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ABSTRACT: Vibrational spectroscopy is a powerful tool used to analyze biological and ? —
chemical samples. However, in proteins, the most predominant peaks that arise from the € o &

backbone amide groups overlap one another, hampering site-specific analyses. Isotope | ~ . f

editing has provided a robust, noninvasive approach to overcome this hurdle. In particular, T \“’T/ ~ o<

the 1-*C="°0 and 1-*C="20 labels that shift the amide I vibrational mode have enabled H T ——

1D- and 2D-IR spectroscopy to characterize proteins with excellent site-specific resolution.

Herein, we expand the vibrational spectroscopy toolkit appreciably by introducing the 1-'*C='N probe at specific locations along
the protein backbone. A new, isotopically edited amide II peak is observed clearly in the spectra despite the presence of unlabeled
modes arising from the rest of the protein. The experimentally determined shift of —30 cm™" is reproduced by DFT calculations
providing further credence to the mode assignment. Since the amide II mode arises from different elements than the amide I mode,
it affords molecular insights that are both distinct and complementary. Moreover, multiple labeling schemes may be used
simultaneously, enhancing vibrational spectroscopy’s ability to provide detailed molecular insights.

Infrared (IR) spectroscopy measures excited vibrational I mode by ca. 64 cm™. The dual-isotope approach results in
energy levels of polarizable bonds. Consequently, IR near-baseline resolution of the labeled site and is now the
spectroscopy has been used extensively as a tool to investigate preferred probe for IR spectroscopy of proteins.34_39 The
numerous different analytes, such as determining the chemical advent of 2D-IR, having relied on such amide I probes, has

composition of geological' and plant samples;” characterizing 40,41

. 326 1 L . :
natural and synthetic polymers; 1d7e£1;clfy1ng bacterial species Herein, we aim to expand the vibrational spectroscopy tool kit
through their unique IR spectrum;’™" as well as analyzing

even further by developing a site-specific, isotope-edited amide
biological tissues'® and fluids to diagnose medical conditions, Y ping P ’ P

. 113 1II mode.
such as cancer, dementia, and stroke. . L .
. The amide II vibrational mode is mostly an out-of-phase
IR spectroscopy has also been used to analyze protein

structures through peptide bond vibrations. Of particular notice combma3t11 on of the N—H in-plane b.end and th‘e C=N bond
has been the determination of protein secondary structure,"*~' stretch.™" Consequently, deuteration by Miyazawa and

revolutionized the capabilities of vibrational spectroscopy.

orientation,'”'® and measurements of hydrogen exchange colleagues®” has shown to result in a shift to lower frequencies
profiles.'” However, because the peak-width of individual by 92 cm™". However, it is challenging to employ deuteration for
amide modes is significantly larger than the separation between site-specific analyses since the amide deuterium readily
the distinct peaks, IR spectroscopy has been mostly limited to exchanges with the bulk solvent, thereby scrambling the unique
measuring average protein properties, rather than a detailed signal.
structural investigation. A different isotope editing strategy utilizing groups that do not
To overcome this inherent limitation, the laboratories of undergo exchange is required to avoid label scrambling. To that
Krimm, ROthSChﬂd, Siebert, Gerwert, and others developed end, one mlght consider employing 13C or 15I\]_ However,
isotopic labeling approaches to isolate individual groups in previous studies have shown that the individual shifts produced

model compounds,” dipeptides,”’ and tripeptides.”” Studies
were also performed on proteins in which all glycines,”
aspartates,”” tyrosines,”> ">’ or prolines’*’ were uniformly
labeled.

In 1991, Tadesse, Nazarbaghi, and Walters transformed IR
spectroscopy to a tool capable of probing any individual site in
proteins, regardless of its sequence.’” The authors introduced
1-3C labeling that downshifts the amide I vibrational mode
(mostly the C=O stretch®") by ca. 36cm™. A further
improvement to the isotope-editing of the amide I mode was
achieved by double labeling:*>** 3 C="80 that shifts the amide

by such labeling strategies are insufficient since they are
appreciably smaller than the peak-width of the amide II mode
(ca. 23 cm™, as seen in Figure 2). In particular, "*C labeling

Received: April 4, 2021
Accepted: June 14, 2021

© XXXX American Chemical Society https://doi.org/10.1021/acs.jpclett.1c01073

W ACS PUbl ications 6634 J. Phys. Chem. Lett. 2021, 12, 6634—6638


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esther+S.+Brielle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Isaiah+T.+Arkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.1c01073&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01073?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01073?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01073?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01073?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01073?fig=tgr1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01073?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

shifts the amide II peak by 12—13 cm™', and "*N labeling shifts
the amide II peak by 14—15 cm™".***

One possibility to overcome the small shift of single isotopic
substitution is to employ dual labels, as was done with *C and
80 for the amide I mode.””** Indeed, a study employing
uniform metabolic labeling of yeastolates with '*C and '*N
resulted in a single amide II peak shifted by 29 cm™.*
Therefore, we decided to examine if we can observe two
amide II peaks simultaneously in the same peptide: one from
unlabeled resonances and the other from the *C=! N peptide
bond, which serves as the site-specific spectroscopic probe.

As a model system, we used WALP19, a bitopic (single pass),
transmembrane, a-helical peptide*® reconstituted in lipid
vesicles. We measured two variants, both with an identical
sequence: the first is an unlabeled WALP19 peptide, and the
second is a labeled peptide with the new 1-3C="5N label present
three times in alternating amide groups, as shown in Figure 1.

GWWLALALALALALALWWA, L =1-2C, A="N

Figure 1. Sequence of the isotopically labeled WALP19 peptide*® used
in the study. Red and blue amino acids were labeled with 1-*C or N,
respectively, generating three doubly labeled peptide bonds.

While future studies may be required to analyze different label
distributions, we decided to adopt the approach of Tadesse and
co-workers by examining multiple juxtaposed labels.*’

The FTIR spectra of the two peptides reconstituted in
hydrated lipid bilayers are presented in Figure 2. A comparison
between the labeled and unlabeled peptides indicates that the
BC-BN labeling impacts both the amide I and amide II
vibrational modes.

Both peptides exhibit a similarly pronounced amide I peak
centered at 1660 cm™" indicative of the high-helical content of
WALP19.*® The 3 cm™! difference between the two peaks may
arise from the partial uncoupling of the amide I mode due to
energy differences between labeled and unlabeled groups.*’
Furthermore, the labeled peptide exhibits an additional amide I
peak at 1615 cm™. As stated above, a shift to a lower frequency
of this magnitude results from 1-*C="°0 labeling and is used
to isolate the amide I vibrational mode.* Finally, we note that
both peptides are isotopomeric, and therefore, their structures
should be indistinguishable. As such, any differences in IR peak
locations or characteristics are expected to arise solely due to the
impact of the isotopic labeling on the vibrational modes of the
system.

Importantly, the amide II vibrational mode is also affected by
the 1-C=""N isotopic labeling. While the principal peak’s
location, centered at 1545 cm™, remains constant, isotopic

labeling results in a new mode centered at 1515 cm™'. Fourier
self-deconvolution points to the emergence of a new peak at that
location due to *C=""N labeling.

To verify that the new peak is indeed an isotopically edited
amide II mode, we conducted DFT calculations. Since peptides
are too large for such calculations, we conducted calculations of
two systems: (i) a single N-methylacetamide (NMA),
representing one peptide bond, and (ii) three N-methylaceta-
mides positioned according to the coordinates of a model helix
at the exact location of residues involved in canonical H-
bonding: i,i — 4, and i + 4 (see Figure S1). The latter system may
be viewed as the smallest molecular mimetic of an H-bonded
helical peptide bond.

Three isotopic configurations were used for both the single
and triple N-methylacetamide systems (see Figure S1): (1) The
peptide carbonyl carbon was isotopically labeled with *C. (2)
The peptide amide nitrogen was isotopically labeled with °N.
(3) Both the peptide carbonyl carbon and the peptide amide
nitrogen were isotopically labeled (1-'>C=""N). The results of
the frequency calculations of the amide I and amide II modes,
shown in Table 1, are in excellent agreement with the
experimental measurements. Specifically, the peptide bond’s
dual-labeling resulted in a calculated shift to lower frequency by
27 and 33.6 cm™" for the single and triple N-methylacetamide
systems, respectively. Despite the simplistic nature of the system
used in the calculations, the value is very similar to the 30 cm™"
shift that was measured experimentally (Figure 2). Taken
together, the calculations confirm the identity of the new peak as
a 1-C=""N amide II mode.

This new labeling scheme provides the same advantages as
those of amide I labels’>* but for the amide II band. Both of
these labels yield an isotope-edited peak that can be examined in
the presence of an unlabeled background, facilitating spectro-
scopic examination of features in a protein in a site-specific
manner. Moreover, since the N—H bend is a major component
of the amide II mode,”" this label can provide us direct
information on N—H bond energies, local polar environments,
direct site-specific monitoring of H exchange, and the
measurement of canonical H-bond strengths.

Perhaps even more importantly, the new label could allow us
to simultaneously look at two separate sites: the 1-*C='%0
amide I peak and the 1-BC~"N amide II peak. In addition, since
the transition dipole moments of both modes are appreciably
different from one another,>" orientational studies of both labels
would provide excellent constraints for structural analyses. One
may even envisage a single peptide group that is triply labeled:
SN=1C-180, generating two new isotopically edited peaks.

It is noteworthy that, as opposed to the 1-*C="%0 amide I
label, which is not yet commercially available,** the 1-3C=""N

Table 1. Calculated and Measured Spectral Shifts”

amide I shift (—em™)

amide IT shift (—cm™)

DET DET
label NMA triple NMA FTIR NMA triple NMA FTIR
1-BC 43 39 364030324344 11 19 12—13434
SN 0 5 0—1%"% 17 15 14—1787%

1-8C-BN 44 48 46, 39% 27 34 30,7 29%

“Spectral shifts calculated by DFT or measured experimentally by FTIR of the amide I and amide II peaks that result from the isotopic labeling
schemes seen in Figure S1. Two systems were used in the DFT calculations: a single N-methylacetamide (NMA) or three H-bonded N-
methylacetamides (for details, see the text and Figure S1). The shifts are calculated relative to the same system without any isotopic labels.

bExperimental results obtained in the current study.
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Figure 2. FTIR spectra of WALP peptides in hydrated 1,2-dimyristoyl-
sn-glycero-3-phosphocholine lipid bilayers. Spectra of 1-'3C=""N
labeled and unlabeled peptides are depicted in teal and black,
respectively. (a) Spectra in the amide I and amide II regions; (b)
Fourier self-deconvoluted spectra in the region of the amide II mode.

label can easily be purchased by combining two readily available
amino acids, one with 1-3C and the following with ISN.
Insertion into larger proteins may be possible through
developments in peptide ligation*”~>" and perhaps even utilizing
expanded genetic code technologies.>”

Future studies will be needed to establish the behavior of the
new 1-C-'*N label when placed in different secondary
structural elements. For example, does the site-specific amide
II probe broaden extensively in a random coil setting like the
amide I group?”” The stability of the WALP peptide in lipid
bilayers precludes such experiments.”* Similarly, do adjacent
labels behave differently in comparison to individual sites? The
presence or absence of vibrational coupling may impact the
location of such peaks.*”

Vibrations arising from side-chain groups may overlap the
1-3C=!5N peak. In particular, one should mention tyrosine and
tryptophan side-chains that resonate around 1510 cm™" (see the
following comprehensive review’>). The above notwithstand-
ing, the 1-"3C="°N label is clearly visible in the peptide used in
the current study, despite the fact that it contains four
tryptophans. Finally, difference spectroscopy can always be
employed when spectral resolution is an issue, even though it
was not required in the current system.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01073.

Detailed description of the methods and a figure depicting
the different configurations used in the DFT calculations
(PDF)

6636

B AUTHOR INFORMATION

Corresponding Authors

Esther S. Brielle — The Alexander Grass Center for
Bioengineering, Benin School of Computer Science and
Engineering, The Hebrew University of Jerusalem, Jerusalem
9190400, Israel; © orcid.org/0000-0002-6114-0301;
Email: esther.brielle@mail huji.ac.il

Isaiah T. Arkin — The Alexander Silberman Institute of Life
Sciences. Department of Biological Chemistry, The Hebrew
University of Jerusalem, Jerusalem 9190400, Israel;

orcid.org/0000-0002-7659-1746; Email: arkin@huji.ac.il

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.1c01073

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported in part by grants from the binational
science foundation (2013618), the Israeli ministry of science,
and the Israeli science foundation (175/13, 948/19). LT.A. is
the Arthur Lejwa Professor of Structural Biochemistry at the
Hebrew University of Jerusalem.

B REFERENCES

(1) Madejové, J. FTIR Techniques in Clay Mineral Studies. Vib.
Spectrosc. 2003, 31, 1-10.

(2) Tiirker-Kaya, S.; Huck, C. W. A Review of Mid-Infrared and Near-
Infrared Imaging: Principles, Concepts and Applications in Plant Tissue
Analysis. Molecules 2017, 22, 168.

(3) Pandey, K. K. A. Study of Chemical Structure of Soft and
Hardwood and Wood Polymers by FTIR Spectroscopy. J. Appl. Polym.
Sci. 1999, 71, 1969—1975.

(4) Gulmine, J.; Janissek, P.; Heise, H.; Akcelrud, L. Polyethylene
Characterization by FTIR. Polym. Test. 2002, 21, 557—563.

(5) Ibarra, J.; Mufioz, E.; Moliner, R. FTIR Study of the Evolution of
Coal Structure During the Coalification Process. Org. Geochem. 1996,
24, 725-738S.

(6) Haris, P. L; Severcan, F. FTIR Spectroscopic Characterization of
Protein Structure in Aqueous and Non-Aqueous Media. J. Mol. Catal. B:
Enzym. 1999, 7, 207—221.

(7) Naumann, D.; Helm, D.; Labischinski, H. Microbiological
Characterizations by FT-IR Spectroscopy. Nature 1991, 351, 81—82.

(8) Zarnowiec, P.; Lechowicz, L.; Czerwonka, G.; Kaca, W. Fourier
Transform Infrared Spectroscopy (FTIR) as a Tool for the
Identification and Differentiation of Pathogenic Bacteria. Curr. Med.
Chem. 20185, 22, 1710—1718.

(9) Schmitt, J.; Flemming, H.-C. FTIR-Spectroscopy in Microbial and
Material Analysis. Int. Biodeterior. Biodegrad. 1998, 41, 1—11.

(10) Movasaghi, Z.; Rehman, S.; ur Rehman, D. 1. Fourier Transform
Infrared (FTIR) Spectroscopy of Biological Tissues. Appl. Spectrosc.
Rev. 2008, 43, 134—179.

(11) Butler, H. J.; Brennan, P. M.; Cameron, J. M.; Finlayson, D.;
Hegarty, M. G.; Jenkinson, M. D.; Palmer, D. S.; Smith, B. R.; Baker, M.
J. Development of High-Throughput ATR-FTIR Technology for Rapid
Triage of Brain Cancer. Nat. Commun. 2019, 10, 4501.

(12) Lopes, J.; Correia, M.; Martins, L; Henriques, A. G.; Delgadillo,
I; da Cruz E Silva, O.; Nunes, A. FTIR and Raman Spectroscopy
Applied to Dementia Diagnosis Through Analysis of Biological Fluids.
J. Alzheimer's Dis. 2016, 52, 801—812.

(13) Blat, A; Dybas, J.; Chrabaszcz, K; Bulat, K; Jasztal, A;
Kaczmarska, M.; Pulyk, R.; Popiela, T.; Slowik, A,; Malek, K,; et al.
FTIR, Raman and AFM Characterization of the Clinically Valid
Biochemical Parameters of the Thrombi in Acute Ischemic Stroke. Sci.
Rep. 2019, 9, 15475.

https://doi.org/10.1021/acs.jpclett.1c01073
J. Phys. Chem. Lett. 2021, 12, 6634—6638


https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01073?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01073/suppl_file/jz1c01073_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esther+S.+Brielle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6114-0301
mailto:esther.brielle@mail.huji.ac.il
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Isaiah+T.+Arkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7659-1746
https://orcid.org/0000-0002-7659-1746
mailto:arkin@huji.ac.il
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01073?ref=pdf
https://doi.org/10.1016/S0924-2031(02)00065-6
https://doi.org/10.3390/molecules22010168
https://doi.org/10.3390/molecules22010168
https://doi.org/10.3390/molecules22010168
https://doi.org/10.1002/(SICI)1097-4628(19990321)71:12<1969::AID-APP6>3.0.CO;2-D
https://doi.org/10.1002/(SICI)1097-4628(19990321)71:12<1969::AID-APP6>3.0.CO;2-D
https://doi.org/10.1016/S0142-9418(01)00124-6
https://doi.org/10.1016/S0142-9418(01)00124-6
https://doi.org/10.1016/0146-6380(96)00063-0
https://doi.org/10.1016/0146-6380(96)00063-0
https://doi.org/10.1016/S1381-1177(99)00030-2
https://doi.org/10.1016/S1381-1177(99)00030-2
https://doi.org/10.1038/351081a0
https://doi.org/10.1038/351081a0
https://doi.org/10.2174/0929867322666150311152800
https://doi.org/10.2174/0929867322666150311152800
https://doi.org/10.2174/0929867322666150311152800
https://doi.org/10.1016/S0964-8305(98)80002-4
https://doi.org/10.1016/S0964-8305(98)80002-4
https://doi.org/10.1080/05704920701829043
https://doi.org/10.1080/05704920701829043
https://doi.org/10.1038/s41467-019-12527-5
https://doi.org/10.1038/s41467-019-12527-5
https://doi.org/10.3233/JAD-151163
https://doi.org/10.3233/JAD-151163
https://doi.org/10.1038/s41598-019-51932-0
https://doi.org/10.1038/s41598-019-51932-0
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01073?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01073?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01073?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01073?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01073?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(14) Byler, D. M.; Susi, H. Examination of the Secondary Structure of
Proteins by Deconvolved FTIR Spectra. Biopolymers 1986, 25, 469—
487.

(15) Bouchard, M.; Zurdo, J.; Nettleton, E. J.; Dobson, C. M,;
Robinson, C. V. Formation of Insulin Amyloid Fibrils Followed by
FTIR Simultaneously With CD and Electron Microscopy. Protein Sci.
2000, 9, 1960—7.

(16) Zandomeneghi, G.; Krebs, M. R. H; McCammon, M. G;
Findrich, M. FTIR Reveals Structural Differences Between Native /-
sheet Proteins and Amyloid Fibrils. Protein Sci. 2004, 13, 3314—3321.

(17) Fraser, R. D. B. The Interpretation of Infrared Dichroism in
Fibrous Protein Structures. J. Chem. Phys. 1953, 21, 1511—15185.

(18) Fraser, R. D. B. Interpretation of Infrared Dichroism in Axially
Oriented Polymers. J. Chem. Phys. 1958, 28, 1113—1115.

(19) Lenormant, H.; Blout, E. R. Origin of the Absorption Band at
1,550 cm.™" in Proteins. Nature 1953, 172, 770—1.

(20) Cheam, T.; Krimm, S. Vibrational Analysis of Crystalline
Diketopiperazine—I. Raman and ir. Spectra. Spectrochim. Acta A Mol.
Biomol. Spectrosc. 1984, 40, 481—501.

(21) Cheam, T.; Krimm, S. Vibrational Analysis of Cyclo(D-Ala-L-
Ala) in Two Crystalline Forms. Effect of Structure on Peptide Group
and CH Modes. Spectrochim. Acta A Mol. Biomol. Spectrosc. 1988, 44,
185-208.

(22) Deber, C. M. Evidence for f-Turn Analogs in Proline Peptides in
the Solid State. An Infrared Study. Macromolecules 1974, 7, 47—51.

(23) Suzuki, S.; Iwashita, Y.; Shimanouchi, T.; Tsuboi, M. Infrared
Spectra of Isotopic Polyglycines. Biopolymers 1966, 4, 337—350.

(24) Engelhard, M.; Gerwert, K; Hess, B.; Kreutz, W.; Siebert, F.
Light-Driven Protonation Changes of Internal Aspartic Acids of
Bacteriorhodopsin: An Investigation by Static and Time-Resolved
Infrared Difference Spectroscopy Using [4-'*CJaspartic Acid Labeled
Purple Membrane. Biochemistry 1985, 24, 400—407.

(25) Rothschild, K. J.; Roepe, P.; Ahl, P. L.; Earnest, T. N.; Bogomolni,
R. A;; Das Gupta, S. K;; Mulliken, C. M.; Herzfeld, J. Evidence for a
Tyrosine Protonation Change During the Primary Phototransition of
Bacteriorhodopsin at Low Temperature. Proc. Natl. Acad. Sci. U. S. A.
1986, 83, 347-51.

(26) Dollinger, G.; Eisenstein, L.; Lin, S. L.; Nakanishi, K.; Termini, J.
Fourier Transform Infrared Difference Spectroscopy of Bacteriorho-
dopsin and Its Photoproducts Regenerated With Deuterated Tyrosine.
Biochemistry 1986, 25, 6524—6533.

(27) Roepe, P.; Ahl, P. L.; Das Gupta, S. K.; Herzfeld, J.; Rothschild, K.
J. Tyrosine and Carboxyl Protonation Changes in the Bacteriorhodop-
sin Photocycle. 1. M412 and LS50 Intermediates. Biochemistry 1987,
26, 6696—6707.

(28) Rothschild, K. J.; He, Y. W.; Gray, D.; Roepe, P. D.; Pelletier, S.
L.; Brown, R. S.; Herzfeld, J. Fourier Transform Infrared Evidence for
Proline Structural Changes During the Bacteriorhodopsin Photocycle.
Proc. Natl. Acad. Sci. U. S. A. 1989, 86, 9832—S5.

(29) Gerwert, K; Hess, B.; Engelhard, M. Proline Residues Undergo
Structural Changes During Proton Pumping in Bacteriorhodopsin.
FEBS Lett. 1990, 261, 449—454.

(30) Tadesse, L.; Nazarbaghi, R.; Walters, L. Isotopically Enhanced
Infrared Spectroscopy: A Novel Method for Examining the Secondary
Structure at Specific Sites in Conformationally Heterogenous Peptides.
J. Am. Chem. Soc. 1991, 113, 7036—7037.

(31) Krimm, S.; Bandekar, J. Vibrational Spectroscopy and
Conformation of Peptides, Polypeptides, and Proteins. Adv. Protein
Chem. 1986, 38, 181—364.

(32) Torres, J.; Kukol, A.; Goodman, J. M.; Arkin, I. T. Site-Specific
Examination of Secondary Structure and Orientation Determination in
Membrane Proteins: The Peptidic *C = "*0 Group as a Novel Infrared
Probe. Biopolymers 2001, 59, 396—401.

(33) Torres, J.; Adams, P. D.; Arkin, I. T. Use of a New Label, *C =
180, in the Determination of a Structural Model of Phospholamban in a
Lipid Bilayer. Spatial Restraints Resolve the Ambiguity Arising From
Interpretations of Mutagenesis Data. J. Mol. Biol. 2000, 300, 677—68S5.

6637

(34) Manor, J.; Arbely, E.; Beerlink, A.; Akkawi, M.; Arkin, L. T. Use of
Isotope-Edited FTIR to Derive a Backbone Structure of a Trans-
membrane Protein. J. Phys. Chem. Lett. 2014, S, 2573-9.

(35) Buchanan, E. G.; James, W. H.,, 3rd; Choi, S. H,; Guo, L,
Gellman, S. H.; Miiller, C. W.; Zwier, T. S. Single-Conformation
Infrared Spectra of Model Peptides in the Amide I and Amide II
Regions: Experiment-Based Determination of Local Mode Frequencies
and Inter-Mode Coupling. J. Chem. Phys. 2012, 137, 094301.

(36) Fang, C.; Hochstrasser, R. M. Two-Dimensional Infrared Spectra
of the "*C = %0 Isotopomers of Alanine Residues in an a-Helix. J. Phys.
Chem. B 2005, 109, 18652—63.

(37) Tucker, M. J.; Abdo, M.; Courter, J. R;; Chen, J.; Brown, S. P.;
Smith, A. B, 3rd; Hochstrasser, R. M. Nonequilibrium Dynamics of
Helix Reorganization Observed by Transient 2D IR Spectroscopy. Proc.
Natl. Acad. Sci. U. S. A. 2013, 110, 17314—9.

(38) Kratochvil, H. T.; Carr, J. K.; Matulef, K.; Annen, A. W.; Li, H,;
Maj, M,; Ostmeyer, J.; Serrano, A. L.; Raghuraman, H.; Moran, S. D,;
et al. Instantaneous Ion Configurations in the K' Ion Channel
Selectivity Filter Revealed by 2D IR Spectroscopy. Science 2016, 353,
1040—1044.

(39) Shim, S.-H.; Gupta, R;; Ling, Y. L.; Strasfeld, D. B.; Raleigh, D. P.;
Zanni, M. T. Two-Dimensional IR Spectroscopy and Isotope Labeling
Defines the Pathway of Amyloid Formation With Residue-Specific
Resolution. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 6614—9.

(40) Zanni, M. T.; Gnanakaran, S.; Stenger, J.; Hochstrasser, R. M.
Heterodyned Two-Dimensional Infrared Spectroscopy of Solvent-
Dependent Conformations of Acetylproline-NH,. J. Phys. Chem. B
2001, 10S, 6520—653S.

(41) Hamm, P.; Lim, M.; DeGrado, W. F.; Hochstrasser, R. M. The
Two-Dimensional IR Nonlinear Spectroscopy of a Cyclic Penta-
Peptide in Relation to Its Three-Dimensional Structure. Proc. Natl.
Acad. Sci. U. S. A. 1999, 96, 2036—2041.

(42) Miyazawa, T.; Shimanouchi, T.; Mizushima, S. Normal
Vibrations of N-Methylacetamide. J. Chem. Phys. 1958, 29, 611—616.

(43) Muhamadali, H,; Chisanga, M.; Subaihi, A,; Goodacre, R.
Combining Raman and FT-IR Spectroscopy With Quantitative
Isotopic Labeling for Differentiation of E. Coli Cells at Community
and Single Cell Levels. Anal. Chem. 20185, 87, 4578—86.

(44) Noguchi, T.; Sugiura, M. Analysis of Flash-Induced FTIR
Difference Spectra of the S-State Cycle in the Photosynthetic Water-
Oxidizing Complex by Uniform N and "*C Isotope Labeling.
Biochemistry 2003, 42, 6035—6042.

(45) Egorova-Zachernyuk, T. A.; Bosman, G. J. C. G. M,; Pistorius, A.
M. A,; DeGrip, W. J. Production of Yeastolates for Uniform Stable
Isotope Labelling in Eukaryotic Cell Culture. Appl. Microbiol.
Biotechnol. 2009, 84, 575—81.

(46) Killian, J. A.; Salemink, L; de Planque, M. R. R.; Lindblom, G.;
Koeppe, R. E.; Greathouse, D. V. Induction of Nonbilayer Structures in
Diacylphosphatidylcholine Model Membranes by Transmembrane a-
Helical Peptides: Importance of Hydrophobic Mismatch and Proposed
Role of Tryptophans. Biochemistry 1996, 35, 1037—1045.

(47) Huang, R.; Kubelka, J.; Barber-Armstrong, W.; Silva, R. A. G. D.;
Decatur, S. M.; Keiderling, T. A. Nature of Vibrational Coupling in
Helical Peptides: an Isotopic Labeling Study. J. Am. Chem. Soc. 2004,
126, 2346—54.

(48) Marecek, J.; Song, B.; Brewer, S.; Belyea, J.; Dyer, R. B.; Raleigh,
D. P. A Simple and Economical Method for the Production of '*C,"#0-
Labeled Fmoc-Amino Acids With High Levels of Enrichment:
Applications to Isotope-Edited IR Studies of Proteins. Org. Lett.
2007, 9, 4935—7.

(49) Kent, S. B. H. Novel Protein Science Enabled by Total Chemical
Synthesis. Protein Sci. 2019, 28, 313—328.

(50) Dhayalan, B.; Fitzpatrick, A.; Mandal, K.; Whittaker, J.; Weiss, M.
A.; Tokmakoff, A.; Kent, S. B. H. Efficient Total Chemical Synthesis of
BC = 0 Isotopomers of Human Insulin for Isotope-Edited FTIR.
ChemBioChem 2016, 17, 415—20.

(51) Dawson, P. E.; Muir, T. W.; Clark-Lewis, L; Kent, S. B. Synthesis
of Proteins by Native Chemical Ligation. Science 1994, 266, 776—9.

https://doi.org/10.1021/acs.jpclett.1c01073
J. Phys. Chem. Lett. 2021, 12, 6634—6638


https://doi.org/10.1002/bip.360250307
https://doi.org/10.1002/bip.360250307
https://doi.org/10.1110/ps.9.10.1960
https://doi.org/10.1110/ps.9.10.1960
https://doi.org/10.1110/ps.041024904
https://doi.org/10.1110/ps.041024904
https://doi.org/10.1063/1.1699290
https://doi.org/10.1063/1.1699290
https://doi.org/10.1063/1.1744353
https://doi.org/10.1063/1.1744353
https://doi.org/10.1038/172770a0
https://doi.org/10.1038/172770a0
https://doi.org/10.1016/0584-8539(84)80081-1
https://doi.org/10.1016/0584-8539(84)80081-1
https://doi.org/10.1016/0584-8539(88)80243-5
https://doi.org/10.1016/0584-8539(88)80243-5
https://doi.org/10.1016/0584-8539(88)80243-5
https://doi.org/10.1021/ma60037a010?ref=pdf
https://doi.org/10.1021/ma60037a010?ref=pdf
https://doi.org/10.1002/bip.1966.360040307
https://doi.org/10.1002/bip.1966.360040307
https://doi.org/10.1021/bi00323a024?ref=pdf
https://doi.org/10.1021/bi00323a024?ref=pdf
https://doi.org/10.1021/bi00323a024?ref=pdf
https://doi.org/10.1021/bi00323a024?ref=pdf
https://doi.org/10.1073/pnas.83.2.347
https://doi.org/10.1073/pnas.83.2.347
https://doi.org/10.1073/pnas.83.2.347
https://doi.org/10.1021/bi00369a028?ref=pdf
https://doi.org/10.1021/bi00369a028?ref=pdf
https://doi.org/10.1021/bi00395a020?ref=pdf
https://doi.org/10.1021/bi00395a020?ref=pdf
https://doi.org/10.1073/pnas.86.24.9832
https://doi.org/10.1073/pnas.86.24.9832
https://doi.org/10.1016/0014-5793(90)80613-N
https://doi.org/10.1016/0014-5793(90)80613-N
https://doi.org/10.1021/ja00018a052?ref=pdf
https://doi.org/10.1021/ja00018a052?ref=pdf
https://doi.org/10.1021/ja00018a052?ref=pdf
https://doi.org/10.1016/S0065-3233(08)60528-8
https://doi.org/10.1016/S0065-3233(08)60528-8
https://doi.org/10.1002/1097-0282(200111)59:6<396::AID-BIP1044>3.0.CO;2-Y
https://doi.org/10.1002/1097-0282(200111)59:6<396::AID-BIP1044>3.0.CO;2-Y
https://doi.org/10.1002/1097-0282(200111)59:6<396::AID-BIP1044>3.0.CO;2-Y
https://doi.org/10.1002/1097-0282(200111)59:6<396::AID-BIP1044>3.0.CO;2-Y
https://doi.org/10.1006/jmbi.2000.3885
https://doi.org/10.1006/jmbi.2000.3885
https://doi.org/10.1006/jmbi.2000.3885
https://doi.org/10.1006/jmbi.2000.3885
https://doi.org/10.1021/jz501055d?ref=pdf
https://doi.org/10.1021/jz501055d?ref=pdf
https://doi.org/10.1021/jz501055d?ref=pdf
https://doi.org/10.1063/1.4747507
https://doi.org/10.1063/1.4747507
https://doi.org/10.1063/1.4747507
https://doi.org/10.1063/1.4747507
https://doi.org/10.1021/jp052525p?ref=pdf
https://doi.org/10.1021/jp052525p?ref=pdf
https://doi.org/10.1073/pnas.1311876110
https://doi.org/10.1073/pnas.1311876110
https://doi.org/10.1126/science.aag1447
https://doi.org/10.1126/science.aag1447
https://doi.org/10.1073/pnas.0805957106
https://doi.org/10.1073/pnas.0805957106
https://doi.org/10.1073/pnas.0805957106
https://doi.org/10.1021/jp0100093?ref=pdf
https://doi.org/10.1021/jp0100093?ref=pdf
https://doi.org/10.1073/pnas.96.5.2036
https://doi.org/10.1073/pnas.96.5.2036
https://doi.org/10.1073/pnas.96.5.2036
https://doi.org/10.1063/1.1744547
https://doi.org/10.1063/1.1744547
https://doi.org/10.1021/acs.analchem.5b00892?ref=pdf
https://doi.org/10.1021/acs.analchem.5b00892?ref=pdf
https://doi.org/10.1021/acs.analchem.5b00892?ref=pdf
https://doi.org/10.1021/bi0341612?ref=pdf
https://doi.org/10.1021/bi0341612?ref=pdf
https://doi.org/10.1021/bi0341612?ref=pdf
https://doi.org/10.1007/s00253-009-2063-z
https://doi.org/10.1007/s00253-009-2063-z
https://doi.org/10.1021/bi9519258?ref=pdf
https://doi.org/10.1021/bi9519258?ref=pdf
https://doi.org/10.1021/bi9519258?ref=pdf
https://doi.org/10.1021/bi9519258?ref=pdf
https://doi.org/10.1021/ja037998t?ref=pdf
https://doi.org/10.1021/ja037998t?ref=pdf
https://doi.org/10.1021/ol701913p?ref=pdf
https://doi.org/10.1021/ol701913p?ref=pdf
https://doi.org/10.1021/ol701913p?ref=pdf
https://doi.org/10.1002/pro.3533
https://doi.org/10.1002/pro.3533
https://doi.org/10.1002/cbic.201500601
https://doi.org/10.1002/cbic.201500601
https://doi.org/10.1126/science.7973629
https://doi.org/10.1126/science.7973629
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01073?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(52) Wang, L.; Brock, A.; Herberich, B.; Schultz, P. G. Expanding the
Genetic Code of Escherichia Coli. Science 2001, 292, 498—500.

(53) Silva, R. A.; Kubelka, J.; Bour, P.; Decatur, S. M.; Keiderling, T. A.
Site-specific Conformational Determination in Thermal Unfolding
Studies of Helical Peptides Using Vibrational Circular Dichroism With
Isotopic Substitution. Proc. Natl. Acad. Sci. U. S. A. 2000, 97, 8318—23.

(54) Ulmschneider, M. B.; Doux, J. P. F.; Killian, J. A.; Smith, J. C.;
Ulmschneider, J. P. Mechanism and Kinetics of Peptide Partitioning
Into Membranes from All-Atom Simulations of Thermostable Peptides.
J. Am. Chem. Soc. 2010, 132, 3452—60.

(55) Barth, A. The Infrared Absorption of Amino Acid Side Chains.
Prog. Biophys. Mol. Biol. 2000, 74, 141—73.

6638

https://doi.org/10.1021/acs.jpclett.1c01073
J. Phys. Chem. Lett. 2021, 12, 6634—6638


https://doi.org/10.1126/science.1060077
https://doi.org/10.1126/science.1060077
https://doi.org/10.1073/pnas.140161997
https://doi.org/10.1073/pnas.140161997
https://doi.org/10.1073/pnas.140161997
https://doi.org/10.1021/ja909347x?ref=pdf
https://doi.org/10.1021/ja909347x?ref=pdf
https://doi.org/10.1016/S0079-6107(00)00021-3
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01073?rel=cite-as&ref=PDF&jav=VoR

