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Abstract

Infrared spectroscopy has played an instrumental role in studying a wide variety of biological 

questions. However, in many cases it is impossible or difficult to rely on the intrinsic vibrational 

modes of biological molecules of interest, such as proteins, to reveal structural and/or 

environmental information in a site-specific manner. To overcome this limitation, many recent 

efforts have been dedicated to the development and application of various extrinsic vibrational 

probes that can be incorporated into biological molecules and used to site-specifically interrogate 

their structural and/or environmental properties. In this Review, we highlight some recent 

advancements of this rapidly growing research area.
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1. INTRODUCTION

Molecular vibrations occur on the femtosecond timescale and their frequencies depend on 

the spatial arrangement and identities of the constituent atoms as well as the multiplicity of 

the related chemical bonds. Therefore, vibrational spectroscopy has played an indispensable 

role in the study of structure and dynamics in a wide variety of molecular systems in the gas 

phase. However, for peptides and proteins in the condensed phase, various inter- and intra-

molecular interactions, vibrational couplings, and energy degeneracies often render the 

intrinsic vibrational modes, such as those arising from polypeptide backbone units, difficult 

or even impossible to use for providing site-specific information regarding the structure and 

dynamics of the system in question. For this reason, many past and current efforts have been 

dedicated to alleviating this limitation and to enhancing the structural and spatial resolution 

of vibrational spectroscopy in the study of biological molecules, especially proteins (1, 2). In 
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this Review, we will focus on recent advances in the development of site-specific infrared 

(IR) probes and their applications to a variety of systems and problems.

As pointed out by Getahun et al. (3), for a vibrational mode to be useful as an ideal site-

specific probe of local structure, solvation status, electrostatics, and dynamics of proteins, it 

should meet several criteria. First and foremost, it must exhibit a strong dependence on the 

physical property of interest, such as the local electric field. In addition, it should be a 

simple, localized transition that is only sensitive to its immediate environment, since 

vibrational couplings and spectral overlap can complicate interpretation of the results. 

Furthermore, it should have a strong transition dipole moment so that low sample 

concentrations can be used. Also, it should be located in an uncongested region of the IR 

spectrum of the system of interest where the solvent also has a relatively low absorbance. 

Additionally, an extrinsic probe should cause minimal structural perturbation to the original 

system. Finally, for any extrinsic probe to be useful in practical applications, a method must 

exist to incorporate it into the system of interest. While this is an important and rapidly 

advancing area, a detailed discussion of how to site-specifically incorporate extrinsic 

spectroscopic probes into proteins and peptides is beyond the scope of this Review. 

However, we would like to note that the commonly-used methods to do so include solid-

phase peptide synthesis (4), amber codon suppression (5), amino acid replacement (6), 

native chemical ligation (7), and cysteine alkylation (8); we refer the interested reader to the 

relevant literature.

Here, we will review recent developments and applications of site-specific IR probes of 

proteins via the following categories: backbone-based and sidechain-based probes. In 

addition, we will describe, wherever appropriate, how some of these IR probes could be 

utilized to increase the structural and spatial resolution of linear and nonlinear IR 

spectroscopic measurements of proteins.

2. BACKBONE-BASED IR PROBES

Vibrational modes of the protein backbone encode a wealth of structural information. In 

particular, the amide I mode (1600–1700 cm−1), which arises mainly from the C=O 

stretching vibration, has been widely used in protein conformational studies owing to its 

sensitivity to various structural determinants. Since this topic has been extensively reviewed 

(9–15), here we will describe only a few recent examples, showing the utility of this 

vibrational mode as a site-specific environmental and/or structural reporter of proteins.

Isotope-editing is currently the method of choice for introducing a site-specific amide I 

probe into the protein backbone, which replaces a 12C=16O group with either 13C=16O 

or 13C=18O (16–21). Such an isotopic substitution induces a red-shift of the fundamental 

frequency of the amide I vibrator of interest, which is often sufficient to break up any 

couplings with other amide I modes, thus making the isotope-edited C=O group a 

vibrational reporter of local structures and environments. Since the amide I band of an 

isotope-edited backbone carbonyl unit could overlap with vibrational bands arising from 

various sidechains, such as arginine, glutamic acid and aspartic acid, care needs to be taken 

when applying this method. In addition, due to the natural abundance of 13C, the 13C=16O 
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labeling method may not be applicable to large proteins. Despite these drawbacks, the 

isotope-edited amide I mode has been employed in numerous studies of protein local 

environments and conformational changes.

In practice, the IR applications of the aforementioned isotope-editing strategy can be divided 

into two major classes. In the first class, the labeled C=O group is used as a stand-alone 

probe of the local structure and environment of proteins (22–26). Recent examples of this 

include studies of local hydration dynamics (27–29), protein folding thermodynamics and 

kinetics (30), ligand binding (31–33), peptide-membrane interactions (34, 35), and 

membrane peptide structure determination (36). In the second class, vibrational coupling 

between two or more labeled carbonyl groups is used to provide protein structural 

information at the secondary or tertiary level. An outstanding example demonstrating the 

power of this coupling strategy is the work of Hochstrasser and coworkers (37, 38), which 

showed that by assessing the vibrational dipole-dipole couplings of a set of well chosen pair 

of 13C=18O amide I vibrational modes via two dimensional infrared (2D IR) echo 

spectroscopy, it is possible to determine the three dimensional structure of a transmembrane 

(TM) helix dimer. As indicated (Fig. 1), this method is based on the idea that coupling 

between two degenerate amide I modes, the strength of which depends on distance, 

orientation and fundamental frequencies, leads to energy splitting and, thus, assessment of 

this coupling can yield structural information. In other words, by systematically labeling 

pairs of amide positions through the dimer contact region of the peptide sequence, one can 

obtain a large number of structural constraints, which, in conjunction with molecular 

dynamics (MD) simulations, can be used to generate a structural model for the molecule of 

interest. In principle, this vibrational coupling strategy can be applied to any peptide or 

protein system to yield single-residue level structural information, especially in structural 

regions where the dipole-dipole interaction mechanism is solely or predominantly 

responsible for the resultant coupling between the two isotope-edited vibrators. In a similar 

application, Zanni and coworkers (39) demonstrated that by strategically placing isotope-

edited backbone labels in an aggregation-prone peptide, vibrational coupling of the labeled 

residues could be used as an indicator of β-sheet formation. As shown (Fig. 2), this method 

is based on the notion that excitonic coupling among isotope labels on different peptides is a 

manifestation of the underlying spatial arrangement of these molecules and hence the 

structure of the aggregates. Using this strategy, Zanni and coworkers studied the aggregation 

mechanism of human islet amyloid polypeptide (hIAPP) and were able to identify a β-sheet-

like intermediate composed of several residues that are disordered in the structure of fully-

formed fibril. Similarly, Zanni and coworkers have also applied this strategy to elucidate the 

aggregation mechanism of other systems (40), including polyglutamine sequences (26), and 

gamma D-crystallin (41–44).

Similar to the coupling strategies discussed above, vibrational energy transfer between two 

site-specific vibrators could also be used to elucidate molecular structures or structural 

changes. As such, many studies have focused on determining and understanding the physical 

principles underlying this process (45–50). However, providing an in-depth account of this 

rapidly expanding field of research is beyond the scope of this Review.
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When combined with a fast initiation or triggering method, the isotope-editing strategies 

discussed above can be extended to acquire transient structural information of proteins at the 

single-residue level. For example, Hamm and coworkers (51, 52) used the photoswitchable 

isomerization of an azobenzene cross-linker to control the folding-unfolding equilibrium of 

a helical peptide and used isotope-edited amide I labels to assess the heterogeneity of its 

folding kinetics. Tokmakoff and coworkers (53) have shown that the combination of the 

laser-induced temperature-jump (T-jump) technique (54–56) with isotope-editing, 2D IR 

spectroscopy, and MD simulations can allow for a more detailed assessment of protein 

folding pathways and, in some cases, identification of previously undetected folding 

intermediates. In a more recent study, Hochstrasser and coworkers (57) demonstrated the 

feasibility of using transient 2D IR measurements to follow the local structural evolution of 

a distorted α-helix on the picosecond timescale, initiated by photocleavage of a tetrazine 

cross-linker. More specifically, using experimentally-determined vibrational coupling 

information from two isotope-edited amide C=O groups that were located at both ends of the 

tetrazine moiety, the authors were able to obtain site-specific structural constraints of the 

isotope-edited amide I pair such as dihedral angle and distance and then used these time-

dependent structural information to create molecular snapshots to follow the early 

conformational events in a “downhill” folding process. Taken together, these examples 

demonstrate the power of combining isotope-editing with transient 2D IR spectroscopy to 

elucidate structural and mechanistic details of protein conformational dynamics. With the 

further development and/or refinement of new and existing conformational triggering and 

detection methods, we believe that this methodology is capable of yielding ‘structure 

snapshots’ along the ‘reaction’ coordinate of interest.

The isotope-edited amide I mode will continue to be used to study various biological 

systems and questions due to its high extinction coefficient, minimal perturbation to protein 

native structures and relative ease of incorporation. Besides isotope-edited amide carbonyls, 

other potentially useful site-specific backbone IR probes include thioamides (58), 

selenoamides (59), and backbone esters (60, 61). While the utility of these moieties as 

vibrational probes has yet to be confirmed, the fact that they all moderately perturb the 

native structure of the peptide backbone will certainly limit their applications. On the other 

hand, we believe that these backbone-based probes are potentially useful in situations where 

such perturbations are either tolerable or desirable. Therefore, the popularity of this class of 

probes will continue to grow as future biological questions call for new methods of 

investigation.

3. SIDECHAIN-BASED IR PROBES

The unique chemical structure and identity of the protein backbone limit the diversity of 

potential backbone-based IR probes. On the other hand, the chemical diversity of protein 

sidechains makes it possible to create a large array of sidechain-based IR probes. In 

addition, since in vitro and in vivo methods for incorporating unnatural amino acids into 

proteins are becoming more refined and easier to use, the past few years have seen a rapid 

increase in the employment of various sidechain-based IR probes to study a wide variety of 

biological questions, ranging from protein folding to enzymatic reactions. For easy 

comparison, we summarize the basic spectroscopic properties of these probes in Table 1. 
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Through selective examples, below we will showcase some of their most recent 

applications.

3.1 C≡N Stretching Vibration

The frequency of the nitrile (C≡N) stretching vibration is in the range of 2100–2400 cm−1, a 

transparent region of the protein IR spectrum (62). In addition, various nitrile-containing 

unnatural amino acids are commercially available. Thus, the C≡N stretching vibration is 

among the very first sidechain-based extrinsic IR probes to be exploited to study biological 

processes. The extinction coefficient of the C≡N stretching vibration of alkyl nitriles in 

water is ~50 cm−1 M−1 (3), whereas that of aromatic nitriles is significantly larger (63–67). 

For example, the molar extinction coefficient of the C≡N stretching vibration of p-cyano-

phenylalanine (PheCN) in water is ~220 cm−1 M−1. As such, PheCN has become one of the 

most-widely used vibrational probes (68–71). Another common nitrile vibrational probe is 

thiocyanate (SCN), owing to its ease of incorporation into proteins via chemical 

modification of solvent-exposed cysteine sidechains (72–76). Below, we will present a few 

recent works to highlight the use of the C≡N stretching vibration as a site-specific IR probe 

to study various biological questions (77–79).

The first example demonstrates the novel use of this vibrational probe in elucidating the 

microscopic details underlying the protective action of a naturally occurring osmolyte, 

trimethylamine N-oxide (TMAO) (80). As indicated (Fig. 3), the study of Ma et al. (81) 

clearly shows that upon addition of TMAO the C≡N stretching frequency of PheCN in both 

a small peptide and a protein is red-shifted, which implies that the hydrogen bonds (H 

bonds) formed between the nitrile group and water are weakened. Using 2D IR 

spectroscopy, the authors further characterized the spectral diffusion dynamics of the C≡N 

stretching vibration. As shown (Fig. 3), the exponential decay component, which reflects the 

timescale of H bond fluctuations, becomes faster in the presence of TMAO, consistent with 

the notion that TMAO weakens the ability of water to form H bonds with the polar groups of 

a protein. What is more interesting, however, is that the static component, which arises from 

motions that are too slow to be resolved in these experiments, becomes larger with 

increasing TMAO concentration. In other words, a high concentration of TMAO makes the 

peptide become more rigid. A full analysis of the linear IR bands obtained in the presence 

and absence of TMAO using linear response theory also supports this picture. Based on 

these findings, the authors concluded that the protein-stabilizing ability of TMAO is realized 

through a combination of an enthalpy-driven effect, which weakens water-protein H bonds, 

and an entropy-driven or excluded volume effect, whereby TMAO acts as a nano-crowder 

(82).

Next, we describe examples showing how the C≡N stretching vibration can be used to 

interrogate the local electric field environment of proteins and, in particular, the role of 

electrostatics in determining the catalytic activity of enzymes (83–85). In one study, 

Herschlag and coworkers (86) used Vibrational Stark Effect (VSE) spectroscopy with the 

SCN probe, in conjunction with NMR measurements, to characterize how modulating the 

charge of a bound ligand (i.e., phenol) affects the local electrostatic environment in the 

active site of the bacterial enzyme ketosteroid isomerase. Specifically, by analyzing the 
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lineshape of the C≡N stretching vibration as well as the chemical shift of the nitrile moiety 

placed in the protein's binding pocket, they were able to develop a model to quantitatively 

determine the protonation states of the ligand and tyrosine residues in the enzyme active site 

in a site-specific manner, and account for how the protonation states of these moieties 

change as a function of the charge density of the ligand. In a similar application, Benkovic 

and coworkers (87) employed SCN to study the role of electrostatics at each stage of the 

catalytic cycle of dihydrofolate reductase (DHFR). Through a combination of IR and NMR 

measurements of the SCN probe and with the help of MD simulations and theoretical 

calculations, they were able to determine the changes in the structure and local electric field 

magnitude of the enzyme active site along the protein’s catalytic cycle. They found that 

variations in the local electric field due to changes in protein conformation play a large role 

in the hydride transfer ability of DHFR. Both of the examples discussed above highlight the 

utility of the C≡N stretching vibration in probing the local electrostatic environment of an 

enzyme active site. However, the described experiments were carried out under equilibrium 

conditions. Thus, an important extension of the method discussed above would be to 

perform time-resolved measurements to obtain kinetic insights into the role of electrostatics 

in enzyme catalysis.

The C≡N stretching vibration of nitriles has also found unique use in investigating the 

mechanism of ligand-protein interactions, especially in the context of drug binding and 

recognition. For example, Boxer and coworkers (88) were able to take advantage of the 

single C≡N group of bosutinib, a Src kinase inhibitor, and used it as an IR reporter to probe 

the molecular determinants for recognition and binding of this drug to Src kinase (Fig. 4). 

Based on extensive mutagenesis, IR measurements and the crystal structures of several 

variants of Src kinase, the authors were able to provide new insights into the role of a key 

residue, known as the gatekeeper residue, in determining and selecting for inhibitor binding. 

Also, they identified an additional part of the binding pocket that contains two structured 

water molecules, which form H bonds with the drug as well as with the binding pocket and 

thus connect it to a larger H-bonding network that collectively facilitates the underlying 

protein-drug binding interactions. The important role of structured water in drug binding 

was also studied by Hochstrasser and coworkers (89, 90), who examined the spectral 

diffusion dynamics of two nitrile vibrators in an anti-HIV drug, rilpivirine, when it is 

complexed with HIV-1 reverse transcriptase (RT). Their 2D IR results indicate that the 

C≡N group of the cinnamonitrile arm of rilpivirine is H-bonded to a structured water 

molecule close to the binding pocket (Fig. 5). It was proposed that this H bond plays an 

important role in stabilizing the bound drug because this water molecule also forms H bonds 

with residues in the protein binding site, thereby linking the drug to a larger H-bonding 

network. Furthermore, they speculated that the tolerance of rilpivirine to mutations in RT is 

due to the stabilization effect of this H-bonding network. Since many drug molecules 

contain the C≡N group and water molecules are frequently found in protein binding 

pockets, we believe that the methods discussed above can be extended to study the 

mechanism of ligand or drug binding of other biological systems, such as the Influenza A 

M2 proton channel (28, 91).

Beside the examples discussed above, there are many other interesting and important 

biological applications of the nitrile probe (69, 92–97). In addition, the effect of the local 
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electric field and hydration on the C≡N stretching frequency has also been extensively 

studied by means of theoretical and computational approaches (98–100). Due to space 

limitations, we are unable to describe these studies in detail and would like to refer the 

interested reader to relevant literature and two of the most recent reviews on nitrile probes 

(78, 98). Moreover, we would like to point out that aromatic nitriles, such as PheCN, also 

exhibit useful fluorescence properties, and some of them have been used to study protein 

folding and binding interactions (101–105). Another point worth mentioning is that some 

nitrile-containing chemical moieties, such as SeCN and OCN, have unusually long 

vibrational lifetimes (106, 107), making them appealing candidates for studying dynamic 

events occurring on the timescale of tens and even hundreds of picoseconds.

3.2 Azide Stretching Vibration

Similar to the C≡N stretching vibration, the asymmetric stretching vibration of azides (R-

N3) has also been actively used as a local environmental probe (108–116). Compared to that 

of nitriles, the azide stretching vibration has a larger extinction coefficient, making it more 

desirable when low sample concentrations are required. In addition, due to its utility in click 

chemistry, many methods are available to introduce an azide into proteins and several 

unnatural amino acids containing the azide moiety are commercially available. On the other 

hand, the azide stretching frequency shows a lesser dependence on solvent than that of C≡N 

and, in many cases, its vibrational band is accompanied by features arising from Fermi 

resonances, making it less attractive in certain applications (117). Examples that illustrate 

the IR applications of azide probes include using 1) azidohomoalanine to probe differences 

in folding rates of the protein backbone versus sidechains (118), 2) p-azido-L-phenylalanine 

to investigate the structures of rhodopsin photointermediates (119), and 3) 3-picolyl azide 

adenine dinucleotide to examine the local environment and dynamics of the formate 

dehydrogenase enzyme active site (120).

3.3 C=O Stretching Vibration

The carbonyl stretching vibration of either free or metal-bound carbon monoxides has long 

been used in protein conformational studies, owing to its large extinction coefficient and 

sensitivity to local electrostatic and hydration environment. These spectral properties are 

expected to be conserved for the C=O stretching vibration of carboxylic acid, ketone and 

ester. For example, the frequency of the C=O stretching mode of acetone is significantly 

red-shifted in water compared to that in aprotic solvents (121). However, in comparison to 

the numerous applications of the backbone carbonyl stretching vibration in biological 

studies, only recently has this vibrational mode gained attention. Below we will discuss 

several recent studies, highlighting the applicability of this IR probe to addressing various 

biophysical and biochemical questions and, in particular, to assessing local electric field of 

proteins.

The sidechain-based C=O probe naturally occurs in several amino acids, including aspartic 

acid (Asp) and glutamic acid (Glu) residues. It is well known that the C=O stretching 

frequency of Asp and Glu depends on the protonation status of the respective carboxylate 

(i.e., 1550–1600 cm−1 for the carboxylate anion and 1700–1775 cm−1 for the carboxylic 

acid). Thus, this vibrational frequency has been widely used as a convenient marker of the 
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protonation status of these sidechains. In an early study, Xie and coworkers (122) explored 

the possibility of using the C=O stretching frequency of Asp and Glu to determine their H-

bonding status. By examining 31 examples of buried and protonated Asp or Glu residues in 

proteins such as bacteriorhodopsin and cytochrome c oxidase, they concluded that most 

buried COOH groups only form one H bond with other protein groups and that the C=O 

stretching frequency of a given carboxylic acid sidechain is a robust indicator of the number 

of H bonds thus formed. More interestingly, their results suggest that the C=O stretching 

frequency of the COOH group in proteins, which is in the range of 1700–1775 cm−1, is 

linearly dependent on the H-bonding energy. Another application of this vibrational mode 

was recently demonstrated by Hochstrasser and coworkers (123), who showed, using 2D IR 

spectroscopy, that the C=O stretching vibration of a specific carboxylate sidechain in a 

given protein can selectively couple to the amide I mode of specific residues in close 

proximity and, thus, the resultant coupling patterns could be used to provide structural 

information. Additionally, Culik et al. (124) recently showed that the carboxylate ion IR 

mode can be used as a convenient spectroscopic marker of ionic interactions (i.e., salt bridge 

formation) and utilized it to probe the kinetics of a key sidechain-sidechain interaction in the 

folding process of a mini-protein, Trp-Cage.

Despite the convenience of their natural occurrence, the ionizability of their sidechains 

limits the spectroscopic applications of Glu and Asp residues to well chosen systems. As a 

result, there has been a significant effort in testing and characterizing the IR utility of 

various unnatural amino acids that consist of a keto or ester functional group. The first 

example was demonstrated by Boxer and coworkers (125), who demonstrated that the C=O 

stretching frequency of the unnatural amino acid p-acetyl-l-phenylalanine (p-Ac-Phe) is a 

convenient and reliable reporter of its local electrostatic field. Specifically, they measured 

the C=O stretching bands of acetophenone, a model compound of the sidechain of p-Ac-Phe, 

in a series of protic and aprotic solvents and revealed that the frequency of this vibration 

shows a sensitive dependence on the solvent. To further quantify this dependence, they 

carried out MD simulations of this molecule in nine solvents and, for each case, 

characterized the distribution of the total electric field exerted by the solvent molecules on 

the C=O bond. As shown (Fig.6), their results indicate a linear frequency-field dependence 

for this vibration. Using this relationship and the unnatural amino acid p-Ac-Phe, the authors 

were able to assess the changes in the local electric field strength at the 8th position of the S-

peptide upon its binding to the S-protein of Ribonuclease S (Fig. 6).

In a second example, Pazos et al. (126) further showed that the C=O stretching frequency of 

two esters (i.e., methyl propionate and methyl acetate) afford similar spectroscopic 

properties as that of acetophenone. However, because the C=O stretching vibration of esters 

is typically in the range of 1710–1750 cm−1, which decreases its spectral overlap with the 

amide I band of proteins, it offers certain advantages. As shown (Fig. 7), the C=O stretching 

frequencies of these two esters also display a linear correlation with the averaged local 

electric field exerted by the solvent molecules and calculated using the method of Boxer and 

coworkers (125, 127). For both molecules, the slope of the frequency-field correlation is 1.3 

MV−1, indicating that this vibration has a very large Stark tuning rate and thus high 

sensitivity to local electrostatic field variations. The authors further demonstrated that these 
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esters can be incorporated into a peptide or protein by using the unnatural amino acids L-

aspartic acid 4-methyl ester (DM) and L-glutamic acid 5-methyl ester (EM). The structures of 

DM and EM are most similar to, and therefore desirable substitutions for, the natural amino 

acids glutamine, asparagine, and leucine. Indeed, by replacing the leucine in the Aβ16–22 

peptide sequence with DM, the authors found that the resulting mutant exhibits similar 

aggregation properties as the wild-type peptide; and by using the ester C=O stretching 

vibration, they were able to probe how the local electrostatic environment of the DM residue 

changes upon peptide aggregation both in solution and a dry film. Additionally, based on the 

dependence of the ester C=O stretching frequency on the Onsager field, they were able to 

determine the dielectric constant (~5.6) of the dry interior of the well-packed fibrils.

Due to its high extinction coefficient, sensitivity to the local electric field, and ability to 

distinguish between different H bond states, it is our belief that the sidechain-based C=O 

vibrational probes discussed in the last two examples will find more use in future 

biophysical and biochemical studies.

3.4 Carbon-Deuterium (C-D) Stretching Vibration

Despite its low molar extinction coefficient, the C-H stretching vibration has been widely 

used as a chromophore in IR and Raman imaging of living cells and organelles. This is 

because there is a great abundance of C-H groups in proteins and other biological molecules. 

On the other hand, for this same reason, this vibrational mode is inadequate for providing 

site-specific information of proteins. Thus, in order to attain site-specificity through the use 

of this vibration, one needs to covert the C-H group(s) of interest to C-D. Upon deuteration, 

the vibrational frequency is red-shifted from 2800–3000 cm−1 to 2100–2400 cm−1, making 

the C-D group a viable local IR probe (128). Indeed, through a series of studies, Romesberg 

and coworkers have demonstrated the applicability and utility of the C-D stretching 

vibration as a probe of the local environment of proteins (129–131). They examined the C-D 

vibrational transitions of a deuterated methionine (i.e. (methyl-d3)methionine) in different 

protein environments. Using a method previously developed (132), they successfully 

incorporated this unnatural amino acid into cytochrome c (Cyt c) and showed that the center 

frequency of the C-D vibrational band is sensitive to the oxidation state and ligand-binding 

status of Cyt c (133). Using this probe, Romesberg and coworkers also studied the 

equilibrium folding-unfolding properties of Cyt c and the Src homology 3 (SH3) proteins 

(134) and showed that the C-D probe is capable of revealing conformational heterogeneity 

and the existence of folding intermediates. Recently, they further showed that a deuterated 

glycine (i.e., (d2)Gly) could be incorporated into multiple sites in SH3, and the C-D 

stretching vibration is sensitive to the position of this amino acid in the protein (130). The 

biggest advantage of using deuterated amino acids is that their incorporation results in a 

minimal, if any, perturbation to the native structure and other physical property of interest. 

In addition, methods for C-D labeling several amino acids are well developed. Thus, we 

expect more applications of this probe in the future, especially in cases where perturbations 

arising from the incorporation of bulkier extrinsic/unnatural probes are not tolerable.

One potentially very useful but less explored C-D probe is the Cε-D stretching vibration of 

histidine (His). Because the imidazole ring of His has a pKa of ~6.5 and can exist in two 
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neutral tautomeric forms, it is frequently found in protein binding sites and enzyme active 

sites. However, there is currently a lack of convenient vibrational markers that can directly 

monitor the protonation and tautomerization states of this amino acid, except the possibility 

of using the amide I mode of isotope-edited His (135). The Cε-D moiety may prove to be a 

useful candidate in this regard. The recent study of Londergan and coworkers (136) 

indicated, via Raman spectroscopy, that the Cε-D stretching vibration of His is sensitive to 

the protonation state of the imidazole. In addition, the deuteration of the epsilon carbon 

hydrogen of His can easily be achieved via incubation of the amino acid in acidic D2O 

solution. Currently, we are exploring the IR utility of this Cε-D probe in protein systems.

3.5 Thiol, Phosphate and Fluorocarbon Vibrations

Vibrational modes arising from other chemical moieties, such as thiol (–SH), phosphate (–

PO3), and fluorocarbon (–CF), while less utilized, have the potential to be valuable for 

studies of specific biological systems. For example, the S-H stretching vibration is naturally 

present in the sidechain of cysteine (Cys) and is located in a transparent window in the IR 

spectra of proteins (~2550 cm−1) (137). The S-H stretching vibration has a small extinction 

coefficient when fully solvated; however, as shown by Hamm and coworkers (138), when 

buried in a hydrophobic environment (i.e., in the core of a protein), its extinction coefficient 

increases significantly (from 5 to 150 cm−1 M−1). Of particular interest, this transition has a 

vibrational lifetime of ~6 ps which is significantly longer than the amide I vibrational 

lifetime (~1 ps), which can be used to study protein dynamics up to tens of picoseconds.

Many biological molecules, such as DNA, lipids and phosphorylated proteins, contain 

phosphates. The P=O asymmetric stretching vibration of phosphate groups is located 

between 1200 and 1300 cm−1 and has an extinction coefficient of ~500 M−1 cm−1. Several 

recent studies have employed this vibrational mode to probe the local environment, for 

example, the degree of hydration of lipid headgroups in reverse micelles and the water 

dynamics of hydrated phospholipid surfaces (139). However, in order to use this vibration to 

achieve site-specificity, one needs to employ the strategy of isotope-editing, which, to the 

best of our knowledge, has not been implemented thus far.

Fluorine (i.e., 19F) is a popular NMR probe and fluorinated amino acids are frequently used 

to tune the folding properties of designed peptides and proteins. Thus, these previous 

applications make it easier to further explore the utility of fluorine-containing unnatural 

amino acids as site-specific IR probes. The C-F stretching vibration is located at ~1200 cm−1 

with an extinction coefficient of ~700 cm−1 M−1 (140). Recently, Cho and coworkers (121) 

used simulations to examine the solvatochromic and electrochromic properties of fluorine-

containing aromatic compounds and showed that the C-F vibration is sensitive to the 

environment. Furthermore, Boxer and coworkers (140) showed that the C-F stretching 

vibration has a large Stark tuning rate, suggesting that it will be a useful reporter of the local 

electric field. For these reasons, we expect that this vibrational mode will become more 

broadly used in future applications.
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3.6 Metal Carbonyl Stretching Vibration

It is well known that upon coordination with metal ions, the stretching vibration strength of 

carbonyls is significantly enhanced. An environmentally sensitive IR probe with a large 

extinction coefficient is particularly appealing for biological applications as they typically 

require low sample concentrations (141, 142). As such, recent years have seen extensive 

effort in the development and characterization of several metal-carbonyl-based IR probes, as 

well as methods to incorporate them into proteins. For example, Kubarych and coworkers 

(143) used synthetic methods to attach a ruthenium dicarbonyl molecule to a His residue 

(His15) in two lysozymes (hen egg white lysozyme and human lysozyme) and showed that 

its peak frequency and vibrational lifetime are sensitive to the local hydration dynamics. 

Interestingly, their results indicated that even for such a small protein there is still spatial 

heterogeneity in hydration dynamics. In a similar study, Kubarych and coworkers (144) 

examined the water-membrane interface dynamics using chromium tricarbonyl as a 

vibrational probe, which can be synthetically incorporated into cholesterol (and hence 

membranes) through esterification methods. Zanni and coworkers (145) showed that another 

class of metal carbonyl compound, i.e., tricarbonyl (η5-cyclopentadienyl) rhenium(I) 

(CpRe(CO)3), has very strong C≡O stretching vibrations and can be used as site-specific IR 

probes of biological systems. Specifically, they showed that the C≡O vibrational lifetime of 

CpRe(CO)3 is a useful indicator of the local solvent environment, whereas its frequency is 

sensitive to the local electric field. Recently, Raleigh and coworkers have also developed 

multiple methods to incorporate metal carbonyls into proteins, via either a cysteine residue 

or click chemistry (146).

4. CONCLUDING REMARKS

Site-specific backbone and sidechain vibrational probes are incredibly useful tools to 

overcome the intrinsic structural and spatial resolution limitations of infrared spectroscopy 

of molecules in the condensed phase. The different moieties and vibrational modes 

discussed above all have unique strengths and weaknesses, so the choice of a particular 

probe for a given experiment often depends upon the research question, the system of 

interest, and the experimental method. While efforts to further develop and identify 

functional groups that fulfill the requirements of useful vibrational probes will continue, the 

future of this field is in the application of these probes to more interesting biological 

questions. One promising direction for site-specific probes is their use in the study of large, 

complex systems, which may require the use of multiple probes in a single experiment. 

Additionally, the use of these probes to monitor how a physical property of interest changes 

during a reaction in real time, such as the variation of local electric field in the active site of 

a protein during an enzymatic reaction, is pressingly needed. Finally, further expanding the 

structural determination application of these probes requires studies to better characterize 

and understand the process of vibrational energy transfer between two well-separated sites 

in the context of a complex biological molecule.
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SUMMARY POINTS

• Experimental assessment of the mechanistic details of how proteins fold and 

function requires spectroscopic probes that can offer high structural and/or 

spatial resolution. Many of the infrared probes discussed in this Review meet 

this requirement.

• Isotope-editing either one or multiple atoms in the protein backbone or a 

sidechain offers a minimal or non-perturbing strategy to introduce a site-specific 

vibrational probe into proteins.

• Using unnatural amino acids that contain an appropriate functional group, such 

as nitrile, azide, carbonyl, or ester, represents another general strategy to 

incorporate a site-specific vibrational probe into proteins.

• The frequency-field map for the C=O stretching vibration of p-acetyl-l-

phenylalanine, L-aspartic acid 4-methyl ester, and L-glutamic acid 5-methyl ester 

is available, thus making them viable candidates to be used to quantitatively 

assess local electric field of proteins.

• Coupling between two or more site-specifically introduced vibrational probes 

can provide information on distances and angles between the coupled vibrators. 

Thus, measurement of vibrational couplings is a powerful strategy to enhance 

the structural resolution of infrared spectroscopy of proteins.

• As already demonstrated in the examples included in this Review, many of the 

site-specific infrared probes discussed will undoubtedly find more novel 

applications in addressing important biological questions and processes, such as 

protein folding, protein-protein interaction, ligand and drug binding, enzymatic 

reaction, proton and electron transfer, and the role of solvent in mediating 

protein conformational preferences.

• Finally, it is worth to emphasize that all of the probes discussed above have 

advantages and disadvantages; and the choice of a specific probe depends on the 

nature of experiment and system of interest.
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Figure 1. 
Schematic illustration of the coupling strategy (i.e., isotope dilution method) used by 

Hochstrasser and coworkers (37) for protein structure determination. Energy level splitting 

due to coupling between two vibrational transitions that are degenerate in energy (left), 

which is manifested with the appearance of two new peaks that are split in energy (middle). 

For a helical dimer (right), it is possible to obtain structural constraints based upon the 

position of the vibrational resonant pair and the experimentally measured coupling 

parameters.
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Figure 2. 
Schematic illustration of the coupling strategy used by Zanni and coworkers (39). Upon 

formation of repeating, ordered parallel β-sheet fibrils, the site-specifically incorporated 

backbone 13C=18O probe (represented by a star) on one peptide will be brought in close 

proximity to those bore on other peptides, leading to excitonic coupling among these 

vibrators. As a result, the IR spectrum of the peptide sample undergoes a redshift, 

amplification and narrowing; by changing the positions of the isotopic labels and monitoring 

the appearance of the spectral feature of the exciton band, it is possible to elucidate the 

structure of the formed fibrils.
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Figure 3. 
(a) The C≡N stretching vibrational bands of a tripeptide, Gly-PheCN-Gly, obtained under 

different solvent conditions, showing the sensitivity of this vibration to environment. (b) 

Effect of solvent condition on the spectral diffusion dynamics of the C≡N stretching 

vibration of the tripeptide, showing that TMAO can significantly increase the static 

component and hence the conformational rigidity of the peptide. These figures are adapted 

with permission from (81).
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Figure 4. 
(a) The C≡N stretching vibrational bands of bosutinib bound to WT Src (yellow) and eight 

gatekeeper mutants (black, gray and orange). (b) View of the water-mediated hydrogen-

bond network in the binding site, with hydrogen bonds shown as dashed yellow lines. Figure 

adapted with permission from Levinson et al. (88).
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Figure 5. 
Cartoon representation of the rilpivirine-RT complex, showing the interaction between water 

(red) and a site-specific nitrile probe (blue) on the drug, determined from MD simulation 

(left) and X-ray crystallography (right). Figure adapted with permission from Kuroda et al. 

(90).
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Figure 6. 
(a) The frequency-field map for the C=O stretching vibration of acetophenone, determined 

via IR measurements in different solvents and MD simulations. (b) Cartoon representation 

of the binding of the S-peptide to the S-protein of Ribonuclease S, which brings the site-

specific C=O probe (red) to an environment with a smaller electrostatic field. Figure adapted 

with permission from Fried et al. (125).
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Figure 7. 
(a) Center frequencies of the carbonyl stretching vibrations of methyl acetate (MA) (circles) 

and methyl propionate (MP) (squares) versus the calculated local electric field for different 

solvents. The solid lines are the best fits of these data to a linear equation. (b) Schematic 

representation of how the ester C=O stretching vibration can be used to probe the local 

electrostatic environments of peptide fibrils. Figure adapted with permission from Pazos et 

al. (126).
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TABLE 1

Overview of Site-Specific IR Probes

Name Frequency Range
(cm−1)

Extinction in
H2O

(M−1cm−1)

Ref.

Nitriles p-cyano-phenylalanine 2220–2250 ~220 (3)

Cyano-cysteine 2150–2180 ~120a (147)

5-cyano-tryptophan 2210–2240 ~160b (63)

Cyanate 2220–2300 ~800c (106)

Azides Azidohomoalanine 2100–2140 350–400d (113)

p-azido-phenylalanine 2100–2140 ~610 (114)

3-picolyl azide adenine dinucleotide 2080–2160 ~2000 (148)

Carbonyls Ketone carbonyl 1660–1700 ~1800e (125)

Ester carbonyl 1690–1770 ~290 (126)

Carboxylic acid 1700–1775 ~280 (137)

Carboxylate 1555–1600 ~820 (149)

Metal carbonyls CpRe(CO)3 2010–2030 ~4100 (145)

CORM-2 2040–2100 NA (142, 143)

Others Carbon deuterium 2100–2400 5–10 (150)

Cysteine thiol 2550–2600 5–150 (138)

Phosphate 1200–1300 ~500 (139)

Fluorocarbon 1200 ~700e (140)

Solvent conditions other than H2O are indicated:

a
5050 (v/v) glycerol/water,

b
60/40 (v/v) water/THF,

c
THF,

d
D2O, and

e
2-MeTHF
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