the inward open to inward closedSksee, we also
characterized sp#ral features before and after addition of amantadine to the inward open state,
which confirmedchannel closureTo probe water dynamics throughout the transmembrane
channel, a singlé3C'0 label was incorporated into AM2TM at peliring residues Val27*,
Ala30*, and Gly34* (where * denotes isotope locati®@pectratlynamics at each labeled position
were probed through waiting time studiesder the two distinct conformations. Underlying
sidechain features, likely arising from Asp24 and Asp44, interfered with the isotopic spectral

signatureswhich is discussed in detail below.

5.3 Materials and Methods

Wild type and isotopedited M2 samples were synthesized and purified by Dr. Huong
Tran Kratochvil in the DeGrado Groupt UCSE The lyophilized peptides, detergents, and
amantadine (Sigma Aldrich) were shipped to Vanderbilt, where | prepared the sample solutions
and performed 2D IR experiments. A total solution volume afb@nd a 1to-50mM peptide to
detergent ratio were used for all 2D IR experiments. First, an excess ()0 ~50 mM
detergent stock solution was dissolved in deuterated methanol (gDMlpore Sigma) under
N2(g) flow. For the DMNG detergent (949.08 g/mol), this corresponds to ~23.73 gramsiin 500
of methanoild4. For the DPC detergent (351.50 g/mol), ~8.76 grams were dissolved imt500

of methanold4. The detergent solution was sealed with Parafilm to prtesxaporation and
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incubated at room temperature for an hour. An appropriate volume of the detergent stock was
aliquoted into individual microfuge tubes such that resuspensionn. 0 solvent resulted in a

final detergent concentration of 50 mM. Exc&s© (at least ~3x by volume) was added to the
microfuge tube to help successfully freeze and lyophilize the detergent solution. The detergent
samples were sealed with Parafilm and incubated for at least an hour at room temperature. The

detergent solutionsere lyophilized overnightinto a dry, white powder.

AM2TM peptides (wild type M2, molecular weight 2769 g/mol, &#a8O-labeled M2,
molecular weight 2772 g/mol) were guantified at A280 using the Nanodrop instrument in the
pedestal modeefvorm = 5500 Micmlor Azg = 2.016 for 1 mM of AM2TM). The stock M2
samples were dissolved in methanddl Diluted samples were prepared in a 1:3 ratio of stock M2
to D,O (e.g., 5nl stock and 151 D,0O) and quantified at 280 nm. After confirming the stock
concentrathn, an appropriate volume of M2 stock was added to the lyophilized detergent to result
in a 1 mM final peptide concentration. Again, excegd Was added to the mixture to ensure the
solution could be frozen with \NI) and lyophilized. Before freezing,¢hmixtures were sealed
with Parafilm and incubated atroom temperature for an hour. The pej@ideent mixtures were
dried overnight by lyophilization. For M2 drielgnding studies with amantadine, a concentrated
(~50 or 100 mM) amantadine (151.25 g/msit)ck was prepared in,D. An appropriate volume
of amantadine stock was added to the pepdid&rgent sample to result in a 4 mM final drug
concentration. If necessary, the peptaktergendrug sample was further diluted with excess
D,0, sealed with &afilm, and incubated for ~1 hour at room temperature. The sample was frozen

with N2 (I) and lyophilized overnight.

The final M2 samples were resuspended imb®f deuterated sodium phosphate buffer

(0.1 M, pH 7.5) under a constant flow 0% (¢)). The inal peptide to detergent ratio wagd50
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mM. For amantadine studies, the final solution composition was 1 mM peptide, 50 mM detergent,
and 4 mM amantadine in 58 of solution. The final M2 samples were sealed with Parafilm and
incubated at room tempeuae for an hour. After incubation, +8. of final M2 sample were
sandwiched between two Cawindows with a 50mm Teflon spacer underiNg) flow. 2D IR
measurements were collected and analyzed as described in Chapter 2 (Section 2.4). For waiting
time studies, the time delay between the second and third pulsespweEp@mmedn the
PhaseTech softwarevhich controlled the motorized staigehe pump beamlinérhe final 2D IR

spectra were analyzedth a custonMATLAB scriptand further processed in Adobe lllustrator.

5.4 Results and Discussion

5.4.1 AM2TM exhibits unique spectral feature in the inward closed state

2D IR spectra ofvild type (WT) AM2TM in each detergent{tb-50 mM peptideto-
detergent ratio) were collected to establish baseline spectral features (Figure 5.1). The DMNG and
DPC detergents stabilize the M2 tetramer in the inward closed and open states, respectively, at
neutral pH!8 The detergensolubilized peptides both exhibited a strong amidérdnsition
centered near ~1659 cmindicative of a transmembragaehelix. Additionally, a weak sidechain
absorption was observed around ~1594'ckar both conformationdjkely arising from two
underlying aspartic acid residues. The high frequency peak at ~168present in both spectra
is from trifluoroacetic acid (TFA), the counterion used dunpeptidepurification. Spectral
differences were observed between the detergent samples. M2 in DMNG exhibits a more
homogeneous (i.e., more rounded) amitleneshape (Figure 5.1C) compared to the peptide in
DPC detergent (Figure 5.1D). The more homogeneous aglideshapén the DMNG detergent

indicates less water expore in the inward closed state compared to the inward open state,
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respectively. Another interesting difference in each 2D IR spectrum is the feature tcni63

In the DPC sample, this region appeared as broadened shoulder. This peak is uniquevesdhe i
closed state, and coulttise from enhanced vibrational coupling between alk&wC) ring
stretcles33 This absorption feature cousignify enhanced vibrationabuplingbetween His37
and/or Trp44 residues near thege€@minal end of thehannel which wouldbe stronger in the

inward closed state compared to the inward open.stat
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Figure 5.1 AM2TM exhibits prominent spectral signature inDMNG detergent. 2D IR spectra anc
linear trace along the fundamental mode (blue contours) of wild type AM2TM in (A, C) DMNG a
D) DPC detergent. Dashed red line denotes feature at ~163d ¢the DMNG sample.

Additionally, 2D IR spectra of wild type M2 peptide the DMNG detergent at low pH
was also collected to further probe the sensitivity of this feature (Figure 5.2). At low pH, the

histidine sidechains in the tetramer are fully protonated (pKa ~6.0). As the solution pH was
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lowered (~1.86), this absorptioadture transformed into a broadened shoulder (Figure 5.2, B and
D). Additionally, the mode at ~1590 chwas not detected at the low pH condition, likely due to
protonation of the aspartic acid sidechains (pKa ~4.0). The vibrational signatures of M2 in DMNG
at low pH (Figure 5.2, B and D) parallels those of M2 solubilized in DPC detergent at neutral pH
(Figure 5.1, B and D). As the pH is lowered for M2 in DMNG detergent, the ardidedereflects

more inhomogeneityndicative of increased solvent exposure. This observation supports that a
conformation change to the inward opstateoccurs upon protonatioaf the His37 tetrad.
Protonation of His37 residues likely destabilizes the hleélx packing and induces a
conformational switch to the inward opeonformation promoting proton flow through the
channelln summary, this unique feature detects M2 siadd in the inward closed state.
However, future work examining M2 mutants (H37G and W44Y) under matched experimental

conditions will be necessary to definitively assign this novel feature.
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Figure 5.2 Characteristic M2 feature isnot present at low gH in DMNG detergent. 2D IR spectre
and diagonal trace along tha @ transition (blue contours) of wild type AM2TM in DMNG deterg:
at (A, C) neutral pH (7.50) and (B, D) low pH (1.86). M2 exhibits a broadened shoulder near ~1
Lat low pH. Atneutral pH, the ~1630 cirmode appears as an isolated transition.

5.4.2Amantadine induces a conformational change in AM2TM

Amantadine is a smattoleculewith an adamantane backbone (Figure 5.3A) that can block
and induce conformational changes ire tAM2 proton channeé¥35To probe if amantadine
induced any conformational changeshe channeRD IR spectra wereollectedoefore and after
addition ofamantadine (4 mM) to wild type AM2TMin DPC (1 mM to 50 mM peptide to detergent
ratio). Introducngamantadine to the M2 tetramer in the inward open state resulted in a more
homogeneous amidélineshapgFigure 5.3). Additionally, the reappearance of the ~1630 cm

modeverifiesthe amantadinenduced conformational chan{féigure 5.3, C and E).
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Figure 5.3 Amantadine alters AM2TM tetramer conformation. (A) Chemical structure of sma
molecule adamantane. 2D IR spectra of wild type AM2TM (B, D) without and (C, E) with aman
(4 mM). M2 with added drug exhibits spectral features attributéuetcward closed state.

5.4.3 Isotopic lineshapes suggest differences in local water environment

To probelocal water dynamics in the AM2 proton channel, 2D IR spectra of the M2
isotopologues (Val27*, Ala30*, and Gly34*) weneeasurect various waitig times. By varying
delay between the pump and probe pulsesin a 2D IR experiment, subpicosecond fluctuations are
revealedSpectral variationsn this timescalarecausedy electrostatic changes of the vibrational
mode, which are heavily influenced byetsurrounding watenolecules 1920 These vibrational
fluctuationsinduce achange in the 2D lineshape. For example, a static lineshape indicates no

relative electrostatic changes on the measured timescale (i.e., the pumped and probed frequencies
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are the same). Variations in the 2D lineshape signify an altered environment onebestle
measured (i.e., the pumped and probed frequencies are not equivalent). A prominent example of
this is hydrogen bond formation and breaking. When a carbonyl and water molecule are hydrogen
bonded, the observed carbonylfrequency is lowered. Lilegwisen the hydrogen bond is broken,

the carbonyl frequency increases. More hydrogen bonding variations are accompanied by more
homogeneous lineshapes (i.e., rounder peak pairs) as a function of increasing therghenp

delay. Therefore, 2D IR waiting tienstudies are sensitive to the amount and mobility of water.

Static2D IR measurements (i.e., O fs pwpbe delay) of M2sotopomersn the inward
closed and open states were collected to establish the bdsalineesUpon visual inspection,
Val27* and Ala30* AM2TM have similar lineshapes in both conformations (Figure 5(4Q)A
The Gly34* signature appearsto have a slightly more homogeneous lineshape in the inward open
state (Figure 5.4, E and F). Since all isotegukted positions examined in thigudy are pore
lining, this static measurementcould indicate an increasein water ordering surrounding the Gly34*

backbone in the inward open state.
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Figure 5.4 Static 2D IR measurements of AM2TM isotopologue&D IR spectra of (A, B) Val27*
(C, D) Ala30*, and (E, F) Gly34* in DMNG and DPC detergents, respectively. These measur¢
were collected with a standard€®delay between the pump and probe pulses.

Next, ime-dependent 2D IR spectra of the M2 isotopologues in both states were measured
to examine the local water dynamics. Figure 5.5 displays the labeled region of AM2TM in the

inward closed state (i.e., DMNG detergent samples) after af$@dmpprobe delay.The
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signatures of Val27* and Gly34* are similar after the delay time, indicating the water dynamics
are unaltered near these residueson this timescale. However, Ala30* exhibits a change in lineshape
after the delay, reporting on a local fluctuation. Thise-dependent feature suggests water

molecules surround Ala30* residues in the inward closed conformation of AM2TM.
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Figure 5.5 Isotopic signatures of AM2TM in the inward closed conformationTime-dependent 2L
IR spectra oAM2TM labeled at positionfA, B) Val27*, (C, D) Ala30*, and (E, F) Gly34* before (le
column) and after (right column) a 5@9delay.

Waiting-time measurements were also collected in the inward open staedal local
water motions2D IR spectra of M2 isotopologues were collected after af®POmpprobe delay

and compared to the baseline spectra collected with no waiting time (Figuré&2%)* does not
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display any notablgariations with an increasdome delay(Figure 5.6, A and B). Thisesult
suggestgproximal water is immobilized around Val27 on this timescAlenore homogeneous
lineshape was observed for Ala30* after 500 fs, indieadf mobile water (Figure 5.6, C and D).
Likewise, Gly34* exhibits a slightly more homogeneous lineshape afteletlag (Figure 5.6, E
and F). These initial 2D IR measuremesuggestnobile water aroundla30* and Gly34* in the

inward open state of tid2 channel.
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Figure 5.6 Isotopc features of AM2TM in the inward open state.2D IR spectra oAM2TM isotope
edited at positionA, B) Val27*, (C, D) Ala30* and (E, F) Gly34* before (left column) and after (r
column) a 50€fs time delaybetween the pump and probe pulses.

While there are distinct timdependent features in the 2D IR spectra of isotgted M2
samples, itis important to acknowledge the underlying sidechain features arising from Asp24 and

Asp44 in the AM2TM sequenceh€ aspartic acid residues are located at therhinal and €
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terminal ends of the transmembrane domain, and are likely critical for assisting proton conduction
through the channeldditionally, this sidechain mode in M2 spectra typically appeaore
intense in the closed state, which may adse totheir proximity.The timedependence of the
aspartic acidrzibrations in wild type AM2TM peptide were also probed through 2D IR waiting
time studies (Figure 5.7). After 500 fs, the aspartate lineshapemesnore homogeneous
indicative of solvent fluctuation in the inward closed state (Figure 5.7, A anddever, the
sidechairmode remains more inhomogeneous in the inward open configusatgge stingmore
constant water environment on this timesc&lgyre 5.7, C and D). These featustongly

suggest Asp24 and/or Aspd4sociate with water in the inward closed state.
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Figure 5.7 Sidechain exhibits timedependent feature in inward closed state&2D IR waiting time
spectra of wild type AM2TM peptide stabilized in (A, B) DMNG and (C, D) DPC detergent befor
column) and after (right column) 5@6 delay. The aspartateode is more homogeneous at 500 ft
DMNG. After the same waiting time, this mode is largely unchanged in the opposite detergent.

It is clearthat 13C180-edited amidedresidues and aspartic acid sidechains have similar
vibrational frequenciesvhich complicates spectral assignments in native. M@ circumvent
overlapping vibrations, while avoiding mutatiandhr at al ter t he channel 6s
activity (e.g., D44NY¥, we investigated whetharsinglel3C label wassuitable for this system
Incorporating a singl&C label istraditionallyless ideal tha®C!80 for longer peptide sequences
due to the higher naturalabundanc&gf(~1.1%). However, for wild type AM2TM, this spectral

region appears less congested in the 2D IR spectrum (Figure 5.1, C and D). Incorpdfgting a
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iIsotope should induce a ~B80 cm? redshift in the amidekransition theoretically allowing this
modeto be more isolated compared#€180. However, no distinct isotopic feature was observed

in the 2D IR spectra for thBC-labeled Ala30* sample (Figure 5,8endering thé3C probe

uninformative
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Figure 5.8*Cis not a feasible vibrational probe for AM2TM. Diagonal trace (A) and 2D IR spectru
(B) of 13C-labeled AM2TM at residue Ala30* in DPC detergent. T#&isotope is not welfesolved in
theanticipatedspectral regioti~1610 1620 cmt).

5.5 Conclusions

In this chapter, thaativeinfluenza A M2 proton chann®las characterizedith 2D IR
spectroscopy in collaboration with the DeGrado Group at UESFe, we examinetthe wild type

M2 transmembrane regiofresidues 2P46, SSDPLVVAASIIGILHLILWILDRL) along with
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severalisotopologueg!3C'é0-labeled Val27*, Ala30*, Gly34*, and3C-edited Ala30*).The
tetramer conformation (inward closed vs. open) stabilized bydifferent detergents, previously
demonstrated in an NMR studftbe S31N AM2 variant®Wild type AM2TM exhibited different

2D IRvibrational signaturesin the inward closed and open states (Figure 5.1). In the inward closed
configuration, the M2 tetramer exhibited a prominent feature at ~163{figure 5.1B). Ths

mode likely arises from the asymmetatkene(C=C) ring stretch perhaps due tstronger
vibrational coupling between the Hisdmd/or Trp44etrad in the closed state. In the open state of
the M2 tetramer, the ~1630 chieature does not appear as solated transition (Figure 5.1D)
reflecting an environmental chang&dditionally, his uniquefeatureexhibited pHdependent
behavior (Figure 5.2). At low pH (~2) in DMNG detergent (i.e., inward closed state), the ~1630
cnrl mode was not detected. Instie¢he 2D IR spectrum strongly resembled the AM2 tetramer in
DPC detergent (Figure 5.1¢onfirmingapH-inducedconformational switch to thieward open

state Additionally, introducing amantadine to the inward open state of AM2TM resulted in
channetlosure This wagevealed by changes in the amid#érieshapes and the reappearance of
the ~1630 cni feature(Figure 5.3). In summary, 2D IR spectroscajsteceédconformational
changes in the wild type AM2 transmembrane domain induced by differences in detergent, pH,
and asmallmolecule M2 inhibitorAdditional characterization of specific M2 mutants (H37G and
W44Y) will be necessary to conclusively assign thasrel, conformationatlependent feature in

2D IR spectra.

Initial waiting time experiments reported on watgnamicsn the closed and opened AM2
tetramesurrounding/al27*, Ala30*, and Gly34*Static measurements (i.e., 0 fs delay) suggested
Gly34* exhbited a more homogeneous lineshape in the inward open state compared to the inward

closed conformation (Figure 5.4, E and F). In the inward closed state, Ada§tlayeda more
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homogeneous lineshape after 58QFigure 5.5, C and D which may indicatenobile water
around this residuén the inward open state, both Ala30* and Gly34*variants displayed lineshape
changes, revealing subpicosecond water motions (Figure b5F, Giterestingly, the Val27*
lineshape remainddrgelyunchanged in both the iramd closed and open states on the timescale
measured (i.e., 500 fs). In summary, this 2D IR waiting time study deteatesien{500 fs) water

motions localized around Ala30* (in both states) and Gly34* (inward open state only).

Theunderlying aspartic acigesidueswhich cooperatively absorb in the isotope region,
were als@xamined witl2D IR waiting time studieswild type AM2TM revealed a transition to
a more homogeneous lineshape in the inward closed state afteifa &@y(Figure 5.7, A and
B). However, no major timeependent spectral changes were observed in the sidechain mode in
the inward open conformation (Figure 5.7, C and D). Spectral interference from aspartic acid
residues complicates the interpretation forMeisotopologues. While spectral subtraction can
be applied to examine underlying features, we were not able to isolate the isotopes using this
method in this study. However, the aspartic acid signatures are still quite useful because they
provide additionahformationaboutwater movementin the channel. 2D IR spectra suggests water
is mobile on this timescale surrounding the aspartic acid residues in the inward closed state, but
remains largely unchanged in the open state. This could indicate these taesidaks play
essentialroles regulating water in the closed state, whigaessen(500 fs) water interactions are
likely facilitated by otheinternalresidues in the inward open state. However, since we were
primarily focused on the isotoperiants for this study, we attempted to circumvent the
overlapping AspfC®0-e d i t e d adbsoiptibres by udilizing 13C isotopc probeinstead.
Unfortunately the 13C isotope was not visualized in the 2D IR spectrum3Gfedited Ala30*

AM2TM (Figure 5.8), indicating it was not a suitable vibrational probe fisrdizsstem.
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In addition to the previously discussed mutation studies, future wdrkincorporate
13C180 labels intoAsp24 and Asp44. Sidechain isotope labeling will redshift their absorptions ~60
cnrl, which is beneficial fomanyreasons. Firsgystematically labelinthe Val27*, Ala30*, and
Gly34* peptide backbonesnd both aspartic acid residusrsuld avoid overlapping absorptions
After confirmingthis approach eliminates sidechamterference near ~1590 crh, the water
dynamics will besystematicallynvestigated for Val27*, Ala30*, and Gly34* M2 isotopologues
under the previously establishednetitions Additionally,individualisotogc editing ofAsp24*
or Asp44* could uncover critical water interactiondath ends ofhe M2 proton channel. Water
movement around these residues initialize and finalize proton conduction at the transmembrane
termini, which likely exhibit a conformationaldependence. Irconclusion conformational
differences and subpicosecond water fluctuations imidgjgy-selectiveAM2TM protonchannel
were revealed b2D IR spectroscopy anidotope labeling. Théoundationalvork outlined here
can be expanded examine moreletailed structural and dynamic changes in this proton channel

and other ion channels.
5.6 Acknowledgements

We would like to thank our collaborator, Dr. HuongKratochvil, for preparation of all
M2 samples and for her expertadvice onthese 2D IR studies. Additionally, we would like to thank

the DeGrado Group, especially Dr. William F. DeGrado, for supporting this collaboration.
5.7 References

()] Centers forDisease Control and Prevention. Influenza Fast Stats. cdc.gov/nchs/fastats/flu.
Accessed February 15, 2022.

(2) Centers for Disease Control and Prevention. Types of Influenza Viruses.
cdc.gov/flu/about/viruses/types. Accessed February 15, 2022.

135



3

4)

©)

(6)

(7

(8)

€)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

Manzoor, R. et al. Influenza A Virus M2 Protein: Roles from Ingress to Egnés3. Mol. Sci.
2017, 18 (12), 116.

Pinto, L. H. and Lamb, R. A. The M2 Proton Channels of Influenza A and B Viriis&sol.
Chem, 2006 281 (14), 899i79000.

Wang, J. et al. Structural and Dynamic Mechanisms for the Function and Inhibition of the M2
Proton Channel from Influenza A ViruSurr. Opin. Struct. Biol.2011 21 (1), 6880.

Cady, S. D. et al. Structure oftihmantadine Binding Site of Influenza M2 Proton Channels in
Lipid Bilayers.Nature 201Q 463 (7281), 689692.

Pielak, R. M.; Oxenoid, K.; Chou, J. J. Structural Investigation of Rimantadine Inhibition of the
AM2-BM2 Chimera Channel of Influenza Vseas.Structure 2011, 19 (11), 16561663.

Wang, C. et al. lon Channel Activity of Influenza A Virus M2 Protein: Characterization of the
Amantadine BlockJ. Virol., 1993 67 (9), 55855594.

Luo, W. et al. Immobilization of the Influenza A M2 Tianembrane Peptide in VirEnvelope
Mimetic Lipid Membranes: A Solitate NMR InvestigatiorBiochemistry2009 48 (27), 636l
6368.

Hu, J. et al. Histidines, Heart of the Hydrogen lon Channel from Influenza A Virus: Toward an
Understanding of Condtance and Proton Selectivifgroc. Natl. Acad. Sci. U. S. 2006 103
(18), 68656870.

Yi, M. et al. Conformational Heterogeneity of The M2 Proton Channel and a Structural Model for
Channel ActivationProc. Nat. Acad. Sci. U. S. 2009 106 (2),1331113316.

Hong, M. and DeGrado, W. F. Structural Basis for Proton Conduction and Inhibition by the
Influenza M2 ProteinProtein Sci, 2012 21 (11), 16201633.

Cross, T. A. et al. M2 Protein from Influenza A: From Multiple StructuoeBiophysical and
Functional InsightsCurr. Opin. Virol.,2012 2 (2), 128133.

Moffat, J. C. et al. Proton Transport through Influenza A Virus M2 Protein Reconstituted in
Vesicles.Biophys. J.2008 94 (2), 434445.

Schnell, J. R. and Chod, J. Structure and Mechanism of the M2 Proton Channel of Influenza A
Virus. Nature 2008 451 (7178), 591595.

Torabifard, H. et al. M2 Amphipathic Helices Facilitate-pledpendent Conformational Transition
in Influenza A VirusProc. Natl. Acad. SclJ. S. A,202Q 117 (7), 35883591.

Acharya, R. et al. Structure and Mechanism of Proton Transport through the Transmembrane
Tetrameric M2 Protein Bundle of the Influenza A VirBsoc. Natl. Acad. Sci. U. S. /£201Q 107
(34),15075 15080.

Thomaston, J. L. et al.-Ray Crystal Structure of the Influenza A M2 Proton Channel S31N Mutant
in Two Conformational States: An Open and Shut Casém. Chem. Sq2019 141 (29), 11481
11488.

Ghosh, A. et al. Tidal Surge ihé M2 Proton Channel, Sensed by 2D IR Spectrosdipyg. Natl.
Acad. Sci.2011, 108 (15), 61166120.

Ghosh, A. et al. 2D IR Spectroscopy Reveals the Role of Water in the Binding of CBéotiéhg
Drugs to the Influenza M2 Channdl.Chem. Phys2014 235105 (140),119.

136



(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)
(29)

(30)

(31)

(32)

(33)

(34)

(39

Suzuki, H. et al. Emergence of AmantadResistant Influenza A Viruses: Egichiological Study.
J. Infect. Chemother2003 9 (3), 19%200.

Deyde, V. M. et al. Detection of Molecular Markers of Antiviral Resistance in Influenza A (H5N1)
Viruses Using a Pyrosequencing Methdahtimicrob. Agents Chemothg009 53 (3), 1039
1047.

Sansom, M. S. P. et al. Water in Charhi&k Cavities: Structure and Dynami&ophys. J.1996
70 (2), 693702.

Sagnella, D. E. and Voth, G. A. Structure and Dynamics of Hydronium in the lon Channel
Gramicidin A.Biophys. J1996 70(5), 2043 2051.

Rao, S. et al. Water and Hydrophobic Gates in lon Channels and Nandfaestay Discuss.
2018 209, 231247.

Gelenter, M. D. et al. Water Orientation and Dynamics in the Closed and Open Influenza B Virus
M2 Proton Channel€€ommun. Biol.2021, 4 (1), 1 14.

Ulmschneider, M. B. et al. Molecular Dynamics of lon Transport through the Open Conformation
of a Bacterial Voltag&ated Sodium Channdtroc. Nat. Acad. S¢i2013 110 (16), 27.

Wang, Y. et al. Structural M@anism of Plant Aquaporin Gatilgature 2006 439 (9), 688694.

Kariev, A. M. and Green, M. E. Voltage Gated lon Channel Function: Gating, Conduction, and the
Role of Water and Protonist. J. Mol. Sci,2012 13, 16801709.

Wei, C. and Potrille, A. Activation and Proton Transport Mechanism in Influenza A M2 Channel.
Biophys. J.2013, 105 (9), 203@045.

Schweighofer, K. J. and Pohorille, A. Computer Simulation of lon Channel Gating: The M2
Channel of Influenza A Virus in a Lipid Biyer.Biophys. J.200Q 78 (1), 150163.

Kratochvil, H. et al. Instantaneous lon Configurations in thdd Channel Selectivity Filter
Revealed by 2D IR Spectrosco@cience2016 353 (6303), 104A.044.

Barth, A. The Infrared Absorptiorf @dmino Acid Side ChainsProg. Biophys. Mol. Bio).200Q
74 (35), 141 173.

Hu, J. et al. The Chemical and Dynamical Influence of the-Xin&il Drug Amantadine on the M2
Proton Channel Transmembrane Dom&iephys. J.2007, 93 (1), 276283.

Cady, S. D. and Hong, M. Amantadiireduced Conformational and Dynamical Changes of the
Influenza M2 Transmembrane Proton ChanRedc. Natl. Acad. Sci. U. S. 2008 105 (5), 1483
1488.

137



Chapter 6 Outlookand Future Work

6.1lIntroduction

Two-dimensional infrared (2D IR) spectroscopy in combination with isotope labeling can
extractdetailed molecularinformationabout protein structure and dynamics in re&Pibueing
graduate school, | have had the unique opportunity to explore interesting questions in protein
science with cuttingdge techniques. | have been fortunate to learn and develop proficiency in
many different synthetic and analytical techniques, whighoutlined in Chapter 2. In this final

chapter, | will summarize my graduate work and discuss future directions each project may take.
6.2Investigating a-helical structures with 2D IR and isotope labeling

The most challenging project | have worked on, along with several others in the group, is
thea-helix isotope labeling project (Chapter 3). During my second year, | worked closely with
Kayla Hess to troubleshoot and optimize the synthesis and purificatdimods forl3C180-
backbondabeled alanine. We later expanded these experimental methods to label glycine and
phenylalanine at the same position Y, @vhich were effective. After we successfully prepared the
isotopelabeled MAHP samplesin 2019, | thermpexienced difficulties acquiring decent spectra
fromthe laser system. Our first laser system had many issues, which was ultimately resolved when
the company replaced most of its parts in the summer of 2020. After these repairs, | was able to

successfullycollect clean isotopéabeled peptide spectra.

While we did not observe any crosspeaks indicative of helix formation in the labeling
schemes studied, we were able to track helicity changes through frequency/intensity changes in

MAHP. In the predominantlg-helical condition,the~10cdr edshi ft i n the |
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mode was attributed to hydrogen bonding interactions, while drastic intensity changes were
determined to arise from coupling betwéé@'O labels. Coupling allowed us to probe isotopic
features, even in the presence of evident sidechain modes. HoweudR, A smalk-helical

peptide with only a few interfering sidechains (aspartic acid, glutamic acid, and ar§ibarggr

peptides and proteins have dozens of sidechains (e.g., 7 Asp, 2 Glu, and 12 Arg in HEWL) that
strongly absorb in th&¥C180-editeda mi de | & r egi on jtyofidoublel®Ct&dhr g t he
labeling’-8For structural studies of larger helices, it may be useful to uniformly label the entire
domain with a more cosffectivel3C isotope, which has been achieved vgth crystalline?
Sometimes, isotopic features can be examined in the presence of sidechains with careful spectral
subtraction methodsHowever, the data set should be collected on the same day, if possible, to

minimize variations in spedtartifacts and other spectrometer conditions.

Studying native sidechain vibrational modes with 2D IR spectroscopy could be of great
interestmovingforward. In MAHP, the vibrationalmode observed near +1580 cmtis likely
attributed to aspartic agidrising primarily from the asymmetric C=0 stretch in carboxylate.
Aspartic acid residues have titratable sidechains (pKa ~4.0), which plays critical roles in enzymatic
activities1912 |n the MAHP sequence, Aspl deprotonation is responsible fi@riinal helix
stabilization through end cappifg&xamining this sidechain feature in unlabeled MAHP would
provide a labefree method to examine molecular details regarding terminal helix staloitizati
2D IR waiting time studies would reveal vibrational lifetime and environmental differences in the
N-terminus as a function of peptide helicity, which has yet to be determined. MAHP mutants
should be compared under high helicity conditions to ensuer atbdes (i.e., glutamic acid and
arginine) do not contribute. If multiple sidechains contribute to the signal, the sidechain of interest

could be isotopically labeled to isolate its signature, althouglagpsoach isnore expensive.

139



6.3 Elucidating nanoparticle-induced structural changes in peptides and

proteinswith 2D IR spectroscopy

Here, | investigated the impact of gold colloids on a madkelical peptide (Ekhelix)
and protein (hen egg white lysozyme, HEWL) with 2D IR spectrogcbfferent interactions
were observed between the model peptide and protein in the presence of the same nanoparticle
system. The model peptide associated strongly with the nanoparticles, indicated by a visual color
change and a quantifiable redshift adetrease in the LSPR band. The model protein, however,
did not appear to interact favorably with the gold colloaseflected by no visual color change
or LSPR shift. Initial 2D IR measurements indicated the model peptide and protein retained their
ovemall secondary structures in the presence of these nanoparticles. While this study demonstrated
the capability of 2D IR to measure peptide/protein signals without interference from the gold
nanoparticles, there are questions that remain unanswered ancavesmees to explore. For
example, how many peptides/proteins must coat nanoparticle surface to be detected with 2D IR?
Can 2D IR examine differentlayers of the protein corona, or can itjustdetectchanges in secondary
structure within peptides/proteinsttvembient nanoparticles in solution? Do certain nanoparticles
(e.g., metal colloids) amplify the peptide/protein signal, allowing lower concentrations (below
millimolar) to be detected? Can particular residues that directly interact with the nanoparticle

surface be detectedthrough isotopelabeling? Can a chemicaltag(e.g., cystine) be added to a stable

modela-helix to facilitate metal nanoparticle interactions?

Different nanoparticle systems should be explored. However, it is critical that the
nanopart | es do not absorb or scatter | Rmakcheg ht i

Gold colloids stabilized with citrate were a practical starting point because they did not absorb or
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scatter IR light to a great extent. Additionally, the low concaian (0.1 mg/mL) of citrate
stabilizer did not impact the protein signal or structure in 2D IR measurements (Chapter 4). The
gold colloidal solution was also easy to exchange with a deuterated solvent system, which was
required to eliminate overlappingpt er absor ptions in the amide |
of centrifugation (~17,00§) 15 minutes, ~25 ) was sufficient to replace the solvent with(D

(with added citrate stabilizer), as water signals were not detected in 2D IR measurements.
Centrifugation was the most straightforward technique for solvent exchange. Lyophilization was
also examined, butthis process caused irreversible nanoparticle degradation. Looking forward, the
impact of charge on nanopartigbeptide/protein interactions shoulddlesely examined. Proteins

and nanoparticles are both extremely sensitive to charged species, which influence the structure
and stability of both species. | conducted my initial experiments at pH ~4 to closely match the pH
of the colloidal suspension. Theffect of pH and different ionic species on peptide/protein
interactions with nanoparticles should be closely examined with 2D IR and complementary

characterization methods.

Future experiments will be required to characterize underlying molecular ind@sact
between peptides/proteins and gold colloids in solution. Dynamic light scattering (DLS) can be
implemented to measure the hydrodynamic radii of peptide/prosaioparticle complexes in
solution. CD spectroscopy can confirm that the helical struedyreeserved upon introduction to
nanoparticles, since the amide | 6 region is n
proteins with different secondary structures could be examined with these gold nanopatrticles,
which do notinterferewitthte a mi de |1 6 si gnal under the cond,i
peptides/proteins with sulftzontaining residues can covalently interact with gold atoms, which

may induce unigue interactiod®15> Other noble metal nanoparticles, like sihand copper, could
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also be examined, which share similar advantages and properties to the gold colloids used here.
For example, 2D IR spectroscopy has been recently used to examine tHassseifbly of
glutathione, a thietontaining peptide, on the saxde of silver nanoparticlé§The link between
varying nanoparticle properties (size, shape, ligand, etc.) on peptide/protein structure could also

be examined with the same peptide/protein.

6.4 Probing local water dynamics in thdnfluenza A M2 proton channelwith

2D IR spectroscopy

In collaboration with the DeGrado Group at UCSF,deenonstrated the utility &D IR
to extract molecular changes in the influenza A M2 proton channel. 2D IR revealed distinctive
spectral features in the AM2 tetramer as it transitioned between the ioperéind closed states,
which was precisely controlled by the detergent tyfda.the inward closed state, M2 exhibited
more homogeneous lineshapes, indicative of a more hydrophobic environment. Additionally, a
unique feature at ~1630 chwas detected for M2 in the inward closed state. This mode was
assigned to the asymmetric stretch of an alkene (C=C) ring, which wouldiexxqe stronger
vibrational coupling due to channel clos@rknis C=C stretch likely arises from the His37 proton
sensor and/or Trp44 gate, although future mutation studies wildagredto definitively assign
this novel feature. Upon conformational switch to the inward open state, the AM2TM lineshapes
were inhomogeneously broadened, likely due to water flow through the channel. The effect of pH
and amantadin@ smakmolecule channel mbitor,on M2 conformation were also identified by
these characteristic features in 2D IR spectra. 2D IR waiting time studies were employed to
investigate water dynamics in wild type AM2TM and three isotopologues (Val27*, Ala30*, and
Gly34*), where * indcates backbone labeling withsinglel3C80. These experiments revealed

subpicosecond and conformatidependent water movement in specific residues of the AM2
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proton channel, but definitive assignments were complicated by underlying aspartic acid modes

(Asp24 and Asp44).

There are still many unanswered questions regarding proton conduction through AM2TM.
For example, the origin of the novel feature at ~1636 still not well understood. This likely
arises from either the highlgonserved His37 protasensor, Trp44 gate, or both. To address this
guestion, future studies will mutate these residues systematically to examine if this feature persists.
Since both residues are crucial for the proton conduction through the M2 channel, experimental
conditiong(i.e., detergenttype, pH, etc.) will need to be reestablished to ensure the conformational
dependence is retained. If these conditions hold, H37G and W44Y mutants will then be

characterized with 2D IR and compared to our previous findings.

Additionally, it is still not well understood how water transiently and selectively moves
throughout the M2 channel. It is wadbktablished that water molecules accommodated in ion
channels facilitate critical interactio®2° Thus, transient water movement along the M2 channel
i's an essential piece of t hymgspechamhbbsorgdtiansflarM2 T M0 s
aspartic acid residues (Asp24 and Asp44) overlap significantly with3@ieO-editeda mi de | 6
backbones, complicating spectral interpretation. Mutating these residues is an option, but these
changes impart structural anchiational differences from the wild type peptide. Therefore, future
2D IR experiments will utilize additional labeling procedures to separate the sidechain signatures
from the critical pordining residues (Val27*, Ala30*, and Gly34*). The carboxylate greop
Asp24 and Asp44 will besotopically labeledo shift their sidechains below 1550 émeaving
behind only the signatures from the individual backblaieled residues. 2D IR waiting time
studies on the backbonend sidechaktabeled M2 samples will be conducted to investigate local

water dynamics in the inward open and closed statedViZlehannel with bound amantadine will
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also be examined through 2D IR waiting time experiments to reveal how the drug alters local water
interactions Future 2D IR studies will compare these findings to the S31N mutant, which is
amantadinegesistantAdditionally, different combinations of isotope®, 180, 15N) can be
incorporated into single aspartic acid residues to simultaneously investigate the transitory water

dynamics at the pore termini, which has yet to be illuminated.
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Appendix 1. Supporting Information for Chapter 3

Al.1Materials and Experimental Methods

Al.1.1 Generalinformation

All reagents were used as purchased, excluding the modifications maasatioihe and
L-glycine (113C), as described in th@fluorenylmethoxycarbonylFmoc) protection anéfO-
exchange reaction sections. Frqmotected amino acids, Oxyma, and Rink Amide ProTide resin
(high-loading, 0.70 meqg/g) were purchased from CEM. Isotope reagents, includiagine (t
13C, 99%) L-glycine (2-13C), and180-H,O (98% enriched), were purchased from Cambridge
Isotope Laboratories. Piperazine aNeMethylacetamide (NMA)were purchased from Alfa
Aesar. N,N-Diisopropylcarbodiimide(DIC), N-Methyl-2-pyrrolidone (NMP), and N-(9-
Fluorenylmethoxycarbonyloxy)succinimidéFmocOsu) were purchased from Oakwood
Chemical. Sodium deuteroxide (NaOD, 30 wt. %), deuterium chloride (DCI, 20 wt. %),
triisopropyl silane (TIPS), and,2,2trifluoroethanol (TFE, 99.8% extra pure) were purchased
from Acros Organics. Sodium bicarbonate (NaHfOpotassium bisulfate (KHSQ
dimethylformamide (DMF), diethyl ether, acetone, acetonitrile, hydrochloric &2id N), and

methanol were purclsad from Fisher. All other reagents were purchased from Sigma Aldrich.

Al1.1.2 Peptide synthesis and purification
The 12-residue modela-helical peptide (MAHP, DPAEAAKAAAGRNH;) was
synthesized on a CEM Liberty Blue automated microwave peptide synthesizer using conventional

9-fluorenylmethoxycarbony(Fmog solid-phase peptide synthesis (SPPS) with piperazine

deprotection and [/Oxyma activation. Rink Amide ProTide resuas ugd as a solid support to
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producean amidated @erminus. MAHP was cleaved from the resin and sain protecting
groups were removed using a cleavage cocktail of 95% trifluoroacetic acid (TFA), 2.5%
triisopropylsilane (TPS), and 2.5% water for 3 houfide peptide was filtered from the resind

the solvent was removed. The crude peptideprasipitated in icecold diethyl etheandfurther
purified via highperformance liquid chromatography (HPLC) usimgBridge C18 preparative
columncoupled with &JV detector (215 nm)A binarysolvent system of water (Solvent A) and
90% acetonitrile in water (Solvent B) with 0.045% HCI as the counterion was used for all HPLC
methods. A gradierdf 0% Solvent A to 40% Solvent 2% per minuteyvas sufficient to elet

the peptidd~11 minutes, Figure 2A)ractions were collected, lyophilized, and store@ad

for shortterm uselsotopelabeled peptides were synthesizedipurified in the same manner as
previously describedising isotopdabeled alaninelfC and13C180) labeledat theC1 position
during SPPS. {Alanine (1-13C, 99%) was modified using the Fmpcotection(Figure Al.1l)and

180-exchange procedureBigure Al.9 prior tosolid-phasepeptide synthesis.
Al.1.3 Fmoc protection reaction with'3C-enrichedamino acids

The Fmoc protecting groupas added to alanine1-13C beforepeptide synthesig-{gure
1). This reaction was carried out on-grhm (10 nmol) scale using equimolar amounts of amino
acid,FmocOSuy and NaHCQ. The starting materials were combined in a-<t0D roundbottom
(RB) flask and dissolved iBO mL of1:1 water/acetone mixturéhe reaction stirred for 24 hours
atroom temperaturdollowed by quenching with 2 M KHS{Quntil the solution reached pH 2 (-3
mL). The white precipitatevas washeavith ~50 mL ofice-cold deionized water, collected via
vacuum filtration, and dried via lyophilizatiomhese washes werepeatedt least 3 timefo
remove saltsThe purity of tle Fmoe13C-danine was confirmed via electrospreyization mass

spectrometry (ESMS). Fmoc13C-glycine was prepared in the same manner.
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Figure A1.1 Fmoc protection of a generi¢*C-Ci-L-amino acid for solid-phase peptide synthesi®
group = CH for alanine and H for glycine.

Al.1.4 Acid-catalyzed'®0-exchange with Fmoeprotected3C-edited amino acids

For 13C180-labeled peptides, an aeahtalyzed80-exchange was performedth the
Fmocprotectedt*C-alanine. This reaction was performed a tgramscaleusing the Fmoc
protected3C alaninein dioxane/4 M HCI in dioxane andO-enriched waterKigure 2. All
glassware was flame dried under vacuum before addingffeaanine The amino acid was
quickly added ta 50mL roundbottom (RB) flaskand the glassware was flame dried again to
remove residual watefheamino acidvas dissolved in dioxane (8 mL) and 4 M HCI in dioxane
(4 mL) under an atmosphere aftrogen The reaton mixturewasheated taeflux at1 5 0
(bright yellow solutionfor ~30 minute®eforeinjectingl mL of180-enriched water. The mixture
refluxed for 4 hourst 150 . After 4 hours, the solventwas removed by lyophilizatidhis
procedure was repeatevice more (3 times in totatp ensure the labeling efficiency was >90%

(determinedy ESFMS, Equation ). 180-enriched glycine was prepared in the same manner.

148



o 4 M HCl in e

H I 3 H I
N PC Dioxane 3 N SC
Fmoc™ Y OH 80.H.0 Fmoc”™ \‘/ +OH
R 2 R

Figure A1.2. HCl-catalyzed!®0-exchangewith generic Fmoc-3C-C;-L-amino acid. Red asterisk:
denote!®O isotopesBoth 160-oxygens were exchanged witPO, as they are chemicalgquivalent
during solidphase peptide synthesis. R ={3blr alanine and H for glycine.
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Fmoc13C180180-alanine was purifiey precipitation with dry, icecold diethyl etherThe
first washyieldeda dark orange supernatant wéatsmallamount ofprecipitate. The precipitate
waslikely an unwanted side producta€id-catalyzed80-exchangeKigure 2 and wasliscarded.
Thedarkorangesupernatant was dried with compressedhan resuspendedin ~10 mL of dry
diethyletherto precipitate the amino adidemixturewas centrifuged at 5000 rpm for 5 minutes
This wash yielded aubstantial amount of off’hite precipitateand a yelbw-orangesupernatant.
The supernatant was removed and dried with compressed air/nitrogena¥hes wereepeated

until a reasonable yield>{0%) of amino acid waachieved (4 washes total).

Al.1.5 Sample preparation for ESIMS characterization

All peptides and isotoptabeled amino acids were characterizesthg ESFMS on a
ThermoFisher Scientific LTQ XL linear ion trap mass spectromegirg direct infusion mode
HPLC/Optima grade solvents were usedntakeall solutions for MS analysis. Foreptide

samplesl mg/mLstock solutions werpreparedy dissolvinghelyophilized peptide ira 7030
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methanol/watemixture. 10 ng/mL dilutionswere made from the stock solutiamdthe same
solvent mixture Fmoc13C-alanine and glycine solutions wepgeparedfollowing the same
procedureFmoc13C180180 alanine and glycinereredissolved inL00%acetonitrile instead of an

organic/aqueous mixture to avagnificantback exchange with tHéO-enrichecbxygens.
A1.1.6 Sample preparation for 2D IR andcircular dichroism experiments

Lyophilized MAHP was dissolved in J® to make a ~10 mM stock solution. The stock
solution was quantified on a Nanodrop Gdispectrometer (ThermoFisher Scientific, MA, USA).
5 mM MAHP dilutions were prepared in,0 and TFE if applicable) for 2D IR and CD
measurements. The following three solvent conditions were prepared: (1) low pH (~2) without
TFE, (2) high pH (~10) without TFE, and (3) high pH (~10) with 40% TFE (v/v). The sofation
was adjustedsing small aliquots (~Q0nlL) of NaOD and/or DCI stocks. For the high helicity
condition (high pH with 40% TFE by volume), the pH of the peptide solution was adjusted, 40%
TFE (v/v) was added, and the pH was measured again to ensure the acid did not cause a significant

(<1 unit)drop in pH.

The peptide solutionwere gently vortexed and incubated at ral@mperaturdor at least
an houtbefore 2D IR and CD measurements. For 2D IR experiments, a small aliquati(-€t0
lesg of peptidesolution was placed betweentwo Gaindows(Crystran, UKseparated bys0-
nm Teflon spacerThe sample cell was placed the spectrometer box purged with dry,
compressedir to avoid hydrogen exchange from ambient water vapor. For CD experiments, ~40
mL of the stock solution was placed betwdem 0.1-mm quartz windows (Starn€ells, CA,

USA).
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Al.1.7 Peptide quantification

All peptide solutions were quantified using a NanoDrop @nspectrophotometer
(ThermoFisher ScientificMA, USA). All peptides were quantified at 205 nmrhe molar
extinction coefficientof MAHP at 205 nm was estimated by accountinggokboneesidues and
sidechains that absottraviolet radiatiorat this wavelength (for a-&m pathlengttat 205 nm
e=31,930 Micm?® or 28.36 mg/mL}. Peptide solutionsvere quantified in triplicate and the

average concentration was recorded.
Al1.1.8 2D IR measurements

A detailed description of 2D IR datllection and processing methods alescribed
elsewhere.Briefly, 800-nm pulse¢7 mJ 1 kHz, 60 fswere generated by a $&pphire oscillator
and amplifiedwvith aneodymiumdoped yttrium orthovanadate (Nd:Y\{2pumped regenerative
amplifier(Solstice AceSpectra Physic§A, USA). The800-nmpulses werdirected into a 50/50
beamsplitter, where half the beam was serbian optical parametric amplifiesFQPASPrime,
Spectra Physic€A, USA) coupled withdifference frequency generation (DFG) to producet
pulseq30mJ, 1 kHz, 70 fs)The midIR lightwas directed into a comnmal 2D IR spectrometer
(2DQuick IR, PhaseTech SpectroscopyInc., WI, USA)gpidinto pump (90%) and probe (10%)
lines. The pumgdine waspassed through germanium acoustoptic modulatorGeAOM) pulse
shaper to generate pairs of pump pulses witlyingrtime delays between theffihepump and
probe pulsewere overlappedtthe sampléo generate the signal. The signal was directed into a
monochromator and dispersed ontm@rcury cadmium telluride (MCrraydetector Princeton

Instruments NJ, USA) The data was collected using QuickControl Software (PhaseTech
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Spectroscopy Inc., WI, USA) and further processed using a custom MATLAB script. Adobe

lllustrator software was used to process final 2D IR spectra.

Prior to 2D IR measurements, the MCT arragswcalibrated with a-fiitrobenzaldhyde
(4NBA, 500 mM in toluene) standard. 4NBA (~300 mM in toluene) absorbs IR radiation at 1535
cml, 1605cmt, and 1711cd, whi ch spans the I sotope and ami
spectrum of thealibrant was collected and the pixels were matched to the absorption minima.
Calibration with small molecules standards like 4ANBA minimizes variations in the data collected
over various months. Additionally, while ambient water vapor can also be usadiimte the
detector, smalmolecule calibrants are more robust becausethey are invariantto ambient humidity

variations.

A1.1.9 Circular dichroism measurements

All CD measurements weosllectedon a 3810 CD spectropolarimeter (Jasco, MD, USA).
The instrument was purged withlg) to prevent damage to the optics. Spectra were collected
from 190 260 nmin 1-nm increments. All measurements were collected aP@4100 mdeg
sensitivity, and a scan rate of 100 nm per minute. Three spectra were collected for each sample
and solvent blank, which weraveragedand smoothed in Microsofixcel Additional post
processing was completed with MATLAB and Adobe lllustrator softwéhe.CD signal was
convertedfrom millidegrees to mean residue ellipticitfequation 3 and compared to the

theoretical value o& perfectly helical peptidgEquations 3 and)#:4

Q'QZ@ & qi AAC

q P o
N o O & "
Qaea GOJGZOTGZUH

152



T s p

prtayY

b Ma Q(I)Qﬁ—(g Bp T
E

Al.2Supplementary Data

15

Intensity (x10°)
o

(4]

0

el

335.08

W .

300

320

340 360

mfz

380 400

Intensity (x10%)

'S

N

T
_B 339.16
355.08

0

300

320

340

mfz

360

38

0 400

Figure A1.3. Characterization of 13C and *3C'®0'%0-labeled alanine.Mass spectrum fA) Fmoc
13C-alanine, where m/z 335.08 corresponds to theadduct, andB) Fmoc13C80®0-alanine, where
m/z 339.16 and 355.08 correspond to the dal K- adducts, respectively.
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Figure Al.4. Purification and characterization of unlabeled model peptideChromatogram (A) an
corresponding mass spectrum (B) for unlabeled MAHP (molecular weight = 1126 g/mol). The
m/z 1127 and 563.9 corresponds to tharld 2 protonated charge statesMAHP, respectively.
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Figure Al.5. Purification and characterization of MAHP isotopologuesChromatograms (A, C, ar
E) and corresponding mass spectra (B, D, and F) for labeled peptides (LS1, LS2, and LS3, resg
All peptides eluted at ~10 minutes after they were injected onto the C18 columriafte2lprotonated
charge states werdserved for all labeled peptides corresponding to the correct molecular weigt
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