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Abstract

Monitoring changes in the local electrostatic environment of proteinsnisortant for
determining the dynamic nature involved in many biological processes. The efficacy of
natural and nomatural vibrational probes has been tested for monitoring the
conformational dynamics in peptide and protein systems. Vibrational probes gain
simultaneously detect dynamics at two different regions of the biomolecules active site
via 2D IR. The variations in the distance and orientation of a ppalreprovide the details

of molecular movements which affects the protein function. Variousbp-pair have

been developed and incorporated for structural determination. Spectroscopicsrcder

be obtainedby utilizing these probgpairs with detecting the changes in coupling strength

by variation in distance within protein systems.
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Chapter l.Introduction

Two-dimensional infrared spectroscopy (2R) is a valuable spectroscopic taoth
high temporal resolutiothat can be utilized to detect the structure and dynamics within
chemical systems. Diagonal signals, shown in Figly@rbvide details about vibrational
characteristics of the system ilnicling the anharmonicities, vibrational lifetimes, and the
magnitude and orientation of the transition dipole momeérttiowever, arguably the most
interesting information recorded by 2D IR can be found by evaluating peadss, Figure
1-1. Cross peaks caovide information about energy transfer betweerscillators,
dipolar coupling uncovering structural content, and dynamic population/chemical
exchanges’ Additionally, conformational information can be frozen out on an ultrafast
timescale akin to snapshots of a camefD IR spectiscopy also has higher sensitivity
for detection which requires lower concentrations of biological samples compared to
baw RdzS #depeid&nSe ofitheispectral intensity. Conformational dynamics can
be detected with higher resolution in a sub picosed timescale.

2D IR has the capability to monitor the frequerdogquency correlation function
(FFCF) associated with a single oscillator. This FFCF can detect solvent motions or larger
scale and slower molecular motions often found internally in bioklgsystems. The
inhomogeneity of the frequency distribution can be detected by the 2D line shape as an
elongation along the diagonal line at Tp8 As the waiting time increases, T>0, the 2D
line shape becomes more symmetrical due to litesof the frequency correlation, Figure

1-2. Theinhomogeneoudistribution of frequencies can be monitored directly from the



diagonal linewidth in 2D IR spectr@ften time FFCF in terms of molecular dynamic
simulations, each particular frame has a specific frequency, by determining the difference
of each frame frequency from the average frequency padorming anautocorrelation,

the sameinformation can be obtaed as the monitoring of the changes in the slope by
increasing the waiting time (Figure3). Furthermore, with semempirical electrostatic
modeling, a direct comparison is often made between experiment and computation.
Generating infrared spectra frormolecular dynamic simulations can be achieved by
Fourier transform of classical dipole tirgerrelation functions. The structure can be
generated form higHevel ab initio calculations which can be further utilized for defining
the vibrational frequencieswith an electrostatic map for each molecular dynamics
trajectory. Therefore the desired IR spectra can be calculated using the lineshape theory.
The development of vibrational probes as spectroscopic reporters of structure and
solvent dynamics has beewital for studies of biomolecules via FTIR and 2D IR
spectroscopy. The spectral properties of a vibrational probe define its utility for studying
systems of interestDesirable properties of a useful IR probe include: larger transition
dipole strength (tanonitor lower concentrations), longer vibrational lifetimes (affects the
ability to monitor the environmental changes), and size (to limit the perturbation of the
system).For example, Amide | or C=0O transitioft160061700 cm!) are the most
commonly usd probesfor backbone structure determination of peptides and nucleic
acid. The excitonic nature of the transitions reveal strong coupling mechanisms
depending on the different secondary structure which results in distinctive vibrational

bands in the infreed spectrum. Although the unique band structures can be informative,



global backbone structure can be somewhat limited in uncoveringspigeific structural
dynamics, and therefore, it is not as useful for investigatingspiecific system dynamics.
Ingead, isotopic labelling is often utilized to isolate amides within regions of interest.
Substituting a?C=%0 group with eithe3C=2%0 or13C=80 will have an isotope shift of
40-60 cm! whichcan isolate the transition from the amide | baridowever, sotopic
labeling can become rather expensive and oftentimes there is significant spectral overlap
of isolated amide transition with side chain residues, such as arginine, aspartic acid,
glutamic acid, eté° To overcome these challenges associated with labelled amide
transitions, sitespecific side chain probes have been utilized. For example, nitrile
derivatized amino acids, such asyanoephenylalanine and &yanctryptophan, have
been incorporated in the qotein and peptide systems to detect changes in the local
hydrogen bonding and electric field distribution upon binding, folding, ét&s
5Additionally, azidaderivatized amino acids have also been found useful for site specific
studies due to their larger transition dipole strengif!’Sitespecific vibrational probes
can be beneficial for studying larger biological systems as they involve in the active site
and the biological activity can be monitored through these probes.
Sde chainbased infrared probes

Side chain probscan be usedor uncovering the sitespecific changes in the local
environment and secondary structure of peptide and proteins that may not otherwise be
observed. Natural side chain probes such as carboxylate, carboxylic acid, ester carbonyl

have been tized as natural sidechain probes in several syst€fisUtilizing naturally



existing IR probeis useful because they do not perturb the system of interest. Therefore,

a more accurate structural analysis of the active site of the biomolecules can be obtained.
For example, 2D IR spectroscopy has been utilized to mathiéoHistidine side chain
indirectly via amide | banstructure and function changes in proteiff$e histidine amide

| bandhas been shown to be sensitive to structural changes and protonation making it
useful for studying peptide and protein dynami€she histidine protonation effect on

the local water molecules structure is important for enzymatic reactions. The amide |
band of this sample shows three distinct compotgerthat exhibit different pH
dependency. These results show that the amide | band of Histidine is sensitive to
conformational and protonation states.

Even thoughthe amide | band can be utilized for studyirynamicsand
conformational changeghere are ®me drawbacks for utilizing amide | reporter. The
amide | band is congested of several backbone transifimovercome this challenge
isotope-editing can be incorporated. Isotope labeling is cost effectiveisotdpe-edited
amide | backbone transition can be overlapped with other sidechain vibrational bands,
such as arginine, glutamic acid, apartic acid.

Due to the limitations of the amide | band, several researchers have turned to
various side chain vibrational probes to overcome the complications of isotope labeling.
Nitriles are relatively small probes that have been incorporated in different sideshain
well as the backbone of nucleic acids$n particular, the CN stretching vibration has been
utilized as a reporter for studying the ligapdotein interactions, drug binding, measuring

electric field strength, and solvent dynami¢§2° The vibrational transition is located with



a region of the IR spectrum, 212300 cmt, which is isolated from other common
biological transitions makes monitoring changes in the-sidl®in mae reliable as there
is no overlap with other transitions that can affect the spectral analysis.

In particular, nitrile-derivatized amino acids have been shown to be useful
reporters within protein system3326 For example, cyanophenylalanine (RRewas
utilized as a spectroscopic probe to uncover structural information within the villin
headpiece subdomain, HP35Monitoring Phen a two-state equilibrium was observed
in the folded state and the exchange rate for the system was revealed. Fang and et al.
also studied two cyangroups at the wings of the nonnuclgide HIV1 reverse
transcriptase (RT) inhibitor (NNRTI) TMC278 using 2D IR spectroscopy. The 2D IR data
revealed that the flexibility of the diarylpyrimidine (DAPY) found in the TMC278 inhibitor
played an important role in effectiveness for NNiRSRlistantmutants 2’

In addition to nitrile derivatized phenylalanine, several different nitrile derivatives
have been useful in biological studies, such as SeCNjs®@iitjle and isotopidabelled
cyanc. 22 SeCN an&CN are particularly interesting due to their long lifetime (around 200
ps). This lifetime is unique for small probes and it provides the opportunity to monitor
dynamics on the hundreds of picoseconds timescale which is important for measuring
longer protan folding dynamics.

Similar to nitrile transitions, the azidasymmetric stretch is located in the
isolated region of the spectrum. The azidwoup has a relatively large transition dipole
strength which i major advantage for signal strength in comigan to the nitrile group.

These azid@robes have been incorporated into various systems, including RNA



nucleoside and sfGFP systems, and have been used to monitor environmental changes
and dynamics:2%%2|t has also been reported that the azidgroup is a potentially useful
probe for studying nucleic acid dynami¢sWhile these tudies have focuston linear

IR, only a few studies have extended the azgtoup to nonlinear spectroscopic studies,
such as 2D IR. The 2D IR studies are limited azidoc moiety was successfully

Ay 02 N1LJ2 Nazidd Rieodyyfiding (MdU) to monior its sensitivity to hydrogen

bond dynamics via 2D IR spectroscofdyAdditionally azidohomoalanine was used to
uncover differences in folding rate beé®n sidechains and backbone protefiis.

Based on the biological system of interest, the best vibrational probe for that
study needs to be chosen so the conformational changes and structural dynamics can be
monitored for the systenunder study Reliable vibrational probgneed to have high
sensitvity to local environment, high transition dipole and the transition be located at an
isolated region of the IR spectrum to decrease overlapped transition and help with a more
accurate spectral analysidlso, the vibrational lifetime of the transition isportant;
having a longer lifetime is beneficial for studying protein systevfasious vibrational
probes have been developed and characterized for different systéfig3Developing
new vibrational probe is always a challenge but it is necessagxfanding the ability of
the vibrational probes for structural dynamics in biomolecules such as peptide, protein,
RNA systems.

Probepairs for Structural Determination
Finding a single, suitable, vibrational probe for studying structural fluctuations and

dynamics in biological systems can be challenging. Incorporating a single probe in a



system has severallvantages bubaving two probes at different sites can provide more
details about a system. Therefore, the use of prglaérs can be advantageous fob 2R
measurements. Using not one, but two vibrational probes allows for the determination
of site-specific conformational changes and dynamics at two positions, simultaneously. In
the case of the presence of vibrational coupling between the probes, fudtractural

determinations can also be obtained, such as distance and angle between the probes.

For example, two commonly used noatural probes, Bland CN, have been incorporated
Ay | ydzOf S 2 &aideScyadol -WeoXyBidiné (NCNdU) as a phe-pair.
Utilizing the azideand cyane groups on the same molecular scaffold introduces the
ability to monitor the vibrational coupling. This information can then be used to
determine the distances and angles between the probes to be9-Aand ~® degree,

respectively (Figure-3) .2

For my thesis various vitional probes such aextrinsic intrinsic, natural and non
natural have been incorporated in peptide and protetnsinvestigateconformational
changes and structural dynamicédditionally, rew vibrational probes have been

developed and characterizeWarious probepairs have been introduced and tested.

Thesis Outline

Monitoring changes in the local electrostatiof theenvironment of proteins is beneficial
for determining thestructure anddynamic involved in many biological processes. The
development and characterization of natural and neortural vibrational probes is

necessary t@rovide more toolsto study such processebk many caseshe efficacy of



newly developed natural and nenatural vibrational probess tested in model peptide
systens to determine their utility as sitspecific probs. Studying thesetypes of
transitions can provide information about conformational changes occurring under
equilibrium conditions.To expand on these studig®jo vibrational probes can be utilized
08 AY 0 NBobedz@ir®y Fic&nWsimultaneously detect dynamics at two different
sites of thesystem.For example, andive siteon a proteinthat might experience
different variationsin electric field frontheir environmentthan a nonactive site This is
particularly useful when studyingrug interactiors. In addition to the dynamics at
multiple locations, probe pairs can also be utilized to obtain structural infoonatie.
distance and angular, at important contact points, by analyzing the dipolar interaction via
2D IR spectroscopyoling and unfolding processean benefit from these tools because
details of molecular movements whiatan affect protein functioncan be tracked For
reasonsof this nature various probepairs have been developed and incorporatado a
selection of biologically relevant systeritg structural determinationUsing vibrational
coupling models, predictions about the structure can beedmined. Overall, using these
types of model systemsstructural maps can be developed to capture distance
information directly from spectral changes, i.e. acting a spectroscopic ruler, for utility in

various biological systems.

Chapter 2will focus orthe techniques and methods thatere necessary fahis work. In
Chapter 3, the spectroscopic propertie$ the tyrosine ring mode as a sensitive site

specific vibrational probe ds been studied and characterized extensively. The



environmental sensitivityn the ring mode has been tested in various electrostatic fields
resulting in a correlation to the vibrational bandwidth in tReurier Transform Infrared
SpectroscopyHTIR This correlation was then utilized to evaluate the hydration status of
the hydrgphobic core of Trp cage miniprotein upon thermal and chemical denaturation.
Also, the reasons for the correlation to the IR bandwidth were determined with the aid of
computation in combinationwith 2D IR spectroscopin Chapter 4, the 2D IR spectra of
Trp-cage miniproteirhas been collected with the protein in botblded and chemically
denatured sates A significant change in the vibrational lifetimeas discovered and
determined to bedue to the changes in the degree of solvation around the tyrosine
resdue in the hydrophobic core. Alssignificant changes in the correlation decagre/
observed due tdhe stacking effect of aromatitcyptophan residuesin the corewhich
interact with atyrosine residue. The 2D IR study reve#ite role of water and the
stabilizing side chain contacts of the hydrophobic cofe extend the utility of the
tyrosine ring mode as apectroscopic toofor conformational dynamicand structural
determination Chapter Sexaminegyrosine and deuterated tyrosine aspaobe pair for

2D IR studiesThis probepair proved to have much potential for simultaneously studying
different environmens while tracking a particular distance of interest onformational
changesin protein systems Chapter 6investigatescyanamide (NCNgs anon-natural
probe for IR and 2D IRt&dies. The vibrational lifetim@f NCNhas been measured in
various molecular scaffoldshowing a significant effect on the observed lifetimes
Additionally,experimental and computationavidence suggests thalectron repulsion

between the conjugatd 5-membered ring and the lone pairs of the DM8Qhe main
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source for the fluctuationn frequencyobserved In Chapter 7a new methodology of
Gslope along thenaximum contout¢ g I & RS @ Syhrddyd$i&®probe pidiiTripscn

and Pheacn confirmingthis probe-pairis advantageous faronformational changes 2D

IR spectroscopyChapter 8 discusseseveralother projectsl worked on during my time

at UNR These projects include looking at the photophysical properties of the cabbage
white butterfly, incorporaing para-azido phenylalaningp®\sPhe into superfoldergreen
fluorescent protein (sfGFR) extending theazido- probe lifetime, and modulation of
vibrational energy transfer betweenazido- and cyano reporters througharomatic

scaffolds.
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Chapter Il.Theory and Experiment

Linear Infrared Spectroscopy

In linear IR measurements, a weak infrared light is used by the assumption of having all
the molecules in their ground vibrational state before the interaction of the pulse with
the sampleTwo vibrational levelsas well as one Feynman diagram are neeegkplain

the linear absorptiort.

Outline of a Theory for 2D IR

The foundation of 2D IR spectroscopy is the heterodyned stimulated photon echo signal.
The ghoton echo signal is a weak field effect which can be thoroughly explained as a four
wave mixing processn order to extract moleculalevel information from the detected
signal, the theoryor third-order nonlinear vibrational spectroscopy will be disses in

this chapter.

Theory of vibrational thirdorder nonlinear spectroscopy

2D IR gives the ability to get instantaneous snapshots from the systeler studyover

the subpicosecond dephasing time of vibrational transition. The relative response
functions of the molecular system can be measureshf a Hamiltonian of a system

interacting with a surrounding bath and with the external light field.

Overall, the macroscopic polarizatiowhich can be described by the responses of the
system to incident pulssequencesgenerates the photon echo signal detected from the

samples.
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The total Hamiltonian mentioned above for a system interagtiith the surrounding

bath, in an external light field can be written as:
O O 0 w ‘B0 (2.1)

Where 'O is the Hamiltonian of the isolated systerf@ is the bath Hamiltoniane
represents the interaction between system and the surrounding batkis the term for
the coupling of the systerbath complex to the lighti€¢ld (radiatiormatter interaction)
with the dipole moment correlation function:

‘0 AQDS W T'QTA@E)S"OC‘) 88&@95"06 AQDS w taQft
(2.2)

The timedependent dipole moment of the vibrational transition between st&@end Q

can be written as:
6o * mQ A@bQIi] tQt (2.3)
11 1 isthe timedependent fluctuation of the frequency variation dage and’Q

By utilizing cumulant expansion:

dpd ‘ pmmd $ sQ QwnQ 17 tQt
s sQ Qon QO & t11 m af

s sA@PN o Qo (2.4)
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Where the lineshape functiofiQd can be defined as:
Qo | Qf, &1t ¢daaf (2.5)

Thus, the vibrational lineshape is obtained by the Fourier transform of the dipole moment
correlation finction & 0 ‘@ T & It is related to the frequency fluctuation correlation
function ofi7 1t 17 € G 2 The single component decay of the normalized FFCF

suggests a model correlation function of the form:

. " Yoo o
Q‘WWTTEO(‘]V yQ! Y

"Y is homogeneous dephasiny; is the variance of frequency distributio¥; is a static
inhomogeneous component; and the observed correlation tifne,
By utilizing a sum of Kubo functions, the correlation function can be modeled:
&1y 1ma 66 BY Q! (2.6)
NBLINSaSyia GKS GAYS aol f Skgl@tesoStarndad 2 F

deviations in the distributions of frequencies.

Generation of the echo signal
The electric fields of the theeexcitation mid IR laser pulses cause a complex temporal
and spatial excitation in the sample. The convolution of the microscopic response

functions with theses electric fields provide the thindder macroscopic polarization.

0 K
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0 o0 _ Qt8, Qtfy tmmMt Ooo t E t 8006 ft
(2.7)
YODDOHY O Q Q Qi Q Q | OH DY O

'Y is the nonlinear response function for thé"@eynman diagraf 'O = XOdare the

electric field envelopes of the laser pulses with wave vector§®fcp, P

The incoming electric fields average is:
O B OEHMAGET Mo T EHOAZD® Mo (2.9)

The nonlinear polarization can be written as

~

0 B B (3B 0 OAQHI®P®D QO (2.10)

‘(®and] can be any combination of the electric field wavevectors and frequencies:

® P "’ 1 1 1

The emitted field needs to be measuresincethe optical detectors are not fagtnough

for obtaining fsps electric fields, a spectrometer is usually used to convert the emitted
field into the frequency domain. Both the emitted field from the sig@al 0 and the

reference laser puls® are reflected from a grating orhé monochromgor and then
measured on an IR detectofiypical IR detect@ are squardaw detectors, these

detectors can only measure intensities and not electric fields. In order to calculate the
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desired signal, the spectrometer performs a Fourier tramsf@on the electric field and

then squares it as below:

Y@ 06 O 6 Q Qb

% O qP 00Q Q8 O 0Q Qo0 O]

O] ¢PO] 80 ] (2.11)

The detected signal is the sum of the spectrum of the laser piBe ( and an

interference betweerD 0 & Q 0,andO 71 which results in the spectrum of the

signalO . The interference mentioned above a consequence of both the signal and

the laser pulse reaching the detector which known as the emitted field is heterodyned by

E4,5

Experimental Setp

A Ti:Sapphireuses passive modelock emits laser pulsed with the bandwidth of
approximately 80 fs. Due to the nature of modelocking, the energy of the pulses is
significantly low. Therefore, to increase the energy of these pulses, they are amplified
through a process callethirped pulse amplification (CPA) in the regenerative amplifier.
In short, a pump laser of 532 nm excites another Ti:Sapphire crystal where the chirped
pulses passes through the crystal about 20 times in order to get amplified to a higher

SYSNH@& Fpulsezisehertckmpiessed and pumps an optical parametric amplifier
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(OPA) to generated IR pulses. By utilizing different frequency generator, the output

frequency of the IR pulses can be tuned to the desired frequency for the systder
study (4 to 7 um). The mid IR pulses have a large bandwidth to cover the spectral region
of interest. The output laser pulse from ORAsplit into4 pulses by utilizing ZnSe beam
splitters to generate the wavevectors & F(P, "(®, "Q Pin a boxCARS geometry. The
timing between the pulses are tuned via translational stages (nanomovHEmg)times

0SG6SSy Lz 4a5a M YR H YR 0 S iesfebively. Dzt &

GAONI GAZ2Y It SOK2 &A 3V Itfixall T} TSechdBighal NFp&iRly 0 &

and temporally overlapped with a local oscillator for heterodyne detectiiowing for

a greater amplitude and the information for the phase which will be incorporated for the
further Fourier transformThe comhied pulse (echo and LO) is dispersed by a grating in
a monochromator into a liquid nitrogecooled 64 element mercury cadmium telluride

(MCT) array detector

2D IR measuremestare collected in the time domajrbut the experimental 2D IR
spectrum is in fregency domainUsingFourier transformsthe time domain data can be
converted to the frequency domain by incorporating the amplitude and the phase

information from the heterodyned signdl’

Typical 2D IR spectra
A FTIR spectrum of a mode shansingle absorption peak at a wavecenter for the desired

vibrational frequencyThe 2D IR spectrum of the same transition includes two-afut
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phase transitions. A positive band (red) for the 1  p along the diagonal. is the
vibrational quantum number for this transition. The negative peak shown in blue is
anhamonically shifted from the positive barid) (correspondstdé p ¢ transition.

At early time T, these diagonal peaks are typically elongated along the diaghreato
inhomogeneous broadeningf the distributions of frequencies. The more circular shaped
2D peaks will appear for just homogmusly broadening. The tirméependent
inhomogeneous broadening of frequencies will cause the 2D peaks to become more

circularat later waiting times.

The vibrational dynamics in biological systems can be monitored due tability of 2D

IR toseparat the homogenous and inhomogeneous line widths.

In the case of multiple transitions presemtsin protein systems, commonlyross peaks

will appear at the ofidiagonal in 2D spectra. The presence of theess peaks directly
related to the vibrational coupling strength between the mod€soss peakeeveal the

joint frequency distributions of the two coupled probeasder stud. The outof-phase

pairs of cross peaksare separated by the offiagonal anharmonicity 1{. This
anharmonicity relates to the vibrational coupling strength between the modes which is
directly due to the molecular geometry (angle and distance betweerdipeles). These
cross peaks can reveal structural information which can uncover the vibrational coupling

strength

The 2D IR spectrum can be predicted by the anharmonic feature of the chemical bond.

The theoretical development of 2D IR spectroscopy depardsin anharmonic local
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mode description of the molecules. The delocalized vibrations can be obtained from the
local modes. 2D IR spectroscopy can investigate vibrational excitons as it corresponds to
three-dimensional structure of a molecule. Understarglithe vibrational coupling can

help with the structural determination feature of the 2D IR spectroscopy.
We can write the Hamiltonian as:
'O Bo o® BB f ®w BB dowoow O (2.12)
N is the number of oscillator$, is the coupling between oscillators, is the
fundamental frequencyk is the anharmonicity of the oscillatol® is the system bath

Hamiltonian which related to the fluctuations in the local mode energiestaadiesired

couplings.

If we consider to coupled transitions, the total Hamiltonian in the local mode basis can be

written as below:

mTomoom T s LSS
| 7] f L L 1L 2
(T ] Tt L T
O :1IT m Tm ¢ Y Tt Ut "
% O S 1 T ¢y VY ug .
Ut T T Ut Ut 3l a U

The linear absorption signal can balculated by the single excited state energies. The

Eigenvalues can be written as:

off (2.13)
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The excitonic transition dipoles from linear combinations of the local mode transition

dipoles can bealculatedfrom the eigenvectors.

For the weak coupling limit, L < J] s therefore,the energies of the excited

states that are localized into individual chromophores can be written as:

Op 9 jv

(2.14)

o} o]

Fa the strong coupling limit, | J] S therefore,the excitonic states become

completely delocalizedlhe splitting of the excitonic energies

off Ut (2.15)

In the case of tweexciton Hamiltonian, we need to consider anharmonicities of
oscillators. Theross peakare separated by, the separation between the grourstate

bleach and excitedtate absorption i¥ , therefore:

y 1 — (2.16)

To translate the determined coupling to a molecular structure, different models relating
the three-dimensional positions of the atoms to calculated excitonic frequencies and
transition dipoles, can be utilized. These coupling models are atynparameterized

by quantum mechanical calculations.



26

One of the simplest coupling models is the transition dipole coupling (TDC). The local
mode transition dipole interaction with the other dipole is via throegfgace and not

through-bond. The coupliny between dipole can be written &s:

T B b G p8b bB8b (2-17)
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Figure 23- Photon echo experimental setup
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Figure 24. Data analysis for 2D IR measurements
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Chapter Il. Tyrosine as a Noperturbing SiteSpecific Vibrational Reporter for Protein

Dynamics

This work has been published Farzaneh Chalyavi, David G. Hogle, Matthew J. Tutkehys.

Chem. B017, 121 26, 63806389
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Models to Account for Solvatochromic Contributions to the Bandwidtfio further

explain the observed trend, the Kamtgt | T a2t g 62 OKNRYAO LJ NI¥ YS
donating ability, was investigated for the different solverifsA clear linear trend wa

identified for the experimental bandwidth as a function of the electron donating
capability of each solvent (Figur8-3). As suggested by the above G09 calculations, the

lone pairs of each solvent can influence the variation in the vibrational frequeancsed

by the repulsive interactions with the ring. This observed trend in the beta parameter also
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seems to correspond to changes in the bandwidth as a function of electric field strength
discussed above. As the electric field becomes more negativentieactions with the
electron rich phenol ring become more significant. Such types of lone paelectron
repulsive interaction have been extendiyelocumented in prior literaturé®%74 The
influence of the effect of the beta parameter on the bandwidth does not hold for water
and methanol, where a significantly larger bandwidth would be expected-dicapto the

beta parameter. Other characteristics of these solvents must be utilized to rationalize the

observations captured only by the electric field effect.

Taking into account the log of the ratio of the-iomized solvent in a mixture of two
immiscble phases at equilibrium (i.e. the solvent partition coefficient) gives a measure of
the hydrophobicity (see the Supporting Information). Comparing these values with the
bandwidth (Figure S8), the solvents partition into two major groups: mostly hydrophob
(ACN, TFE, £, and CHe)land hydrophilic (water, MeOH, and DMSO). This data suggests
the lack of hydrophobicity of water and methanol preclude their ability to interact with
the ring mode transition as effectively as the other solvents, thus explpitieir
deviation predicted by the electron donating ability alone. It should be mentioned that
although DMSO is partitioned in the hydrophilic regime, the large amount of electron
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Figure3-1. Infrared spectrum of Tyrosine in2D showing corresponding ring breathin

mode (inset).
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Figure 3-5. Correlationbetween the infrared spectral width of the ring moc
transition of tyrosine and the solvent electric fields determined from molect

dynamics simulations.
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Figure 37.2D IR spectra of Capped tyrosine(left) D20and (right) DMSGat waiting
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Supplementary Informatio for Tyrosine as a Neperturbing Sitespecific Vibrational

Reporter for Protein Dynamics

Temperatureeffects

Figures $1 shows no significant changes in the vibrational bandwidth over the
temperature range of 182°C with an average value of the variation in the bandwidth of
less than ~0.5 crh Similarly, the maximum peak position exhibits a changessf than

0.4 cm! over the same temperature range. In many other vibrational probes such as
cyanc groups, significant changes in vibrational frequency and bandwidth are often
attributed to direct hydrogen bonding interactions with the probélowever, these
observations of the tyrosine IR transition suggest the influence of direct hydrogen

bonding on the vibrational frequency is quite minimal.

pH effect

Under basic conditions (pH ~12), the infrared transition efring mode is found at 1500
cnrtwith a 10.4 crmt bandwidth. As the pH is lowered to less than 7, the transition is blue
shifted by 17 cmwith a narrower bandwidth (6.96 c#). At higher pH, the deprotonated
hydroxide group on the ring causes the vilovaal frequency to decrease due to
resonance effects that weaken the bond order (Figure853n addition, the increase in

the number of resonance structures causes the bandwidth to increase compared to the
protonated state. At the intermediate pH of H2, both the deprotonated and

protonated states are present resulting in the observation of both infrared transitions
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(Figure 3-4). As the pH becomes more basic, a higher percentage of the deprotonated

structure is present in solution.

Influence of capmg effects

Initial studies suggested that the infrared spectrum eTylrosine (Aldrich chemical
company, Inc.) in THF showed a significant shift in the peak maximum (F&jbyeT®
further investigate the cause of this peak shift, samples of Tyrositressveral capping
group were studied. The tyrosine derivativesAbetyl LTyr, NAcetyl ETyr amide were
obtained from Chem Impex International, Iiafrared studies demonstrated that capping
the N terminus resulted in a shift in the peak positionsimher frequency (Figure3%).
DFT simulations performed using Gaussian09 (B3LYP, 631G+(d,p)) exhibited a small but
significant contribution of the NiHgroup the ring mode transition. Thus, upon capping
the NH with an acetyl group, a more rigid structure results from the heavier substituent
causing the ring to vibrate at a higher frequency. All subsequent studiestysEsine

with both the Nterminusacetylated and €erminus amidated.

Contributions to the observed vibrational bandwidths

TheKamle¢ I £ F LI NF YSGSNE i 2 NBTFESOGa GKBA St SO0
trend between this parameter and the experimental bandwidth is observed (Figure S7).

These observationsuggest that the lone pairs of each solvent create a distribution of
structures with varying vibrational frequency resulting from the repulsive interaction with

the ring. This is further substantiated by the performed DFT calculations mentioned in the

text. The linear fit (R=0.44) suggests a moderate relationship between the observed
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changes in the bandwidth and electron donating ability. The trend is similar to that of the
electric field strength. However, it does not hold for water and methanol as meedi in

the main text. This deviation suggests that other solvent characteristics have importance,
for example, the log of the solvent partition coefficient (log P), which is a measure of the

hydrophobicity?

Although there is not a linear relationship between the log P value of each solvent and

the experimental bandwidth (Figure888), the separation of the values into positive and
negative groups hold significance. The negative values of the lagstPalié the lack of
hydrophobicity of water and methanol while the more positive values represent the
hydrophobic solvents. Thus, it helps explain the deviation from the electron donating
ability of water and methonal. The two solvents are not hydroph@niough to solvate

the ring leading to less significant interactions. Although DMSO also has a negative log P,
GKS fI NBS @QFtdsS 27 i StSOUNRY R2YyIFGAY3

bandwidth.
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Chemical denaturation o rp-cage miniprotein
The FTIR spectra of Tepge miniprotein in water and chemical denatured (GdnHCI) state

of Trpcage in solution at room temperature (~25°C) are shown in FigB#gé Sach

spectrum were fit to the following Gaussian functian: b —="Q —, Although

both infrared spectra have a Gaussian shape, the observed vibrational bandwidth of the
tyrosine ring mode in the folded state was ~1.3'darger than the chemically denatured

state.

Molecular dynamic simulations

All Molecular Dynamics (MD)nsulations were performed with Nanoscale Molecular
Dynamics (NAMD) 2.9 utilizing a tyrosine amino acid with theridinus acetylated and

the Gterminus amidated with a 30 A solvent box. Simulations were performed for all
solvents used in experiment: watemethanol, dimethyl sulfoxide, trifluoroethanol,
diethyl ether, acetonitrile, and chloroform. The MD calculations were computed with a
time step of 2 fs, and the solvent box was allowed to minimize for 1000 steps (2 ps) at O
Kelvin before starting the dymics simulation, while subject to periodic boundary
conditions. The temperature was then reassigned every 500 steps until reaching a preset
value, simulating a slow heating of the molecule. Our settings increase the temperature
by 20 degrees each time ® maximum of 298K. Once the box was heated to 298K, a

production run was carried out for 500000 steps (1 ns) and 5000000 steps (10 ns).
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For the electric field calculations, the direction and the magnitude of thelnegthing
vibrational mode dipole werebtained via Guassian09 calculations mentioned above. The
direction was determined to be roughly parallel to the vector connecting the 1,4 carbons
on the ring. To begin the electric field calculation, the force due to the coulombic
interaction between a igen atom in the tyrosine ring and each solvent atom within a
given radius were added together. The force due to the coulombic interaction was then
projected along the dipole of the ring mode. For our calculations, we utilized all six atoms
on the ringbreathing mode of Tyrosine measuring the solvent effect over a 20 A radius
as the interactions beyond this distance should be negligible. The computed electric fields
were then plotted as a function of the bandwidth of the experimental peaks. The slope of
the resulting line correlates to the Stark effécDue to the external field applied to a
sample, the local field on a probe due to the external charges will differ from the
accurately known external (Maxwell) field by a factor called the local field correction
factor? The local field will generally be larger because of extra contributions arising from
polarization of the medium surrounding the probe induced by the external field.
Unfortunately, the extent to which the local field is greater than the external field is not
precisely known, and thus cannot be calculated from force field data. Using aratiohi
of Stark spectroscopy and DFT simulations, Boxer estimated a correction factor between
1.4 and 1.8 for calculated electric fields in different solvérfsllowing previous work?
a correction factor of 1.8 was applied to the resulting electric field values calculated from

the MD simulatiois.
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Figure S-4. Normalized infrared spectrum of tyrosine ring mode at pH 10.22 (green)
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Chapter IV Unperturbed Detection of the Dynamic Structure in the Hydrophobic Core

of Trp-cage via 2D IR Spectroscopy
Thiswork is inpreparation for submission to Journal of Physical Chemistry Letters
Farzaneh Chalyavi, and Matthew J. Tucker

Thetyrosine ring mode is an intrinsmon-perturbingsite-specific infraredeporter
for conformational dynamiosithin protein systemd he ring mode is influenced by direct
and indirect interactions associated with tleéectron donating ability and the
hydrophobicityof the surrounding solvent molecules. The 2D IR spectranahtrinsic
tyrosine moiety ofTrp-cagg, 0 f t en cal l ed the Ohydrwagen at
measurd in the native foldd and denatured statde uncover the dynamics of the
hydrophobic coreThe vibrational lifetime and the correlation decay of the tyrosine ring
mode showed significaghanges upon chemical denaturatibthe Trpcage miniprotein,
indicating important structural features of the hydrophobic core and its dynamics. These
results are in good agreement with the NMR structure of the folded and unfolded state but
they go beyond the static structure. This ndlityi@curring tyrosine allows insights into
the folded state of Trpage revealing the role of water and the stabilizing side chain

contacts within the hydrophobic core.

Introduction
Trp-cage miniproteipnoften calledthe hydrogen atom of foldings oneof the
smallesipeptidemodels that can adopt a spontaneous-defiined fold in 4 psamonghe

smallest and fastest foldable pro&tirhe small size and relatively fast folding rates of
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this protein allow for the development of accurate protein foldmglels and folding
prediction algorithms for use in determination of thermodynamic and folding properties of
larger globular proteins. This miniprotein folds into a stable protein structure, with-a well
defined secondary and tertiary structufée secondry structure of thdolded protein
includesa hydrophobic core formetound a central tryptophan (Trp) residilibe protein
tertiary structure icludesan Nt e r mi-helia, IfollowWed by ashort 3o helix anda G
terminal Polyproline II (PPII) helix. The hydrophobic core of the Trpage miniprotein
containsseven residue3yr3, Trp6, Leu7, Glyl1, Prol2, Prol8 and Pro19. §theng and
compact hydrophobic coreasbeen of much interest fdheoretical and experimental
studies In addition, Hagen and cowa@rs hae investigated the folding mechanism
utilizing laser temperature jump {limp) spectroscopy revealing a tstage folding
process, which has been supported by thermodynamic studies using differential scanning
calorimetry and circular dichroism sgeascopy! Other studies suggest the presenca of
molten globuldike stable intermediate as well as U-helical structure of the protein by
utilizing fluorescence correlation spectroscopy and-rdsbnance Ramaspectroscopy.
The hydrophobic contacts were originally found in the proteinNBR pulselabet
experimentsThe NMR and IR TJump experiments aldtave suggested the presence of
possible intermediates in the folding mechanism and the existence of hydrophobic/native

contacts in the unfolded stetg1414411

For this reason, several MD simulations have attempted to predict the folding
mechanism both in implicit and explicit solvent modéltese studies focused on the

folding pathway, various intermediate states, secondary strucauréshepresence of
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native contact"!” The MD simulations show the critical influence of Trp6 residue
conformations on the Trpage folding proces$.The T-jump study by Gai and coworkers
investigated the kinetic measurements and the secondary structute folding
mechanism othe Trp-cage. Based on this studyio-Belix unfoldsbefore the global
unfolding of the miniprotein. The cage structural formation is affected by the folding of

t h enelixP

It is very difficult to study the keyative contacts of the folded state due to
limitations in side chain probes, i.e. possible perturbatmthe region of interest. Intrinsic
amino acid side chain probes can monitor the activity in the héatteobiological
processes. Understanding the dynamics and variations in the pstieitureaid in
development oftherapeutics andrug designTypically, theamides of backbone carbonyls
have been utilized to detect the presence of diffesecwndarystructures of the proteins
However, e chain probesan capture key contacts necessary to native folds and
intermediate states byncovering the sitgpecific changes in the local environment.
Previously naive side chais utilized as infraregirobes mclude arginine, histidineédsp
and Glucarboxyl group, aromatic ringsand theester carbonyl¥?! It was shown that
arginine is important for the detection of salt bridge formatfoRistidine side chains
reported on the pH within the M2 channel and the start of the viral replication ptdcess.
By monitoring changes around side chain probes, detailednation about variations in
the local structure can be captured during biological activitigsarticular studies of the
intrinsic behavior of the hydrophobic core region are intrinsically difficulttdslubility

issues and the sensitivity diet core to structural perturbatiotig2?%o observe these
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important side chaininteractions within proteins requires an IR reporter tsaboth
sensitive to the expected forces in a hydrophobic core, i.e. hydrophphiaityelectron
repulsion often found in conjugated systeifise yrosine ring mode has been developed
and characterized as a s#figecificlR probethat wields such propertigéFor example,ite
infraredbandwidthof this modehas been shown to be sensitivehe electrostatic field?

In fact, alinear correlationvas uncovered to relatariations in the tyrosine ring mode
bandwidthwith changes in thdocal dectrostatic field modeled through a varietyf
solvens. Remarkably, Trpcage miniprotein contains a tyrosine directly involved in the

hydrophobic core formatiod?

Linear IR bandwidthcorrelationwas used to demonstrate differences in electric
field strength, as observed via the tyrosine residue, within the hydrophobitocohne
Trp-cage minipotein native and denatured stattBy measuring the experimental
bandwidth and utilizing thedeveloped correlatiowith the electric fieldFigure 41), the
interior of the hydrophobic core in tAep-cage minipoteinwas determined to be similar
to acetonitrile (value of electric field) in native folded state and recovered the bandwidth
of water in the denatured state (Figurel)4Although the vibrational bandwidth is
sensitiveo denaturation of this miniprotein, the sources for the bandwigthgesemains
in question. Moreoverthe variations in the bandwidth are moderately sialhus, n
order to have more precise measurement dynaamdsidentify the likely interactions
regponsible 2D IR spectroscopy has been utilizadd the sources of the possible

interactions were uncovered with the help of prior structural stdtifés Significant
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differences in theibrational lifetime and the coriaion decayof tyrosine moiety of the

Trp-cage miniproteinwere observed viaD IR spectroscopy.

First, the FTIR spectra of Tepage miniprotein in water and chemical denatured
(GdnHCI) state of Trzage in solution at room temperature (~25%&re measured
(Figure4-2). Similar to prior resultd?, the vibrational bandwidth of the tyrosine ring mode
in the folded staté~ 6.2cmt) was ~B% larger than the chemically denatured stat2M
GdnHC)?® Additionally, the intensity of the IR transition, itbe absorption cross section,
decreases by a half upon denaturation, likely due to fast homogeneous dephasing as
observed in different solvent$ The majorcontributionsto the linear IR bandwidth are
due to the population relaxation, i.e. the vibrational lifetieued frequencyfrequency
correlation decayesulting from homogeneous aimthtomogeneous dephasing terfisus,

2D IR measurements have been perforteadvestigate theemgor contributions

The waiting time dependence, T=0:150:1200 fs, oRibéR spectravere obtained
for boththe folded and chemically denatursthtes offrp-cage miniprotein.The 2D IR
spectrum of the Treage in the folded state show a 0 transition is located at
¥=¥F1518 cm! with the * 2 transition anharmonically shifted by 12079 cm,
Similarly, the 2D IR spectra of Trpage in thelenatured state exhibited the @ transition
is located at 1517 cthwith a slightly larger anharmonicity of B%1.8 cm. Based on
prior studieg* these values are somewhat expected based on the 2D IR of the tyrosine
amino acid in RO and organic solvent. As a result of the population relaxatigd), fhe
positive signals decay during waitinghg, T, with a time constant equal@@+1.7 psand

2.1+0.4 ps in folded and denatured states, respectivdgsuming single exponential
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decays of the diagonal signals, the relaxation time is equal to the time when only 37% of
the signal remainsChe lifetime decayf tyrosine moiety in the denatured Tecpge and
thetyrosine amino acid in watér2.2+0.2 p3 2*are in agreemensuggesng that the ring
mode in chemically denatured Fgage miniprotein is similar to wateire. it is solvent
exposed.However a slower lifetime decayis observed for thdolded state of the
miniprotein.Zanni and coworkers havehownthat the degree of solvation can significantly
alter the vibrational lifetimé’ In addition, the amount of mobile water in Teage
miniprotein has been suggestey NMR and MD simulations to have different degreé
hydration between the folded and disordered sfaes.it is not surprising that the strong

hydrophobic core woulbavea significantly lesser degree of solvation.

In addition to the signal intensity changes, both diagonal peaks are tilted and
elongated along the diagonal at the earliest times as a result of inhomogeneous broadening.
By observing waiting time dependencetlodé positivediagonal signabf the 2D IR spectra
at T=150fs and 1200f¢-igure 43), theinverse of the center line slope (CLS) changes as
the peaks become more circular, giving evidence of the loss of frequency correlation. It is
clear that thehangesn the spectiashape and thslopes that the dephasing is faster in
hydrophobic core than in the bulk water. Fomoredetailedanalysis the correlation
decays have beedetermired by CLS metho&?° It should be noted that the initial
magnitude of the inverse slof both cases is somewhat smaller than other oscill4tors,
suggesting that some fast motiomgve already caused significant spectral dephasing.
Assuming a single exponential decayhe correlation decay in the folded statas

determinedd be968+77fs, while upon chemical denaturatiadghe decay is 1.6x longer
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(1500+100fs) (Figure 44). Thesignificantlyfaster dephasing in the folded state is similar
to that reported for tyrosine in DMSO. However, the source of the dephasing must be
somewhat different. Upon inspection of the NMR structure (pabY)), the average value
of the distane between tryptophan and tyrosine in the hydrophobic core is about 6.6 A.
Based on the computations in our prior reffpit is expected that significant frequency
fluctuations occur between distances of 2.4 to 8.3 A due to the repulsive interactions
between lone pair electrons and the conjugated ring. Thus, these results suggest that
tryptophan ad tyrosine are closely stacked fluctuating over a distance range close enough
for the lone pair on the tryptophan to affect the ring mode frequency. Overall, the stacking
observed in the hydrophobic core is stabilized by hydration effects and the stacking

interaction/key contacts between the aromatic rings.

Using 2D IR spectroscopy, the dynamics and structure of the tyrosine residue
helped uncover detailed information about the hydrophobic core edalge miniprotein.
Based on previous studies the linearrelation in IR bandwidth and electric field, it was
expected that the vibrational dynamics would be significantly different between the folded
and the denatured state. Now, the reasons for these differences have been identified through
the vibrational lietime and correlation decays with the aid of the NMR structure. The
slower vibrational lifetime of the folded state shows the hydrophobic core likely is
dehydrated. Furthermore, the stacking effect of aromatic Trp residue in the core in contact
with Tyr residue is responsible for the overall stability but retains a fluidity in its structural

dynamics to result in faster dephasing in the folded state.
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Chapter V Tyrosine incorporated in different probgairs for structural changes and

dynamics in biomolecules

This work is in preparation for submission to Journal of Physical Chemistry B.

FarzanehChalyavi, Andrew J. Schmitz, Anthony Harrington, Yftalcaia] Matthew J.

Tucker*

The combination of vibrational probe pairs and 2D IR spectroscopy pestidestural

maps for uncovering conformational dynamioscursin active biomolecules, which
allowsfor insights into the molecular movementisat leadto biomolecule functionality
along equilibrium and nowequilibrium pathways. Welpositioned probe pairs can
simultaneously detect the dynamics within two different regions and measure distances
in places where biological function takes place. A systematic study of a variety of 2D IR
probe pairs, including labelled amides, cyamaodes, and azidomodes have been
performed to provide structural tools for biomolecules. In our study, the vibrational probe
pair library has been extended to side chain ring modes by focusing on the presence of
coupling between different pairs of these vibrational reporters with each other as well as

their sensitivity to frequency fluctuations resulting from local environmédrarges.

Introduction
Different regions of biomolecules experience various activities and undergo different
mechanism. It is important to understand the dynamics in these regions for the

functionality of the biomolecules. Probing the conformational dynamics in several regions
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simultaneously is possible by utilizinga different probesprovidedthat their transitions
are not overlapped so the details of changes for each transition can be monitored
separately. Isotope labeling and noatural amino acids have been incorporated in the

peptide and protein systems for this go#t

Isotopelabeling (editing) allows for measuring kinetics artductural features of
individual residues in a large protein system. By utilizing isotope labeling, the overlapped
vibrational features can be separated and e&@msitionfeatures such as bandwidth and
peak position can be accurately determined. Alsoftisig the transition to lower
frequency helps foa more isolated transition which helps with better analysis of the

effect of environmental changes$¢®

Nonnatural amino acids such as cyaplenylalanine, cyantryptophan, azide
pheylalalnine azidoalanine have been utilized as environmehtaensitive vibrational
probes for biomolecule&<’"Having a single probe within a protein system has several
advartages such as monitoring the dynamics and structural fluctuations without any
overlapped transition. Therare advantages of incorporating multiple probes within a
peptide or protein system for a detailed structural map which can provide accurate
structurd determination upon conformational changes. The dynamics and
conformational changes can be obtained at two different regions in a protein system
simultaneously by utilizing probe pairs. Looking at two probes at different sites within a
protein system simiianeously can lead to the vibrational coupling that can allow for

distance and orientation details between the probes.
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Vibrational coupling between dipoles can be measured by monitoring the cross peak

intensity decays over time 2D IR spectm. 18

Various probepairs have been recently developed and utilized foustural and solvent
dynamics in different sites of the peptide and protein systems simultaneoastyby
following the vibrational coupling features between the pair, the distance and angle can
be obtained in biological systems. Tiketope labeled amidé(**C=80) and amide IF{N
froSt SR Y2RS& LINRPOS LdiekhiNglydne homaiedr&pgptida S a G SR
which can be extended into most protein backbsAgTwo commonly used nenatural
probes,-Nzand-CN, have been incorporated in a nucleoside saraptazide5-cyancH -
deoxyuridine (NCNdU) as a probgair. By utilizing the azidand cyanegroups on the
same molecular scaffold, there will be the ability to monitor the vibrational coupling and
the correlation of the coupling to the distances betwettie probes as well as the angle
between the probes? The cyaneprobe pair has been introduced between two small

non-perturbative probes Trgznand Phecnwhich gave the ability to provide insightn

solvent and stratural dynamics at different sites of a peptide.

The yrosine ring mode has been introduced and tested as asgéific intrinsic
vibrational probe for confanational dynamics. The ring mode transition is sensitive to
local environmental changes as a linear correlation between the experimental bandwidth
of the ring mode and the local electric field sensed by the ring breathing mode in various
solvents has beeabtained. The efficacy of the tyrosine ring mode in protein systems has

been tested in hydrophobic core tiie Trp-cage miniprotein in folded and denatured
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states. The local electric field changes upon denaturation has been sensed by the ring

mode IR bandwdth.??

Becauseyrosine is intrinsically present in biomolecul@$ering breathing mode caneb
utilized for monitoring dynamics and structural changes within peptide and protein
systems. Finding a vibrational probe pair for tyr ring mode would have advantages toward
better understanding the mechanism of action and structural fluctuations in
biomolecules. Tyr as a siddain probe can be paired with another tyrosine ring mode
within a peptide system to give the advantage of monitoring two regions of the system
simultaneously by utilizing 2D IR spectroscopy. In order to look at two tyrosine residues
within the same system simultaneously, the ring breathing mode needs to shift from the
regular tyrosine ring mode transition to decrease the overlap between two ring modes
and be able to monitor changes more accurately for each site. For that reasorpasoto
labeled tyrosine, Tyr (3,%), has been introduad and tested as a potential pair for

unlabeled tyrosine.

Results and Discussion

At first, the FTIR speetiof the labeled tyrosine in {® and DMSO have been collected
and the transition has beeshifted to lower frequency of 1475 chin DO comparé to
tyrosine (1517 cm) due to the higher mass of the isotopkabeled tyrosine. The TyrD
transition in DMSO is located at 1477-€nThe bandwidth of the ring mode transition is
%15 larger in DMSO cq@are to DO which is similaio the Tyr results showpreviously?*

The bandwidth is 7.3 and 6.2 érim DMSO and D, respectively.



105

To check the features of this probe for 2D IR studies, 2D IR spectra of Tyt {330
and DMSO has been collected frdihto 2 ps. The vibrational lifetime and correlation

decay data show similar values and features as tyrosine vpheesouslyreported 2

To confirm that the deuteration of the tyrosine ring is not affecting the features of this
ring mode as a sitgpecifc probe, 2D IR spectra of TyrD in water and DMSO have been

collected to be compared with the unlabeled tyrosine data reported before.

The vibrational lifetime has been measured for TyrD in water and DMSO1t8Mb£ 0.2

ps and 2.0 £0.09ps, respectivelyThe correlation decay of TyrD in water is around
+0.4ps and in DMSO is 7&®00 fs which are in good agreement with the results for the
unlabeled Tyr in water and DMSO 2D IR data. The larger bandwidth transition of TyrD in

DMSO haslongated along the diagonal the 2D IR spectrum.

To test the ability of using TyrD and Tyr in a peptide system to measure dynamics
simultaneously, a model short peptide, KYpY(d)K, has been synthesized. The 2D IR
measuremens have been collected for thiseptide. As deuteration of the ring will shift

the IR transition to a lower frequency. The diagonal peaks for both ring mode transitions
are located at 1517 and 1475 dmThe separation in the peak positions will allow for
monitoring dynamics at differédnsites simultaneously which can be beneficial for

biomolecules that experience completely different environment upon their functionality.

There is a Fermi resonance band present in the FTIR and 20iH&tgfosine as it is

shown in fgure5-2. The peaks a shoulder band located at 1507 ‘€minterestingly by
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deuteration of thetyrosine ring at position 3 and 5, the Fermi resonance has been
eliminated which helps with better and more reliable analysis of the dynamics and
structural changes in biomoleceThe population relaxation and correlation decay of
the two transitions seen ilKYPYdKave been measured. The lifetime decays for these
transitions were measured to be 180.04ps and 1.9+0.1ps for TyrD and Tyr,
respectively. This unique prokmair canbe utilized for monitoring the local environment
changes in various regions of the peptide or protein unstedy. In this model peptide

chosen due to the ring modes dipoles orientation, there is no vibrational coupling present.

TyrTyrD pair can be incorporated in large biomolecules that contain the two tyrosine
residueswhich couldundergo different transitionsduring the protein functionality.
Looking at the two sites allows for systematic analysis of dynamics and structanglesh
within the system for example ion channel such as potassium channels can be studied
with this unique probepair. In the case of the vibrational coupling between this ring mode
probe-pair, structural determination such as angle and distance betweerptbbes can
alsobe obtained. The distance and angle between the prph& can be variedluring
folding- unfolding processesas well as duringpening and closing the ion channels.
Therefore jnsightinto structural and mechanistic information can be detected by utilizing

the ring mode probepair.

The yrosine ring mode has been shown to be a sensitive-speific IR probe for
conformational dynamics. It would be useful to incorporate both gilain andbackbone

probes for detailed mapping of structures. The amide | band has been utilized for
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monitoring the peptide and protein backbone dynamics and structural variations. By
isotope-editing the amide | group, the transition can be shifted to a lowerdeswy in a
more isolated region of the IR spectrum to decrease the amount of overlap with other
backbone transitions and can be utilized for detecting the environmental variations for a
specific residue backbone. By incorporating both isotigieeled amidd as an isolated
backbone andhe tyrosine ring mode as a side chain probe, the dynamics and structural
fluctuations can be obtained for both sites within the system as well as mapping the global
structure of biomolecules by looking at the interactionk@fckbone and the side chain
simultaneously. The structural determination of the biomolecule can be obtained by the
presence of vibrational coupling between this backba@igechain probeair. To test the
efficacy of utilizing the isotopabeled amide | bekbone and the tyrosine ring mode as a
sidechain probe, tyrosine and3Galanine model peptide (AIEC)Tyr) has been
synthesized and the collected 2D IR spectra of this model peptide in water reveal the
presence of vibrational coupling between this prgb&r by looking at the cross peak at
the intersection between both diagonal transitio(Sigure 53). The diagonal peaks for
these transitions are located at 1521,1609 tatong the diagonal. The cross peak due to
the vibrational coupling is located atl§22,1581}, {1521,1601} ch The related

anharmonicity of the cross peaks is measured to be 26.cm

To further extend the application of these projpairs (ring mode pair and backboniag
mode pair) for biomolecules dynamics and conformational charajethe probesanbe

incorporatedin a model peptide KY13AYdK.
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Conclusion

Tyrosine (3,5d) has been introduced and tested as a vibrational probe with similar
features as what has been reported for unlabetgrbsine. The TyrD has been developed
to be inorporated in a ring mode probpair with Tyr, TyTyrD. Based on the results
reported here, the ring mode probpair can be utilized for monitoring structural and
solvent dynamics in different sites of peptide and protein systems simultanedtsly

has lkeen tested in KYPYdK model peptide. Another pyodie that has been introduced
and tested in this paper is Aladl3r as an isolated backbone and a side chain ring mode
probe pair for structural determinations such as mapping the global structure of the
biomolecules. By analyzing the cross peak features of the ppabs, the vibrational
coupling strength can be uncovered which therefore allows for more detailed structural
information of the dipoles orientation and distances between the prpla&. These
probe-pairs can be used for modeling structural rgésr peptide and protein systems.
They can be incorporatemhto larger biomolecules such as gated channels that involve
two tyrosine residues or a tyrosine in pair with an isolated backbasidue of tle
peptide/protein, the residue undergoes different environment or mechanigoring

functionality.

Methods
The Fmoe€Tyrosine (3,51)-OH has beesynthesized by Dr. F@an groupThe ETyrosine

(3,5 dYOH was purchased from Sigma Aldrich Co.
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2D IRmethods Heterodyned spectral interferometry was utilized for obtaining the
spectra. Fourietransform limited 80 fs pulses with a central wavelength of 6590 nm were
employed in the 2D IR experiments. Thizk>J laser pulses with wave vectors k, and
ks were incident to the sample generating a signal in the directigh k i+ Je + ks with
the ordering 123 (rephasing) and 213 (nonrephasing). To obtain absorptive spectra, the
rephasing and nonrephasing 2D frequency spectra were properly phased andheoimb
To observe any changes in the spectral characteristics, the waiting time, T, between the
second and third pulse was varied from 0 to 2 ps. After appropriate Fourier transforms

A
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Chapter VI. Ynthesis of 5Cyanalryptophan as a Twiimensional Infrared

Spectroscopidkeporter of Structure
This paper has been published in Angew. Chem. InRES 57, 7528

Farzaneh Chalyavkhilip H. Gilmartin, Andrew J. SchmiMichael W. Fennie, and
Matthew J. Tucker

A concise synthesis of protectedc§ancl-tryptophan (Trgcy has been developed for

2D IR spectroscopic investigations within peptides or protdinsassess the potential of
differently substituted cyandryptophans, several model cyanoindole systems were
characterized using IR spectroscopy. Upon assessment of their spectroscopic properties,
Trpscnwas integrated into a model peptide sequence, sEkGlycPhecn to elucidate its
structure. This peptidelemonstrates the capability of this probe, tpand Pheacn,to
capture structural information via 2D IR spectroscopy. The 2D IR spectrum of the peptide
in water was simulated to reveal a unique spectral signature resulting from the presence
of dipolar caipling. The coupling strength between cyatabels was determined to be

1.4 cm! by matching the slopes along the max contour between the simulated and
experimental spectrum. Using transition dipole coupling, a distance between the two

probes of 13A wascalculated.

2 Reproduceavith permissiorfrom Farzaneh Chalyavi, Philip K&ilmartin, Andrew J. Schmitz,
Michael W. Fennie, and Matthew J. Tucker. Angew. Chem. Int. Ed. 2018, 57, G6@%right
2018Wiley-VCH Verlag GmbH & Co. KGaA
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Introduction

Many interesting questions in structural dynamics of peptides and proteins can be
addressed by incorporation of unnatural amino ababked vibrational probes. The
structure evolution, even when it is ultrafast, can be followed ibjrared
spectroscopy or twalimensional infrared (2D IR) spectroscopy. Severalnative
amino acid side chain probes, such as azidganeo, thiocyanate, selenocyanate
and isonitrilehave been developed to monitor hydration, changes in electric field
strength, chemical exchange, drug binding atig-enzyme interactions. For
example, Herschlag et al. utilized the SCN probe to capture the local environment
changes in the active site of the bacterial enzyme ketosteimidnerasetd For
studying folded and unfolded states of proteimdkbones, the Nasymmetric
stretching region of azidohomoalanine shows a significant spectral shift upon

folding?

Although all of the aforementioned vibrational probes offer varying capabilities
of measuring structure and dynamics, they have certain limitations that require the
development of infrared probes that mitigate these issues. In particular, the
sensitivity of the cyanostretching frequency as a local environment reporter has
been established through the use ofcftancephenylalanine (Pheny in both
infrared and twedimensional infrared studies. The CN vibrational transition is
located in an isolated region, ranging from 2200 to 2300'cfar from other

vibrational modes found in biomolecules. The multifaceted nature of nitriles has
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enabled the investigation of peptidgide chain orientation and hydration status
upon binding to lipid membranes, amyloid fiber structure and conformation,
dynamics of an HFY reverse transcriptase inhibitolpcal environmentsof DNA
fragments, liganeprotein interactions, and many more applicatiol's?

Although analoguesof phenylalanine (Phe) and alanine are commercially
available, other cyanalerivatized amino acids are not and have remaindfiodilt
to obtain. The utility of &yanotryptophan (Trpcy as a potential infrared probe
with a larger sensitivity for the local environment, moreover, has been
demonstrated through analysis of the infrared spectrum by Gai and cowoikérs.
These studies show Tggnhas a larger molar absorption cross section thansBhe
YR I KAIKSNI aSyairuaArAgaraide G2 GKS RSIAINBS
of the indole ring® Furthermore, this spectroscopic reporter is capable of exposing
the solvent dynamics around side chains within indolicidin upon binding to a
membrane. By comparing two FEeplabelled peptides, a narrowing of the spectral
linewidth was observed upon binding to dodecylphosphocholine (DPC) micelles for
one labelled side chain that becomes sequestered in the membrane mimic, while
the other labelled side chain showed no significant change in bandwidth compared
to the peptide in bulk \ater, revealing exposure to solvefftOverall, these prior
results show that the cyanoindole moiety is highly sensitive to the degree of

hydration around the sidechain.

NS
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With the great promise ofyanclabeled tryptophanas a spectroscopic reporter, we
developed a scalable, modular synthesis to further investigate this poténtial.
Furthermore, we then incorporated cyanelabeled tryptophanand another cyane
probe within the same short peptide to develop a novel cyaabel probe pair that
allowed for the detection of structural information through 2D IR spectroscopy. These
novel side chain probes coupled with the structural methods will usher in the ability to
directly observe the dynamics in side chain gating mechanisms such as foundJa the
Influenza virus & ¢Sttt a t20FfAT SR RSGISOlGAzy 27F |
other protein misfolding diseases.

Results andiscussion

Cyanoindole Linear Infrared Study
In order to assess the potential of differently substituted cyaryptophans, several

model indole systems were analyzed in the infrared. The cyiabel was positioned at
the 3, 4, 5, and 6 carbons on tivole ring to determine the variations in peak position
and extinction coefficients in THF. Figure 1la demonstrates that igglgdehibited the
largest extinction coefficient followed by indelsiand indolecn while indolecnshowed
the lowest peak exmction coefficient. Although indotenexhibited the largest extinction
coefficient, it is rendered unusable as a cyalabel in tryptophan because thesition

links to the alpha carbon of the amino acid. Thus, the most promising gyasitons of
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the indole are positions 5 and 6, with inded@ showing ~1.2 fold increase in dipole
strength compared to indoken

In addition to differences in dipole strength, there are small, but distinguishable,

differences in the vibrational frequencies (21cm?) of the transitions of cyanoindole
derivatives, making it unlikely that two cyatwyptophan derivations can be observed in
a single peptide without significant spectral overlap. Three of the four cyderovatives
exhibit only one prominent transitim Indolecnexhibits two distinct transitions at 2214
and 2230 cm. Prior studies have indicated the origin of the second peak is due to a Fermi
resonance between the fundamental and the ring breathing moddd@he Fermi
resonance combined with the lower extinction coefficients render thaydno analog less
desirable as an infrared probe. TheyanclL-tryptophan derivative was then synthesized

as a potential infrared probe for further investigation.

Synthesiof (§-N--Boc/FmoeNin-Boch-cyanatryptophan

Although 5cyancl-tryptophan has been previously synthesized starting from L
tryptophan® i KS NR dzi SQa NBEt Al yOS 2byominatin/hight SO0 NB |
temperature cyanation sequence to set the regiochemistry precludes the synthesis of
other regioisomer$. Therefore, a route (Figuré-2a) applicable to multiple protected
cyanotryptophan regioisomers was envision&The key step in this route utilizes a
modificate y 2 F %K dzQa Uty disrust tha ByptopKad &oked) via the
condensatiorcyclizatiort? of aldehyde3'2and 4cyanoe2-iodoaniline ) 1* followed by

treatment of the crude material with Be© (Figure 2b}! This reaction sequence has been
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performed on a scale to provide greater than 5 gi¢See Sl)Selective removal of one
Bocgroup from the bisBoccarbonate with Mg(Clg,*® and hydrolysis of the methyl
ester with LIOH, affordedy-N:-BocNin-Boc5-cyanctryptophan (1) suitable for peptide
synthesis. kchange of the Beprotecting group on theéN-terminus for an Fmogroupt®

was achieved through a<tep route starting withd (41% over 4 steps).

Infrared Studies of BCyaneTryptophan and Transition Dipole Strengths

The linear IR spectra of Bgnin water and Fmodrpscnin THF both exhibit a single
transition associated with theCN stretch. These transitions occur at 2227 anzbxém*
in water and THF, respectively (Figbréb). The bandwidth of Tgpnin water (14.4 £ 1.3
cnl) is approximately twice as large as observed in THF (7.6 + 0)2Ailthough there
is not a significant solvachromatic shift of thibrational frequency, the two fold increase
in bandwidth suggests sensitivity to the number of microstructures available upon
interaction of water and the cyanoindole moi€8} detectable via 2D IR spectroscopy. In
the spectral profile of Fmae€rpscnin THF, a slight asymmetry of the band (left shoulder)
is observed. This asymmetry has been detected within other cyarustituted aromatic
side chains, and it is likely due to a slight Fermi resonédAc®ther possibility is that two
confarmers of the molecule are present in THF whereas only one is seen in water, as seen
in other ring system$L y 2 dzNJ OdzNNByYy G ¢2NJ] = GKS sdkiNI yaA i A
water was measured to be 0.49 + 0.@Q2 using methods reported by Zanni and
coworkers!’ This value is larger than the transition dipole strength of the commonly used

cyano probe, Phecn(0.38 = 0.02 DWith this increase in transition dipole strength, the
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peptide concentrations required for experiments can be reduced and the signals become
easier to observe, especially for 2D IR where the signal is dependent fin |

The synthesized Tspywas incorporged into a short model peptide in conjunction
with Phacn TrenGlycPhecn to address whether this probe pair has the potential to
vibrationally couple over short distances for structural determination. The infrared
spectrum of this peptide in water, skwn in Figure 4, has two distinct transitions at 2227
and 2233 crmt. The presence of these two probes within a close spatial proximity in the
molecule results in significadipolar coupling as indicated by the spectral intensities. As
a result, the ratioof the relative intensities of the infrared transitions, 1.15:1
(TrpsenPheicy is sufficiently less than expected for isolated transitions based on prior
literature 18 as well as the measured transition dipole efy@notryptophan (1.7:1).

Typically, a splliting in the vibrational frequencies is expected when coupling is present.
No changes in the vibrational frequency were observed for these coupheditions in
the infrared spectrum. Assuming a simple bilinear coupling model, the vibrational
frequencies were determined to vary by less than '@and within the limits of the FTIR
detection. On the other hand, the relative intensities of the twontdions still vary
significantly with the magnitude of the vibrational coupling, as observed in our
experimental results similar to Krummel et!&lAlthough vibrational coupling of this
nature is often difficult to assess via linear infrared spectroscopy, a much clearer picture

of the vibrational coupling can be detected via EDspectroscopy by careful analysis of



122
the spectral shape or oftentimes by the presence cross p&akiserdore, 2D IR was
invoked to investigate the coupling for these two vibrational probes.
2D IR Spectroscopy and Analysis
The 2D IR spectrum of B¢ GlycPhecnin water measureét 150 fs waiting time reveals
two transitions with a distortion/change in tHmeshape (Figuré-3). For Treexz G K'S 1 Mw
LI2aA0GAGS 3F2Ay 3 GNIF y&ANE R252227A arh aprig aBMNImS R |
anharmonically shifted negative transition located 21 + I'dmf 2 \. The.second
positive-going transition resulting from the cyanmode of the Phgnis observed at
9+ } = 2231,2233 crh Significantinhomogeneousbroadeningis presat in both
transitionsas expected from the differenmicrostructures available in bulk watefhe
population relaxations, 1, of Trgcnand Phecnin water were measured to be 1.7 £ 0.1
ps and 2.0 £ 0.1 ps, respectively. By comparing the 2D spectrahlpes of the peptide
to a 50/50 mixture of the amino acids as a control (See Figure S8), it is evident that the
spectral distortions in the peptide spectrum are due to the presence of vibrational
coupling.Also, the intensities of the cross peaks becamae prominent at later times
as seen in FigureSl-a. The decay of the cross peaks intensity as a function of waiting
time suggests the presence of vibrational coupling between transitions. An average of 1D
slices of the 2D IR spectrum alongindicates the presence of cross peak within the
lineshape that become more apparent upon first derivative analysis shown in Figure S9.
Quantitively, it can be shown thalhé significant distortion in the shape of the center line

contours of both the posiie and negative bands is indicative of the vibrational coupling
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(see Sl for more details). These observed spectral characteristics were quantified by the
slope of the line passing through the max contour of the positive bands accounting for
12% of the amptude. The values of the slopes we&le’7 and 0.47 folrpscnand Phacy
respectively. Then, the magnitude of the vibrational coupling was determined by
simulating the 2D IR spectrum of this peptide in water to best match the observed
experimental slopeshrough the max contour. In order to reasonably reproduce the
observed 2D IR spectrum, a vibrational coupling of 1.4 wms required between the
two modes (Figuré-4).

Briefly, the 2D IR simulation was performed for the standard response funetitms
the weak coupling limit, utilizing the measured experimental parameters and assuming
Frequencyfrequency correlation function HFCF parameters for the modes were
exposed to water. To evaluate the coupling parameter, a range of values between 0 and
2 were simulated and the resulting spectra were analyzed by measuring the slope along
the max contour (see Sl for complete analysis). By comparing the simulated spectrum for
zero coupling and a coupling strength of 1.4-c(Figure6-4), there are very dtinct
differences. Assuming zero coupling, two distinguishable bands were observed on the
RALF 32y Ef=22a7 cl y R § = 2233 cm with the slope of max contour
having values of 0.66 and 0.70. Also, no apparent distortion was present in the
anharmonically shifted transitions. However, as the coupling strength was increased, the
slopes along the max contour changed as a result of distortions caused by the addition of

weak cross peak (see Sl). Once a value of 1"4isneached for the couply, the slopes
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along the max contours of the positive bands, 0.78 and 0.50, are in reasonable agreement
GAGK GKS SELISNAYSYyGlFf w5 Lw aLISOGNHzy FyR
distortion is also reproduced. To further assess the overall g@haamspectral shape upon
coupling and its effects on the max contour slope of CN symmetric stretcHineesr
infrared and 2D IR spectra of tHehecnamino acid in water were collected and
compared. The slope along the max contour of the positive bdriileo2D IR spectrum
of the single labelled amino acid at 150 fs waiting time is 0.71 matching the slope of the
simulated spectrum with zero coupling and 1.5x less than the transition in the model
peptide (see Sl). Together, these results establish thigéyudf quantifying the vibrational
coupling magnitude of overlapping nitrile transitions via the slope along the max contour.
Transition Dipole Coupling Model
Transition dipole coupling (TDC) is a simple model that relates the observed experimental
coupling to the spatial distance between the two dipoles of the vibrational probes within

the molecule. According to TDC (Eqg. 1),

o) OH1  OHU

I (1)

% K S NB y B are-the transition dipole strengths of the probés, is the distance
between the probes, anid is the coupling constarit!

By applying theabovementioned transition dipole strengths ah the experimental
coupling along with the angles between dipoles dated from the linear IR intensities,

the distance between cyano probes was calculated to be ~ 13 A. An average value for the

distance was then determined by running Density Functioaéory (DFT) energy



125
minimizations (Gaussian09) on an ensemble of starting conformations of the short
peptide (more details in the Sl). A distance of 13.3 + 1.0 A was calculated for the ensemble
average of the conformations of the EpcGlycPhecnpeptide, which closely matches
the experimental value. Any slight differences in the distances can be due to the lack of
sufficient sampling of the peptide structures for the theoretical ensemble. Overall, the
methodology put forth above provides a spectral toolaccess structural information in

peptides for cyanayano probe pairs.

Conclusions

In this work, N:-BocNin-Boc5-cyanotryptophan and N»-FmoceNgn-Boc5-cyane
tryptophan were synthesized iyields 0f44% and 21% respectively. The motivation for
this synthesis is provided by the potential of cydabeled indoles as nenative labels in
peptides and proteins via tryptophan. The synthesizedy&nol-tryptophan was
incorporated into a short peptide systewith asecond cyanelabel, TrgenGlycPhecn

to validate the efficacy of measuring spatial distance using this probe pair via 2D IR
spectroscopy. The vibrational coupling, 1.4 ‘croetween the cyane probes was
guantified via simulation of the 2D IRespgrum and analysis of the slope along the max
contours of the positive transitions. The spatial distanek8 A, between the two labels
was found experimentally using transition dipole coupling theory and confirmed
theoretically. Other cyandryptophan regioisomers are currently being synthesized, and

the spectroscopic studies of such compounds will be presented in due course.
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Experimental Section
5-CyaneL-tryptophan (Trgcy was synthesized as described above and characterized via
Fourier transform infared (FTIR) spectroscopy. Additionally, a short peptide system,
TrpsensGlycPheicy was synthesized via standard fluorenylmethyloxycarbonyl chloride
(FMOC) soligtate peptide synthesis to include the ¥t FTIR spectra (Nicolet 6700,
Thermo Scientific) foTrpscn indolexcn indoleien indolescy indolescy and the short
peptide Treen,GlycPheicnwere collected with 1 criresolution and a nitrogeizooled
MCT detector. 2D IR spectra were measured using thed#RS configuration as
described in prior literatur@® The optical densities for both methods were between

0.01-0.03. See 3br more details.
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Supporting Information for Synthesis and Infrared Spectroscopic Studies ofCyane

Tryptophan

Farzaneh Chalyakl, Philip H. Gilmartin® Andrew J. Schmit®®] Michael W. Fennie®! and

Matthew J. Tuckert

A concise synthesis of protectedcgancL-tryptophan (Trp5CN) has been developed for 2D IR
spectroscopic investigations within peptides or proteins. To assess the potential of differently
substituted cyandryptophans, several model cyanoindole systems were characterized using IR
spectroscopy. Upon assessment of their spectroscopic properties, Trp5CN was integrated into a
model peptide sequence, Trp5QGIycPhed4CN, to elucidate its structureThis peptide
demonstrates the capability of this probe, Trp5CN and Phe4CN, to capture structural information
via 2D IR spectroscopy. The 2D IR spectrum of the peptide in water was simulated to reveal a
unique spectral signature resulting from the preserf dipolar coupling. The coupling strength
between cyane labels was determined to be 1.4 cnbby matching the slopes along the max
contour between the simulated and experimental spectrum. Using transition dipole coupling, a

distance between the two prads of 13 A was calculated.

Infrared Sample Preparation

TrpsenGlycPhecn was synthesized using standard fluorenylmethyloxycarbonyl chloride
(FMOC) soligtate peptide synthesis with a peptide synthesizer (PS3, Protein Technologies) and
purified using revers@hase high performance liquid chromatography (HPLC, Waters). The
peptide mass was verified usiMfaters Micromass ZQ quadrupole mass spectromet&fOC

Phecnwas purchased from AnaSpec Inc., and Glycine (Gly) was purchased from CreoSalus.
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Solutions of Trien(compound 1 and compound 1 with Boc groups cleaved) were prepared
tetrahydrofuran (THF, reagent grade ACS) and ultrapure water, respectively. The Boc groups
were cleaved using a 95% TFA, 2.5% water, 2.5% triisopropylsilane (TIS) cocktail with stirring for
three hours.

A dual compartment FTIR injection sample celhwaalcium fluoride windows was utilized to
analyze the background and the sample under the same conditions. The path length of the
alYLxts OStft o6Fa pc >Yo 1 ff aLISOGNI HSNB 2060l
temperatures. Typical optical denigis (OD) for the compounds ranged from @,0D3. Fourier
transform limited 86fs pulses with a central wavelength of 4470 nm were used in the 2D IR
experiments. Each of the three laser pulses have an energy of ~ 1 pJ, with wave vedigrs k
and k, incident to the sample to generate a signal in the directigak(+k+ks with the ordering
123 (rephasing) and 213 (nonrephasing). To obtain absorptive spectra, the rephasing and
nonrephasing 2D frequency spectra were properly phased and combined. To observe any
changes in the spectral characteristics, the waiting time, Twéeh the second and third pulse,
was varied from 0 to 2 ps. After appropriate Fourier transforms along the coherénesd

detection, t, axes, the 2D IR spectra are plotted asv/s]

Distance Determined from TDC

In order to determine the distance between the probes, transition dipole coupling (TDC) was
AYy@21SRd® ¢KS [|y3aftS o0SGsSSy (GKS RALRESE o0
experimentally. By methods discussed in detail below the coupling strength esatved

through 2D IR spectrum simulation. The angle between the dipoles was determined from the
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FTIR intensity ratio and the coupling strength. The value was calculated t@® bar @7coupling
constant of 1.4 cm. This angle between the dipoles wiasgood agreement with average value
of the angle determined from the DFT ensemble mentioned below. Using these parameters, the
resulting distance between the probes in the dayGlycPheicnpeptide was determined from
¢5/ GKS2NER (2 0SS dmo * o

Theoreticalcalculations of the nitrile vibrations of Tggy indolescn indolescy indolescy and
indolescn with implicit CPCM water models were performed using B3L-8P1&++ level of
theory with Gaussian09. In addition, geometry optimization okdwGIy)¢Phecnwith different
initial starting structures were performed &3LYP/&811G++ level solvated in a CPCM water
model. The initial starting conditions of the structure before minimization consisted of dihedral
angles stemming from various predefined secondarydtire motifs. Of the conformations
a0dzZRASRY GKS | @SN 3IS @l tdzS 2F (GKS RAallyoOS

angle between the dipoles was 70 degrees.

Linear and 2D IR Simulation Details

The magnitudes ofr, , D?, and D2 were obtained from least square fitting the experimental
linear IR spectrum using the following equation,

(1) 1(wW)=2Refj extfi( w+{ W)t) xpgf) t/ B, Bt

fy

where g(t) = fir, (gt )t @ ,, T, isthe population relaxation time, and D is the rotational
0 0

diffusion coefficient. The relaxation timekyp, determined from the decay of the diagonal peaks

as a function of waiting time from the 2DIR spectra were 1.7 ps and 2 ps tgnang Phecy

(@]]
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respectively. A rotational diffusion coefficient of 50 ps was assumed based on fluorescence
anisotropy decays found in literature for similar molecul®pectral diffusion parameters were

1.6 + 0.6 ps for both transition$he functional form b(o w( ) o)) is defined belowThe peak
positions, obtained from a simple Gaussian fit, for hkend Trpcnwere 2235.2 cmd and
2226.0, respectively. The and D, are required that best fit both the linear spectrum and the

H5 Lw & L3Ol Rdmpglitude&tBat gre used in the simulations are 1.1 psd 0.95 ps
1, respectively. In general, it has been shown that calculations of the linear spectrum result in

several pairs of parameters that reproduce the appropriate bandwidth for a given valwehae
fitting the linear spectrum reasonably well (Figu&13.

A simulation of the 2D IR spectra was carried out including all releviantille pathways
using typical Kubo model frequency frequency correlation function (FFCF) and assuming the
weak coupling limit. The single component decay of the normalized FFCF suggests a model
correlation function of the form:

G (@ w(T) d@)= (YT, +xp( ) ¢ %
which contains: homogeneous dephasmp; the variance of frequency distributiom? ; a static
inhomogeneous component? ; and the observed correlation time. . Diagrams representing
groundstate bleachingijoojicy, stimulated emissionijijo}, and exciteestate absorption
{oiliif + i} were included along with their nonrephasing counterparts, whéle the mo
p region state and *i is the eigenstate involved in p© ¢ region transitions of the

vibrational markers. The inhomogeneous and homogeneous parameters incorporated

through the FFCF. The 2D IR spectrum was simulated for a waiting time of 150 fs. The spectral
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diffusion parameters for Phenand Trgcnhave been determined based on the prior reported
valuestobe 1.6 £ 0.6 p.KS O2dzLJ Ay 3 &1 NBy 3K Zttoifid thg bedt @I NR S
YIGOK (2 GKS SELSNAYSy(lIfteée 206aSNDSRYIiamasS Ol NHzy
set to 0.8:1. It is clear that this model provides both a reasonable fit to the FTIRwspend
still captures the 2D IR spectral shapes.
To quantify the differences between the simulated spectra, a method was developed to measure
the slope along the max contour as a function of vibrational coupling magnitude. In this method
(as shown in Bure $-2, the maximum peak intensity was acquired for several vertical slices in
the O pO2y i2dzNJ 2F GKS w5 &LIS Othudizlie slope offhe F T S NS
line connecting each peak maxima was determined which is similar to measuring 4 S.
analysis was performed for both the Fegpand the Phecnpositive going transitions. We utilized
3 contour levels accounting for 12 % of amplitude along the max contour. The 3 contour levels
are the optimized number of levels to avoid interference of the other transition.

A sampling of the simulated 2Ddpectra of the model peptide in water shows the slope zeroth
contour of the positive going transitions significantly changes depending on the coupling
magnitude (Figure@s3). By monitoring and matching the slope along the max contour between
the simulatedand the experimental spectra, the coupling magnitude can be recovered despite
the difficulty of observing cross peaks and the overlapping transitions. Table S1 illustrates that
every coupling magnitude has a unique pair of slopes allowing the couplirgjacbrto be
determined. The slopes, 0.78 and 0.50, of max contours of the positive bands of the simulated

spectrum with 1.4 cm coupling are in a reasonable agreement with the slopes measured in
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experimental 2D IR spectrum, 0.77 and 0.47 In addition,QtzNI3 | O dzNBE 2 F

[axtN
A
(0p))
<
N

transitions is also reproduced.

Table $-1. Determined Slope of the transitions with different coupling strength

Coupling (cm) 0 0.4 1 1.4 1.6
Slope(Trpcy 0.66 0.66 0.70 0.78 0.50
Slope(Phgey 0.70 |0.70 0.70 0.50 0.30

Waiting Time Dependence of the Experimental Spectrum

By analyzing the 2D IR spectra of the model peptide in water as a function of waiting time, the
relative intensities of the diagonal peaks change due to the differences in the vibrational
lifetimes. These intensity changes reveal more evidence of the presence of cross peaks in the off
diagonal region of the spectrum. A positive cross peak becomes apparentfat §{2233,2227},
while a negative cross peak appearsiat B }={2205,223} as observed in the T=1500 fs
spectrum.
To confirm the presence of vibrational coupling, the intensities of the positive and negative cross
peaks ({ h }={2233,2227}7{ h }={2205,2237}) were determined as a function of waiting
time. Tdle $-2 illustrates that the intensities of the cross peaks decay, suggesting that there is

a direct coupling between the transitions is present.
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Table $-2. Intensity of the negative and positive cross peaks over different waiting times
Cross peak 150fs | 450fs | 1000fs | 1500fs

Negative Intensity | 0.28 | 0.22 | 0.16 0.13

Positive Intensity | 0.30 | 0.33 | 0.23 0.20

Also, to further demonstrate the presence afatation of the cross peaks in the coupled 2D
spectrum, the simulated 2D IR spectrum with 1.4'araupling strength was subtracted from the
2D IR spectrum with no coupling present. The cross peaks are clearly shown in Gidilire S
Comparison to uncoupbtPhecnSpectrum

To further assess the change in spectral line shape as a result of vibrational coupling, the linear
infrared spectrum and the 2D IR spectrum at T=150 fs of thedRbmino acid in water were
measured (Figure6b). The overall effect othe slope of zeroth contour on the CN symmetric
stretch was quantified by the methodology described above.

The slope of the zeroth order contour of the positive transition of &2kamino acid in water
was determined to be 0.71. Comparing this to the sha@ptide in water, the slope along the
max contour of the positive transition of the Plaeresidue was a factor of 1.5x less. Based on
the comparison these experimental 2D IR spectra, thes®Rispectral line shape and the slope
along the max contour iggnificantly altered in the short peptide as a result of the presence of
vibrational coupling.

FRET study of Phevand TrgcenSpectrum
The fluorescence spectrum of the free Rfygamino acid in water and the Phkgin the model

peptide (TreenGly-Phecy in water was measured to support the observation of the close
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proximity of the two rings determined by 2D IR spectroscopy. The fluorescence spectrum clearly
suggests that th@hecnfluorescence is largely quenchedthe peptide due to the fluorescence
resonance energy transfer (FRET) from thes8@® the Trgcen(Figure 8-6). The estimated
RAaOlIyOS 0SG6SSy (GKS LINRPoSa o6lFlaSR 2y (KS Cwo¢c
distance obtained and calculatdtom the IR studies is due to an accuratevRlue which we
FaadzYSR G2 0SS FNRdzyR mMc * scfaaKpdr). £ dzS RSGSNYAY
2D IR Spectrum of Tggnin water

The 2D IR spectrum of the single amino acidsclypn water at 150 fs waiting time indicates a

strongly inhomogereously broadened peak along the diagonal (Figu7¥ indicative of the

presence of significant interactions with water. The slope along the max contour (~0.66)
measured from the below 2D IR spectrum is very similar to PheCN in water.

Control Experiment (egmolar solution of Phecnand Trgen

As a control experiment, the 2D IR spectrum of a 50:50 mixture (equimolaeira Trpcn

amino acids) in water was obtained (Figui@8®. The linear spectrum shows that the peak
intensity ratio is quite differentrbm the short peptide spectrum suggesting the presence of
coupling in the peptide. Furthermore, the 2D IR spectrum indicates two overlapping transitions
along the diagonal with a similar slope due to the inhomogeneous broadening and the presence
ofnovibt A2yt O2dzJ Ay3az | & SELISOGSR F2N Gg2 Y
observed coupling supports the premise that the line shape distortions and differences in slope

are a result of coupling in the peptide.

Horizontal 1D slices along theaxis of 2D IR spectra at different waiting times

In order to aid in the observation of the cross peaks due to vibrational coupling between the
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transitions, an average of horizontal 1D slices along thexis of 2D IR spectra from 223842

cnrt at two waiting times, T=150 fs and T=1500 fs, were obtained. As observed in BgBS
changes in the curvature of the T=180spectrumindicate the presence of multiple transitions
within the positive and negative bands as a result of both diagand offdiagonal cross peaks.

The presence of the cross peaks is prominent at the later waiting time, T=1500 fs. The 1D slice
shows four distinct peaks are observable indicative of the coupling present. To further reveal
presence of both the cross peakthe first derivative of the spectra of the 1D slices was
calculated. The first derivative spectra clearly show 4 distinct peaks due to the cross peaks and
diagonal peaks at both waiting times.

General Proceduressynthesis of 8yancL-Tryptophan

Unlessotherwise stated, all noaqueous reactions were carried out under an atmosphere of dry
nitrogen in dry glassware. When necessary, solvents and reagents were dried prior to use.
Tetrahydrofuran was distilled from Na/benzophenone prior to use. Reagents piedhased

from Aldrich and used without further purification. Analytical thin layer chromatography (TLC)
gl & LISNF2NXYSR 2Y -fehR294QAateGEHINMR prot3C NMR spectiaivere
recorded on a GEM300 Fourier transform NMR spectrometeB@ MHz and 75 MHz,
NBaLISOGAGSted / KSYAOItE aKATOA NBE NBLER2MNISR NB
forl' I'yR + 3®ifodMmE 0O/ 60Dpfortl 0 F FR 1 ;0DPfA iz o/ 50)PT h 05
forll T 2NJ (2 + 5 ®portedas wlfowsdchebnlcal shift, mN#Elicityds = singlet, d

= doublet, t =triplet, q = quartet, br s = broad singlet, m = multiplet), coupling constant(s), and
number of protons. Time of flight (TOF) higisolution mass spectra were obtained with an

ionization mode of either ESI or Cl. Infrared spectra are reported ih Melting points were



142

obtained using an OptiMelt instrument and are uncorrected. Chromatography was performed
using an Isolera Prime instrument with SHRdlash silica gel (50 o m mesh particle size).

Optical rotation was measured by on a Sirius 251 Visual Polarimeter.
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FigureS61. Simulated linear IR spectrum airpscnGlycPhecnin water.
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Chapter VII.2DIR studies of NCN as a spectroscopic reporter of dynamics in biomolecules:

Uncovering the Origin of MysteriouBeaks

This work has been submitted to Journal of Chemical Physics.

Farzaneh ChalyayiOlajumoke AdeyigaJulia M. Weine, Judith NMonzy, Andrew J. Schmitz
Justin K. NguyénEdward E. Fenl8nScott H. Brew&r Samuel O. Odédhand Matthew J.

Tucke*

Cyanamides (NCN) have been shown to have a larger transition dipole strength compared to
cyano probes. In addition, they havamilar structural characteristics and vibrational lifetimes

to the azide group suggesting their utility as infrared spectroscopic reporters for structural
dynamics in biomolecules. To access the efficacy of NCN as an infrared probe to capture the
changesn the local environment, several model systems were evaluated via 2D IR spectroscopy.
Phenylalanine analogues containing NCN show strong anharmonic coupling that can complicate
the interpretation of structural dynamics. However, when NCN is embeddedienibered ring
scaffolds, a unique band structure is observed in the 2D IR spectrum that is not captured by
simple anharmonic frequency calculations. Only carefuéstigation of the potential energy
surface of the NC bond of the NCN moiety reveals thesiimbe origins of the observed
experimental results. These compounds show the significance of electron delocalization to the
spectral profile of NCN.

KEYWORD@D IR vibrational reporter, cyanamides, electron delocalization)
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Introduction

In spectroscom measurements ranging from fluorescence to the infrared, specific
spectroscopic probes have been proven to be extremely valuable for monitoring functional
events of interest in biological systenfS. Discovering novel vibrational infrared reporters is
important for the investigation of structural dynamics, providing a window into-guecific
regions responsible for functionally relevant tioms. The process of evaluating the sensitivity of
such vibrational reporters has led to spectroscopic characterization of distinct vibrational
signatures via twalimensional infrared (2D IR) spectroscopy. Important spectroscopic features
of infrared repaters, such as sensitivity to electric field strength, chemical exchange, and the
ability to monitor degrees of hydration, have been observed for many infrared probes; e.g. azido
, cyane, thiocyanate, selenocyanate and isonitrife In particular, nitrile stretches have been
incorporated in larger protein sysin! and HIV drug?to capture the conformational dynamics
and the changes in the local environment during the relevant biological events, such as drug
binding and protein activity (folding, unfoldingg@regation, peptidenembrane interaction).
Attaching the CN group to heavier atoms, such as S or Se, has been shown to increase the
vibrational lifetimes of theeporters extendghe observation windows to timescales of interest
for larger biological systas. For example, the vibrational lifetime can be increased to hundreds
of picoseconds by utilizing SeCN reporté#s> However, the significant decrease in transition
dipole strength of these reporters compared to CN can be a limitation when they are used for
protein or RNA/DNA dynamics.

Although the IR signature of several of these probes are believée tpite localized,

others, such as cyanates, aryl azides, and cyanamides, are known to have accidental Fermi
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resonance which make structural analysis more challendf:l’ For example, despite the
expansion of 2D IR to multiple dimensions, these vibrational transitions and their Fermi
resonances, often remain overlapped, masking important spectral features related to structure
(i.e. cross peaks). For this reason, electeiocalization is of key importance in the energy and
the distribution of charges in conjugated molecules. Delocalization of charges can result in the
appearance of additional absorption bands. These variations in electron delocalization changes
the vibratonal frequency and often results in significant increases or decreases in the transition
dipole strengtht018

Since the transition dipole strength of cyanamide has been suggested to beftidee
larger than cyangrobe, and comparable to isonitrile and aziqwobes, Cho and coworkers
utilized the cyaamides in several amino acid analogues. For example, a terminally blocked
cyanamide (NHCMerivatized alanine and phenylalanine were synthesized and characterized
via pumpprobe IR spectroscopy. While the NCN alanine analogue showed a single transition i
the FTIR spectrum, multiple transitions were observed for the FTIR spectrum of NCN phenylamine
analogue in various solvents. The cyanamide transition is in an isolated IR regio222220
1 similar to cyaneand azide transitions. NCN has structuralmilarity to azido transition
wbbb b T wbrbrbos ¢KAOK KF& 06SSy akz2gy (2 Ol c
.Despite the increased dipole strength, the vibrational lifetime is similar to atidasition

(~1ps)io

Due to the similarities of cyanamide transition to that of the known cyama azdo-

vibrational probes and the unique spectral features observed in the above analogues, the effects
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of delocalization using a variety of scaffolds is required. Utilizing 2D IR spectroscopy, the
sensitivity to different structural scaffolds and identificen of the corresponding spectral
features can be achieved. For this purpose, several types of conjugated artbnpigated
cyanamide scaffolds were designed and synthesized for investigation of the number of
transitions, peak positions, and vibrationdetimes. Herein, we demonstrate from our 2D IR
measurements of NCN that aliphatic scaffolds typically avoid Fermi resonance unlike the strongly
aromatic scaffold examined. Moreover, scaffolds containing NCN embeddeenenthered

rings show a very uniquébrational band structure, not easily explashvia simple spectral and

computational analysis.

Materials and Methods

~ A
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Computational Methods

The geometries of 1 and its saturatadalogue 2 were optimized in solution (DMSO). In
all cases, we added three explicit molecules of DMSO and also utilizedpheit solvation seff
consistent reaction fieldSCRFyolarizable continuum model (PCM). We used the B3DYBJ
density functional in combination with defPZVP basis set¥?® To obtain vibrational

frequencies, we used the harmonic approximation. We atsmputed the anharmonic
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corrections to these frequenciesThe Gaussian 16 package was used for all calculatidns.
order to analyze the potential energy curves of these moleculesp&rérmed constrained
geometry optimizations where we constrained the bond distances between the first N and the
CN group of the NCN moiety.

Ab initio molecular dynamics (AIMD) simulations were used to probe the thermal
broadening of the DFgalculated IR spectra. These simulations were carried out at 300 K for 15
ps using a time step of 0.5 fs in the NVT ensemble while employing thBBEBHinctional. We
used def2SVP Gaussian basis sets and the NWCheaote for these simulationg?

Result and Discussion
In order to evaluate and characterize the 2D IR spectral properties of NCN stretch as a

possible spectroscopic reportel = Biisopropylcarbodiimide (DIC) was chosen as a model due

to its aliphatic nature and large absorption cross sectidhirg: ~29°Mem*) " Cho and
coworkers® observed smaller absorption cross section for two cyanardielévatized amino
acids. The large transition dipole strength is a characterdtalectron delocalization between
the first N and the CN of NCN moiety within the organic frameworkhis extinction coefficient
of DIC in THF is fifeld larger than previously observed for NCN stretches in various other
solvents!®. A single narrow transition located at 2117-€im observed in the infrared spectrum
as a result of the NCN stretch. Additionathe extinction coefficient, frequency, and bandwidth
of this vibrational transition is sensitive to the local environment.

The 2D IR spectrum of DIC in THF at T=200 fs reveals two transitions along the diagonal
for the NCN stretch. The positive peak,Hoit S R T'l ¥ 2117 cri, corresponds to thev

O w  transition (Figure 71). The negative peak, arising fromthe © w  transition,
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Ad NBR aKA TakiS By 23 # 1w As alielsui of the population relaxation timep,T

the positive diagonal signal decay during the waiting time, T, with a time constant of 989 + 63 fs.
This lifetime is comparable to the azidgroup lifetimes. Azides have been widely utilized as a
vibrational reporter in many biomolecular studies toconer dynamics and structuf&303,

LY 6FGSNE GKS Db/ b GNIXyairidaAz2y Aarl 20228NBSR |
cmP! red shifted by ~5 crh compared to the transition in THF. The negative peak is
anharmonically shifted by 23 + 1 Ehfrom the positive peak. In contrast thé behavior in THF,
the 2D IR of the NCN region in water changes significantly with waiting time (Figlije A&7
T=200 fs the inhomogeneously broadened transitions are tilted and elongated along the diagonal
2T ( B8 plot. The elliptically shapettansitions become less tilted as the waiting time
increases, which is quantified by the change in inverse slope as a function of time. This spectral
behavior is related to the loss of correlation (spectral diffusion) between components of the
inhomogeneos distribution of frequencies of the NCN mode in water. The correlation decays
were determined to be 1.2 £ 0.5 ps and 3.5 + 0.8 ps in water and THF, respectively. The positive
diagonal signal strength in water decays exponentially with T, yielding a pigputalaxation
time constant similar to THF, 1.05 + 0.079 ps. The NCN stretch significantly overlaps with the
water combination band at 2127 &6 The large thermal grating signal generated at all
frequencies by the water combination band often increases the spectral noise at waiting times
larger than 1 ps.

Prior studies have observed that the infrared band structure of the NCN vibrational mode
is significantly affected by the presence of a scaffeith increased electron delocalization. In

particular, phenylalanine containing cyanamide has shown extended vibrational signatures in the
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IR spectrum, likely due to Fermgisonances as suggested from quantum chemical calculations.

To ascertain the influences of different structural scaffolding on the NQidtidbal mode and

its unique vibrational signature, this spectroscopic reporter was incorporated inte and
attached to a @membered ring and investigated via 2D IR spectroscopy. Due to the low solubility
of these aromatic scaffolds, the experiments wererformed in dimethyl sulfoxide (DMSO). DIC
was also measure in DMSO for direct comparison with other scaffolds, showing a single transition
at 2111 cmt (Figure 72).

The first molecular scaffold studies had the cyanamide attached to-angmbered
aromatic ring, i.e., 4nethylphenylcyanamide (4MPC, Figur8)7 Both the linear and 2D IR
spectra show multiple transitions within the region of the NCN transition. Density functional
theory (DFT) calculations of the harmonic vibrational fregties indicate that only one transition
should be present in this spectral region. The linear spectrum shows the strongest transition is at
2236 cnit which we will refer to as the fundamental NCN stretching band. There is also a band
at 2201 cri! of moderae intensity and a weaker one at 2222 ®r(Figure 73). Here, we report
the 2D IR spectrum of NCN region of 4MPC and reveal the presence of both diagonal and off
diagonal peaks at early waiting times which indicates anharmonic coupling between the
transitions'® The multiple transition pattern observed is consistent with near accidental
resonances between a small number of overtone states, i.e. Fermi resonances with low
frequency ring modes, previousijetected with both OCN and sNransitions in aromatic
compound$®1’. The 2D IR spectrum of 4MPC in DMSO has three peaks along the diagamal s
a4 LI2aAdAdS LIS k=12a36 enk PPAicBHR20L ém! and shows no significant

elongation that is typically seen in inhomogeneously broadened transitions. The negative
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diagonal peaks are anharmonically shifted by 40'c@oupling bewveen the three transitions is
20aASNISR gAGKAY (GKS ONZR 3 #alugddf {3197 NBZDAC {2220, 2 OF ( SF
2237}, and {2200, 2237}. The intensity ratio of the 2201 amd 2236 cmt diagonal transitions
is 1:0.84. Significant overlap dfd transitions in 4MPC in the 2D IR makes the spectral analysis
for dynamic studies somewhat challenging. The vibrational lifetimes of the NCN modes was
measured to be 0.4+ 0.03ps. While this is shorter than the lifetimes measured by Cho-and co
workers andthat measured in DIC, the presence of the Fermi resonance is known to lead to
shorter vibrational lifetimes!®

To further identify the modes responsible for Fermi resonance, the frequency
distributions have been calculated from DFFMRC has calculated frequencies at 2305
(fundamental NCN stretch), 2279 (atane), 2300 (combination) and 2296 (combination)®tm
The combination transition at 2300 chis neardegenerate with the fundamental band at 2305
cnrt(Table 71). The energy separation between these peaks favors the Fermi resonance effect,
as observedxperimentally, Figure 3. Therefore, the transitions located at 22292 cmt in the
experimental spectrum are likely due teermi resonance. Based on prior work, quantum
chemical calculations for aromatic cyanamide, suggest Fermi resonance ¢aubke for the
complicated lineshapes seen in the IR speétféermi resonance often complicates the spectral
analysis by showing significant overlap with the fundamental transition.

In an attempt to remove the Fermi resonance,-enBmbered ring scaffold was adopted
with the NCN embedded within the ring. Thiafold also removes the NH hydrogéond donor
from the cyanamide. Two five membered rings, cyanosuccinimide (CSI) and cyanomaleimide

(CMI), were analyzed via FTIR and 2D IR spectroscopy. Fimeselkiered rings with the NCN IR
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reporter can easily be incogpated into a peptide through conjugate addition of a thiol (i.e.
reaction with a cysteine side chain, See Sl) The linear IR spectra of CMI in DMSO reveals multiple
transitions around 210@200 cm(Figures 7). The vibrational transitions of CMI, a caygied
scaffold, are located at 2251, 2154, 2175, and 2184.@milarly, the linear IR spectra of CSI, a
more saturated molecule with less conjugation, also has multiple transition located at 2258,
2245, 2192, and 2144 cKFigure 7). The IR intensitatio is different between the CMI and CSI
spectra. The 2D IR spectrum of both compounds show similar band structure with the peaks
indicated for the FTIR along the diagonal with significant inhomogeneous broadening. Unlike the
4MPC (above) and the phenidaine cyanamidé®, nocross peakare present in the dfdiagonal

in 2D IR spectra for both of these molecules. Based on DFT harmonic and anharmonic vibrational
frequency analysis with implicit DMSO solvent, only one peak is expected in th2200@m*

region of the IR spectrum. Thus, with the presenceamfnharmonically coupled cross peaks in
the 2D IR spectra, the physical origin of the multiple transitions was an open question that
required further computational analyste address. It should be noted that the overall band is
different between the two ompounds suggesting that the extent of conjugation by the ring plays

a role in the peak distribution. Furthermore, analysis shows that the vibrational lifetime of the
CSI scaffold is @M% 0.03 ps for the most intense transition (2148Yrand 0.8 + 0.0L ps for the
transition located at 2144 cth Whereas, the vibrational lifetime was ~2 times longer @12

0.03 ps) for the CMI scaffold for the higher frequency band at 2254acm it around 0.8 + 0.01

ps for the transition located at 2184 chalong the diagonal. The longer lifetime for the CMI
scaffold likely results from the additional electron delocalization of the highly conjugated ring

system reducing vibrational damping. However, the origin of the rest of the extra vibrational
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transitions observed in the FTIR and 2D IR was unknown and several approaches were explored
to uncover it.

As a first experimental approach, the temperature dependence was measured for the
FTIR spectra However, no significant change in the vibrational spectmitber compound was
observed with temperature, suggesting that the additional peaks was not due to simple
population distribution between states. As a second experimental approach, the solvent was
changed to determine the presence of any bathochromic e¢ffewithin DMSO. The FTIR
spectrum of CMI measured in acetone demonstrated that the solvent did have a significant effect
on the vibrational band structure present (Figuré)/ For example, the location of the vibrational
transitions (2259, 2188, 2178 cmand a broad transition around 2150 cinare shifted to higher
frequencies and their relative intensities are significantly different. These experimental findings
suggest that the vibrational frequency splitting within the spectrum is a result of therstateelf.
However, in order to fully understand the frequency distribution, several quantum mechanical
computations were undertaken.

DFT calculations and ab initio molecular dynamics (AIMD) simulations were performed on
CSl and CMLI. For the frequency lgses based on the equilibrium structures from DFT calculations
in a vacuum, implicit solvent or explicit solvent, the band structures seen in the experimental
spectra were not reproduced. All these calculations predicted only one peak in the regions
around 21062300 cmt, with little possibility for anharmonic peaks. We therefore proceeded to
analyze the potential energy curves associated with the bbnd distance of the-& N moiety
in CMI and CSU. Overalk find that the cubic contributions to the pential are similar for both

molecules, Figur@-7. We therefore conclude that empirical peaks at 2144 and 2175 am®
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likely not due to anharmonic effects, in agreement with the 2D IR data, Figures 4 and 5. Further
examination illustrates that the poterdl energy curves are quite flat near equilibrium. To
illustrate, CMI with a MC bond distance of 1.13 A is only about 0.9 kcal/mol less stable than the
equilibrium structure. As expected, structures with longe€Nlistances have lower frequencies

for the N-C=N stretch as well as higher intensities. We see a similar situation for the saturated
compound, Figure 7. We conclude that thermal averaging will result in rather broad peaks for the
fundamental frequencies of both compounds. These peaks are likdhe tmore asymmetric
towards the lowfrequency portion of the IR spectrum, Figut§. We investigate these effects

by performing AIMD simulations over a period of 12.1 ps. Our results are shown in Fgure

The peaks are broad and asymmetric, as expedtedvever, the AIMD simulations were not able

to reproduce the extra vibrational transitions observed in the FTIR and 2D IR experiments for the
CMI and CSU scaffolds in DM®®.it was mentioned above, the experimental approach data
suggested indicated thahe solvent has had a significant effect on the band structure of the CMI
scaffold. In order to computationally investigate the effect of a repulsive interaction of the DMSO
solvent repulsive interaction with the conjugated ring, the distance between@Ei®1 the CMI
scaffold has been varied. Our calculations show that there is a significant change in the vibrational
frequencies as the distance between DMSO and CMI is reduced. At a distance of 2.3 A (NCN to O
of DMSO) between CMI and solvent, the NCNtstrés reduced to 1961 ctn This is to be
compared to 2350 crhfor the equilibrium structure of CMI. Additionally, if the DMSO and CMI
are optimized with a constraint of 2.1 A (between S atom of DMSO and NCN of CMI), the NCN
stretch is calculated to belB0 cm!, see Sl. With appropriate scaling factors, this NCN stretch

would be around 2134 cth a region that coincides with the experimentally observed mysterious
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peaks. On the whole, these results suggest the existence of electron repulsion effect Of@MS

the ring mode of CMI. This has previously been seen before with the tyrosine ring fnode.
Conclusions

Utilizing a combination of 2D IR spectroscopy and computational approaches, the sensitivity of
the cyanamide vibrational reporter for different structural scaffolds and identification of the
corresponding spectral features of the cyanamide moiety (NCNg wecoveredThe FTIR and

2D IR spectra of the different cyanamides in DMSO showed significant variations in the number
of transitions, peak positions, and vibrational lifetimes. In DIC, a simple single transition was
observed with a vibrational lifetimefe-1 ps. The sensitivity was measure through the center line
slopes of the transition yielding a correlation decayld+0.5 and 3.5+0.8ps in water and THF,
respectively.The 2D IR spectrum of 4MPC (conjugated to an aromatic ring) showed strong
anharmoniaoupling, i.e. an accidental Fermi resonance, resulting in significant overlapping cross
peaks within the spectrum. This significant overlap of the transitions and the significantly shorter
vibrational lifetimes render this scaffolding less useful tha@ B a vibrational reporter.

Most interestingly, the 2D IR spectra of the CSI and CMI scaffolds, where the NCN is
embedded in a five memberedng, exhibited distinct separation between multiple peaks along
the diagonal and no cross peaks, indicatingeminlence of strong anharmonic coupling, i.e. Fermi
resonance. Significant differences between the CSI (saturated) and CMI (conjugated) compounds
indicated that electron delocalization plays a role in the origins of the band structure. To uncover
the origns of these transitions, several experimental and computational approaches were
performed. First, DFT vibrational analysis suggested that a single transition should be observed.

Further analysis with variable temperature data, DFT and DFT molecular dgreimidations
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suggest that these transitions are not due to population distribution within the thermal level.
However, the vibrational band structure was affected by the solvent. This experimental
observation, in conjunction with the computational resultisthe frequency dependence on the
distance of a DMSO solvent molecule from the ring, revealed the origin of the lower frequency
transitions is likely a result of electron repulsion between the conjugation of theefmbered

ring and the lone pairs of theNdSO. Finally, incorporation of the CSI vibrational reporter into
peptides should be possible through the reaction of CMI with cysteine side chains, thus providing

a new way to determine peptide structural dynamics via 2D IR spectroscopy.
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of 4AMPC in DMSO and c) 2D IR spectrum at T= 200fs of 4AMPC in DMSO.
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Table 71: Calculated dominantpeaks (¢t I YR GKSANI AyidSyairdarsaz A 6
corrections to the IR spectrum ofMPC.

Pea | nt en Peakl nter Peak I ntensi
Fundam230113. 10vert 227 6.9 Combine2245 4. 2
2296 12.7
2351 13.1
2300 93. 4
2347 0. 3
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Supporting informationfor 2D-IR studies of NCN as a spectroscopic reporter of dynamics in

biomolecules: Uncovering the Origin of Mysterious Peaks

Farzaneh ChalyayiOlajumoke AdeyidaJulia M. Weinéx Judith N. MonZyAndrew J. Schmitz
Justin K. NguyénEdward E.Fenlo®, Scott H. Brew&r Samuel O. Odédhand Matthew J.

Tucke®*

Experimental

All the molecular scaffolds have been synthesized and characterizédliayM. Weiner, Judith

N. Monzy Edward E. Fenlon, Scott H. Brewer

Computational method

The computational part has been performed and analyze®@layumoke Adeyigand Dr. Samuel

Odoh.

We used superfine grids in all our calculations with the Gaussian 16 code. The electronic energies
of the equilibrium optimized geometries as well as thosthefN-C constrained geometries were

also computed with the Density Functional Theory (DFT) approach. The hybrid density functional

o[ ,tX gl a dzaSR gA0GK DNRARYYSQ& RdéhdsadSdddpingy & OF

5

scheme. The atoms were described with leigeta basis sets with polarization functions,

def2TZVP.
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Conjugate Addition of a Thiol

Conjugate Addition of a Thiol
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ChapterVIll. Side projects

0 1) Hot or not? A photophysical investigation of the sexual dichroism within
Cabbage whitéutterfly
Farzaneh Chalyavi, Anne Espeset, Natalie R. Fetto, Matthew L. Forister* and Matthew J.

Tucker*

Mate selection within the Cabbage white butterflyPi¢ris rapag has been
hypothesized to rely heavily of the reflective nature of the male wing. iBusly,
leucopterin (6HsNsO») has been suggested to be a key component in this mate selection
process. This study investigates the origin of reflectance within the Cabbage white wing
and its relationship to leucopterin. We evaluate the pigmentation ancrostructure of
both male and female wings utilizing various analytical methods, such as UV,
Fluorescence, and TOFS. These studies suggest that leucopterin is not the only source
for the reflectance measured in the wings and, therefore, not the mainaedsr the
sexual selection in Cabbage white butterfly. According to the spectroscopic
measurements and imaging data, the main contributor to the amount of reflectance from
the wing which has a major role in sexual dichroism in cabbage white butterflyespec

has been determined to be microstructures of wing scales.

Introduction
Butterfly wings are excellent model systems for understanding color production
mechanisms due to their display of some of the brightest and most complex colors in

nature. This colocomplexity has a significant effect on their survival and reproductive
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success. Many butterflies have natural photonic crystals to reflect and refract light in
order to produce coloration through thredimensional microstructures of the scales that
coverthe wingst?Additionally, some colorations are derived from pigmentations such as
melanins, ommatins and pteridines. Female butterflies utilirerrange visual signals in
order to evaluate these color productions to find a suitable mate, choosing those who
express the brightest surfacd® Therefore, revealing the effect of the chemical and
physical source of reflectance gives a better understanding of the sexual selection

mechanism in butterfly species.

Light interaction with biological samples can be obtaiméth various processes.
These samples have complex and inhomogeneous media. The incident light can be
scattered as a result of microscopic differences of the refractive index within the sample.
It also can be absorbed by fluorophores which can producedkcence due to the excess
energy release. The main contributors to the reflectance from biological samples on a
spectroscopic level include: pigmentations (chemicals), microstructure size, and
morphology®’ Finding the main contributor for the reflectance in butterflies allows for

better understanding of the sexual dichroism in different cips.

The Cabbage white butterfly (Pieris rapae) is of particular interest when it comes
to wing coloration due to their bright white color, which is relatively rare in insects. It has
been suggested that female cabbage whites select their mate due teefleetive nature
of the male wings®° Understanding what wavelength range this reflectanceurs in will

give insight into mate selectiod%!! In previous studies, evidence has beenrfdithat
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indicates the expression of leucopterin ¢kENsOs), a nitrogen rich, UMbsorling
pigment, in wings of the cabbage white butterfB.(apag. 1?Due to its effect on the white
color of the wing, leucopterin has been suggested to have a significant role in the
reflective properties of the malevings, therefore, having a large contribution to mate
selection in this species. This work will focus on evaluating the role of leucopterin,
microstructure in the coloration and reflectance in the wings of Cabbage white

butterflies.

Spectroscopic studiesf the wing extracts

Previous literature suggests that the sexual selection of the cabbage white is due the
intensity of reflectance of their wings. This reflectance can be related twither
pigmentation, microstructure of the wing, or a combination of boflo. investigate the

role of leucopterin in this process, pure solutions of leucopterin have been compared to

extracts collected from male and female wings in a variety of spectpisaovestigations.

In order to assess how leucopterin can affect wing reflectance, an integrating
sphere was used to collect the reflectance spectra of pure leucopterin and compare it to
extractions from both male and female wings, Fig8ré. Reflectace spectra show
similar reflectance for all three samples within the visible regime, buttlagesignificant
differences within the UV. As expected, the female extract showed lower reflectance
percentage overall compared to the male extract. Due togkeensive differences in the
reflectance within the deep UV, more spectroscopic investigation will be required to

determine the cause of the variation between samples.
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U\-Vis spectroscopy was initially utilized to determine how significant the role of
leucopterin is within these extracts, FiguB2. The UWis spectrum of leucopterin
contains two major peaks of interest at 288 nm and 345 nm. Similar transitions are
observed within both the male and female extracts, suggesting that leucopterin may be
present in both the male and female wings. Despite the fact that similar transitions are
observed, the absorbance profiles for the extracts vary widely from that of pure
leucopterin, suggesting other compounds may be present within these extracts.
Additionally,the male and female extracts show disparity in both intensity and profile.
This may suggest that UV absorbing compounds extracted from the wings may differ in

guantity between males and females.

Because reflectance can be attributed to a variety of fesstdluorescence
emission spectra of pure leucopterin and the wing extracts were collected to determine
if fluorescence may play a role in the perceived reflective nature of the male wings, Figure
3. Leucopterin had no significant emission spectra, whkeesrale and female extracts
show a broad emission peak centered around 415 nm. This confirms the presence of
additional UV absorbing/fluorescing compounds within the extracts. When comparing
the extracts, the male extracts had higher fluorescence intensityomparison to the

FSYIFHES® ¢KAa YI@& 06S || O2yiUGNROGdziAY3A FI OG2NI

The reflectance, UVis, and fluorescence spectra suggest one or more UV
absorbing compound present within the wing extracts in addition to leucopterifLTXO

MSwas used to identify these remaining compounds and their relative quantities within
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the extracts. The MS results confirm the presence of three different compounds in both
male and female extracts: Leucopterin, uric acid and xanthopterin and tkkitive
guantities are shown inTable 8-1. All three compounds were found in higher
concentrations in the male, which supports the lower absorbance values and
fluorescence intensity found within the female extracts in the prior spectroscopic studies.
Despie the larger concentration of leucopterin in male extracts than female, the
spectroscopic studies suggest that leucopterin is not the single contributor to male wing

reflectance.

Table8-1: MS data for the Male and female cabbage white butterfly extracts

Compound Male (peak area) | Female (peak area| Ration M/F

Leucopterin 2421.31 1325.36 1.8

Uric Acid 1171.08 577.87 2.0

Xanthopterin 367.36 246.14 1.5
Butterfly Wings Analysis

Mass analysis on wing extracts revealed a higher concentration dghrak
compounds within the male wings compared to the female. Is the concentration of these
chemicals within the wing responsible for the variation in reflectance or is there a
dependence on wing structure? In order to test whether the reflectance of #idage
white wing is due to chemicalr@hysical differenceddirect reflectance spectra of the

male and female butterfly wings have been collected using an integrating sphevasuV
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spectrophotometer. Wing reflectance has been evaluated before and akteaeion to
determine the dependence of chemical coloration on cabbage white wing, Fggdre
Interestingly, the comparison between reflectance spectra of the wings prior to and after
extraction show no significant changes in the percent reflectancs. Siggests that the
amount of reflectance detected from the butterfly is mainly due to the microstructure of
the wing itself rather than chemical contributions. Additionally, the male wings seemed
to lose significantly more color than the females afterragtion, suggesting that the

extracted chemicals have a more significant effect on the pigment than the reflectance.

To observe how extracting these pigments affects the wings, SEM images were
collected before and after extraction for both sexes. SEM @mayggest that there are
more pigment beads in males than females which is consistent with botAVI®#&ata
and prior studies, Figurg-5. 11 After extraction, both male and female wings show no
remaining pigment beads confirming that the three compounds found from mass analysis
are completely removed upon extraction with 0.1M XHH. Higher concentrations of
pigment beads being removed withihe male wings leads to a greater loss in white color

after extraction, as observed previously.

Due to the pigment beads not having a significant effect on reflectance spectra,
physical differences in wing scales are most likely where differences integfée occur.
Butterfly wings are composed of a collection of scales which could contribute to the
observed wing reflectance. Optical micrographs reveal that length and width of the scales

differ between male and female wings. The female scales are shamtewider (length
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the sexes. These structural differences between wing scaldd sgynificantly alter how

light is reflected. Based on the optical micrographs and SEM imagining it is likely that
physical differences in wing scales are the largest contributor to wing reflectance where
pigments, specifically leucopterin, are respdmesifor the bright white color of the

cabbage white.

Conclusion

2 Ay3 O2f2NYGA2y OFly LXlFeé |y AYLRNIFYyd NRfS
selection. Leucopterin, a compound previously thought to be related to wing reflectance,
has been dedrmined to contribute to pigmentation of both male and female wings but
does not show a significant contribution to the reflectance of the wing. Instead, the
length, width, and quantity of scales contained in butterfly wings is suggested to be the
main corributor to the difference between male and female cabbage white butterflies.
Overall, the spectroscopic measurements, SEM imagespptichl micrographs support
that there are variations in microstructures between male and female butterflies which
can dfect the sexual dichroism of the cabbage white species. Additionally, leucopterin is
not the sole contributor to butterfly reflectance or mate selection. The techniques used
to investigate the photophysical properties of the cabbage white can also untioeer

origin of spectroscopic phenomena in a variety of different butterfly species.
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Materials and Methods

Materials: The cabbage white butterflies were collected in Davis community garden. The
wings were cut using a fine scissor.

Extraction Method: Wigs were ground into a fine powder by using liquid nitrogen and
then immersed in 5 mL of 0.1M MBH overnight. The mixture was centrifuged prior to
spectroscopic measurements.

Spectroscopic methods: The absorption spectra of the wings before and aftecttra

were collected by using UWVis spectrophotometer (PerkinElemer Lambda 25).
Fluorescence measurements were collected odobin Yvon Horiba Fluoroma8xusing an
excitation slit of 2 nm, emission slit of 5 nm, and an integration time of 1 nm/s.

The absrbance and reflectance spectra of the wings were collected using\di$/Varian

Cary 5000 Integrating sphere. Forewings were mounted onto a glass microscope slide and
wings were exposed directly to incident light.

The mass data was collected using a-LORMS Agilenhodel G6230A highesolution
highrmass accuracy timef-flight mass spectrometer. Wing samples were extracted by
clipping an identical area to accurately compare mass concentration within the wings.
Optical Micrographs of the wings have Ilmeeollected using a Leica DMI 3000 B
microscope equipped with a digital camera.

SEM details: Scanning electron microscopy (SEM) was used to quantify wing pigmentation

in P. rapaeforewings. Wings of a single individual were detached from the thorax, with
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one forewing extracted in 0.1M NBH solution for pigment extractions (see above for
detailed methods) and the other forewing imaged using an SEM for comparison of
extracted vs. norextracted wingpigment density of the same individual. Wings used for
SEM were affixed with carbon tape and sputter coated with platinum. Images were taken
using a Hitachi-8700 Field Emission Scanning Electron Microscopebdt\2 voltage for

each individual wing.
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'
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Figure8-5. SEM images of a &b) male wing before extraction and c) after extraction and

d & e) female wing before extraction f) after extraction
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Figure8-6. Optical micrographs of a) female wing before extraction b) male wiefpre

extraction c) female wing after extraction d) male wing after extraction
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U 2) Incorporation ofzido in protein systemsfGFp
Superfoldergreenfluorescentprotein (sSfGFP)s Monomeric, has 247 Residues, 28 kDa,
residue 135 in Red (SolveExposed) (SASA=100 A2), residue 149 in Blue (Partially Buried)
G{!'{!'Tpp RNKES i BE-hekEGFP is an ideal model system for visible
confirmation of protein expressiopNsPhe was incorporated at the 133 site (sfaR3-
pN3Phe) on a flexibledp and the 149 site (S[GARYpNst KS0 2y ( K$HarrdlA RS

with the side chain facing solverit(Figures-7)

The 2D IR study of 3 m8IGFP1L49-pNsPhein 20 mM HEPES buffer (pH 7.5) solution was
performed. The results were compared with theadido phenylalanine (AzidoPhe)
sample. The 2D IR data of battGFPL49-pNsPheand 4-AzidoPhevere collectedfrom O

to 2ps.(Figure88)

The vibrational lifetimeand correlation decay of these two samples have been obtained

and compared.

The vibrational lifetime of AzidoPhe was fitted to a{gixponential decay, (Figure 2)

O T ADTD X ADD

®
p o@ PQiI P ¢ BugQi

The error bars for the times are 94dnd 255 fs, respectively.

The determined vibrational lifetime decay fefGFPL49-pNsPhe was best fitted to a
single exponential decay. The vibrational lifetime was measured #bBe9+39 favhich

is faster than the 4AzidoPhe data. (FiguB9)

2 ¥
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The following is the data for GFP compared to th@zddoPhe. | found the vibrational
lifetimes along with the correlation decays. The correlation decays were found by using
the tangential line slope along with the CLS where the CLS | varied the nuhgménts
plotted. | averaged the slopes to find the correlation. Also, | had three different data sets

for GFP and all three produced similar results.
Correlation Decay:

The correlation decay of these two samples was determined by utilizing the derger

slope (CLS) method.

The initial slope is higher for the-akidophe compared to thesfGFPL49-pNsPhe

4azidophe CLS data is fitted best with @®kponential of so

’ AoD ® ™cADD ®
® T o § oQi < W o aQi

With error bars of 58 fs and 116 fgspectively.

The correlation decay time fasfGFPL49-pNsPhe fitted with a single exponential, is
362.47+90 fs, therefore there is a faster dephasingsf@FPL49-pN3Phe compare to-4

AzidoPhe as the correlation decay is faster.(Fi@t6)

U 3)Extendng the Azideprobe Lifetime
Extending the vibrational lifetime for the commonly used vibrational reporter of dynamics
for biological systems can allow for detection of dynamics on longer timestThée.

vibrational lifetime value relates towhen the signd strength has decayed by
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approximately 1/e By extending the timescale for commonly used vibrational reporters
such azidegprobe. The motion dynamics beyond simple bond rotations such as
folding/unfolding in RNA molecules as well as profgiatein binding equilibrium can be

investigated by utilizing azidorobe 2

For extending the vibrational lifetime of azideibrational reporter several molecular
scaffolds have been synthesized and characterizbd.pumpprobe measurements have
been performed on these affolds. The vibrational lifetimes for the azigpoobe in each

sample hae been determined. These results have been summarized in Bable

Based on the pumprobe data, the vibrational lifetime of azidoeporter has been
extended in these scaffolds. Lger lifetime was detected with the isotope labelitiNz

in the samples incorporated 3 phenyl rings. No significant change in the vibrational
lifetime was detected for the B®&nN sample upon isotope editing. These results suggest
that the isotope labeling affects the ring mode significantly. A gradual increase of the fast
component of the vibrational lifetime was seen from C to Sn atom replacement. The
vibrational lifetime of azid-probe was extended to as long as 320 ps for theCPNL.

This lifetime extension can be beneficial for conformational dynamic studies in large

biomolecules(Figure8-6)
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Table8-2. Experimentalibrationallifetimesfor variousmolecularscaffolds

Molecule | Experimental Experimental Experimental Experimental
Vibrational Extinction Coefficient| Isotopic Shiftt (cnT | Vibrational Lifetimes
Frequency(cnt?) (M*tcmt) ) (ps)of

Major &  Minor
Components
0,
PRCN | 2101.3 1500 1.7(87%) 52 (13%)
15 - 9
PhC5Ns | 2033.6 67.7 2.4(94%) 320(6.2%
. 0,
PhSiN | 2143.6 900 1.6(77%) 8.8(23%)
5 _ 0,
PhSINs | 2072.6 71.0 1.9(87%) 135 (1305)
0,
PhSnN | 2076.6 1300 4.0(83%) |3 (1706)
5 N 0
PheSHN; | 2008.2 68.4 6.0(86%) |53 (1496)
0
BwSnN | 2073.1 1500 7.4(76%) 2.5(24%)
5 N 0
BwSri®Ns | 2004.7 68.4 7.1(95%) 64 (5%)

lIsotopic shift calculated by subtracting the unlabeled N3 frequency from

frequency.

the 15N
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Figure 87. Structure of wildtype sfGFP(PDB ID 2B3P) with the 133 and 149 sites

labelled
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Figure8-8. Vibrational lifetime decay of 4AzidoPhe
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Figure 89. Vibrational lifetime decay o6fGFP149-pNs:Phe
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Figure 810. 2D IR spectrum aff GFPL49-pNsPheat T=200fs
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Figure 811. Correlation decay of-AzidoPhe (red) andfGFPL49-pNsPhe(blue)
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