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Abstract

While folding or performing functions, a protein can sample a rich set of conformational space. 

However, experimentally capturing all of the important motions with sufficient detail to allow a 

mechanistic description of their dynamics is nontrivial since such conformational events often 

occur over a wide range of time and length scales. Therefore, many methods have been employed 

to assess protein conformational dynamics and, depending on the nature of the conformational 

transition in question, some may be more advantageous than others. Herein, we describe our 

recent efforts, and also those of others, wherever appropriate, to use infrared- and fluorescence-

based techniques to interrogate protein folding and functional dynamics. Specifically, we focus on 

discussing how to use extrinsic spectroscopic probes to enhance the structural resolution of these 

techniques and how to exploit various cross-linking strategies to acquire dynamic and mechanistic 

information that was previously difficult to attain.

INTROUDUCTION

The biological function of a protein is primarily defined by its structure, which in turn is 

encoded in its amino acid sequence. Thus, tremendous effort has been devoted to 

deciphering this sequence-structure relationship or, in other words, how proteins fold.1-4 In 

addition, rather than a simple series of static structural building blocks, folded proteins are 

dynamic objects; they undergo a varying degree of spontaneous conformational fluctuations 

and, when other molecules or interactions are present, their structures can be induced to 

change. Such conformational flexibilities or dynamics are often essential for a protein to 

carry out its function. Hence, another active area of research in biochemistry and biophysics 

is to understand the structure-dynamics-function relationship of proteins.5-8 While we now 

know a great deal about how proteins fold as well as the role of dynamics in function, many 

fundamental questions still remain. This is because the free energy landscape and hence the 

conformational dynamics, for any given protein, depends on a large number of degrees of 

freedom, making it difficult to experimentally capture and dissect the many underlying 

factors at play. In this regard, we have employed a divide-and-conquer approach to study the 

protein folding problem as well as protein functional dynamics, using infrared (IR) and 

fluorescence spectroscopic techniques.

*Corresponding Author, gai@sas.upenn.edu. 

HHS Public Access
Author manuscript
J Phys Chem B. Author manuscript; available in PMC 2017 June 16.

Published in final edited form as:
J Phys Chem B. 2016 June 16; 120(23): 5103–5113. doi:10.1021/acs.jpcb.6b03199.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The folded state of a protein consists of well-packed sidechains and secondary structures. 

Thus, the ultimate goal of the experimental study of protein folding dynamics is to create a 

molecular ‘movie’ to depict, in a frame-by-frame manner and with all necessary mechanistic 

details, how and when those structural elements are formed to produce the folded 

conformation. Although achieving this goal has proven to be difficult, significant progress 

has been made over the past decade toward elucidating some of the fundamental factors 

governing protein folding dynamics and mechanisms and, in some cases, creating low-

resolution folding movies (i.e., by following one or few experimental observables). This 

includes, but is not limited to, measurement of the folding transition-path time,9,10 

assessment of the role of specific and nonspecific interactions as well as native and 

nonnative contacts in controlling protein folding dynamics,11,12 detection of folding 

intermediates,13,14 uncovering parallel folding pathways,15-18 and identification of the 

structural origin of slow conformational diffusion in protein folding dynamics.12,19 In the 

context of those developments and advancements, herein we describe our contributions to 

the field. Specifically, we focus on discussing our recent efforts in developing new strategies 

to extract more specific structural and/or mechanistic information from conventional protein 

folding experiments, which include 1) using a multi-probe approach to enhance the 

structural resolution of folding kinetic measurements; 2) using a varying-initial-potential 

temperature-jump (VIPT-jump) method to distinguish between different folding scenarios; 

and 3) using various cross-linkers to facilitate determination of the attempt frequency of 

barrier crossing, to measure the magnitude of internal friction, and to engineer a transition 

state (TS) analog. In addition, we provide a brief summary of our recent studies in 

interrogating the effect of naturally occurring osmolytes (or cosolvents) on protein hydration 

and conformational dynamics using linear and nonlinear IR spectroscopic methods as well 

as an example wherein we use a single-molecule fluorescence technique to assess protein 

functional dynamics.

METHODS

The three key methods used to obtain the experimental results discussed in this article are 

(A) nanosecond transient IR spectroscopy, (B) two-dimensional IR (2D IR) spectroscopy, 

and (C) fluorescence correlation spectroscopy (FCS). Specifically, all the results related to 

protein folding dynamics were acquired with method A and the results related to the 

cosolvent effect and the M2 proton channel were acquired with either method B or C.

Nanosecond transient IR setup

As shown (Figure 1),20 the transient IR absorption apparatus consists of a nanosecond pump 

source and a continuous wave (CW) quantum cascade (QC) IR laser (Daylight Solutions, 

CA) to serve as the probe source. For the laser-induced temperature-jump (T-jump) 

experiments, the wavelength of the pump pulse (~3 ns) was tuned to ~1.9 μm via Raman 

shifting the fundamental output of an Nd-YAG laser (Infinity, Coherent Radiation, CA) 

using H2. For the other transient IR measurements discussed, the third harmonic of the 

Minilite II Nd-YAG laser (Continuum Electro-Optic, Inc., CA) was used as the pump pulse. 

The pump-induced change in the probe signal was measured by a 50 MHz liquid nitrogen 

cooled HgCdTe (MCT) detector (Kolmar Technologies, MA) and signal digitization was 
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accomplished by a digital oscilloscope (Tektronix, OR). The sample holder was constructed 

with two CaF2 windows and a 50 μm spacer. For most experiments, the sample 

concentration was in the range of 1-4 mM.

2D IR setup

As shown (Figure 2), the 2D IR photon echo signal (−k1 + k2 + k3) is produced by focusing 

three ultrafast (<100 fs) IR pulses (k1, k2, and k3) onto the sample in a box-car geometry.21 

Detection of this emitted signal was achieved via heterodyning its field with that of the local 

oscillator (LO) pulse. Specifically, this mixed signal at each set of delay times (i.e., τ and T) 

was dispersed by a monochromator and the spectral interferometry signals were detected by 

a 64-element liquid nitrogen cooled MCT array detector (InfraRed Associates, FL). 

Subsequent data analysis includes the Fourier transformation of the emitted signal acquired 

at a specific delay time T along two time axes, namely τ and t, which spreads the photon 

echo signal into two frequencies, ωτ and ωt,. The sample concentration was typically 

between 10-50 mM.

FCS setup

A schematic diagram of our FCS setup is shown in Figure 3. The excitation light was 

derived from either an argon ion laser (Spectra-Physics, CA) or a helium-neon laser (JDS 

Uniphase Corporation, CA), depending on the fluorophore used. Light focusing was 

achieved by a confocal microscope (Nikon Eclipse TE 300) equipped with an oil immersion 

objective (100× or 60×) and the confocal volume was defined by a 50 μm pinhole. A 

Hanbury-Brown and Twiss setup, which involves a 50/50 nonpolarizing beamsplitter 

(Newport, CA) and two avalanche photodiodes (APDs) (Perkin Elmer, NJ), was used to 

increase the time resolution. Cross-correlation was accomplished by a Flex 03-LQ-01 

autocorrelation card (Correlator.com, NJ). The sample concentration was typically in the 

range of 1 - 10 nM.

RESULTS AND DISSCUSSION

Protein folding energy landscape theory22,23 provides a conceptual framework for us to 

understand why and how an unfolded protein can spontaneously find its folded state, via a 

conformational diffusion search on a multi-dimensional free energy surface. However, there 

is currently no experimental technique that is capable of capturing the entire trajectory of 

this process with sufficient temporal and structural resolution. In fact, most experimental 

studies of protein folding kinetics performed so far have relied on one observable, such as 

the fluorescence of a tryptophan residue, which limits the description of the folding 

dynamics in question to only one coordinate or dimension. Thus, over the past ten years 

many studies have been devoted to expand our capability to capture protein conformational 

motions occurring at different time and length scales, different sites, and different structural 

levels, and to extract specific dynamic and mechanistic information. Below, we first describe 

our efforts in this regard and then highlight a few examples whereby IR or fluorescence 

spectroscopy was used to delineate hydration or conformational dynamics that are important 

for the function of the protein system in question.
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Strategies to enhance structural resolution

Both vibrational and fluorescence spectroscopies have been widely used to monitor the 

kinetics of protein folding.24,25 However, in most cases, they are used to follow the time 

evolution of a conformational ensemble or population, rather than to probe the development 

of a specific structure or structural element. This is because the most frequently used 

naturally occurring or intrinsic spectroscopic probes, such as Trp in fluorescence studies26,27 

and the amide I band in linear IR measurements,28 only offer certain and limited structural 

information. Thus, a common strategy to enhance the structural resolution of these types of 

spectroscopic techniques is to exploit various extrinsic probes,29,30 especially those that can 

form an interacting pair for example, via electronic or vibrational coupling.

For instance, in a proof-of-principle study,31 Culik et al. demonstrated the feasibility of 

monitoring the folding kinetics of an individual secondary structural element in a protein 

using IR spectroscopy. While proteins display a large number of vibrational transitions, 

arising from both sidechains and backbone units,32 only a few have been used as structural 

probes in protein folding studies, among which, the amide I vibrational mode (consisting of 

mostly backbone C=O stretching vibrations) is the most utilized. Although the amide I band 

of a protein contains rich structural information, distinguishing contributions from individual 

secondary structural components is not always easy and sometimes even impossible, due to 

spectral overlap.33 Culik et al. showed that by selectively isotopic-labeling the backbone 

carbonyls of a discrete structural element in a protein, such as an α-helix, which separates its 

amide I band from those arising from other secondary structures, it is possible to 

independently follow its structural evolution during a folding or unfolding process, hence 

increasing the structural resolution of the study.31 Similarly, by following the transient signal 

arising from an isotopically-labeled amide unit located in a solvent protected region on the 

second helix of the three-helix bundle villin headpiece subdomain (HP36), Dyer and 

coworkers34 were able to monitor the dynamics of solvent penetration into this region, 

before global protein unfolding. With a similar approach, they also detected at least partial 

helical formation in the early folding intermediate state of the B domain of staphylococcal 

protein.35 More recently, Chen and coworkers36 demonstrated that such an isotopic-labeling 

approach can render site-specific interrogation of the structure and orientation of individual 

residues in a membrane-bound peptide using sum frequency generation vibrational 

spectroscopy. Furthermore, others have shown that it is also viable to achieve a higher 

structural sensitivity in IR studies of protein structure, folding, and aggregation by using 

vibrational coupling between two vibrational transitions, introduced via site-specific isotopic 

labeling.37-48

Electronic coupling leading to either energy or electron transfer between two molecules has 

long been exploited to provide structural information in biological studies, including protein 

folding. Recently, we expanded the utility of this method, specifically in protein folding 

studies, by introducing new, unnatural amino acid-based fluorescence resonance energy 

transfer (FRET) and fluorophore-quencher pairs. These include FRET pairs composed of 

either p-cyano-phenylalanine (PheCN) and Trp49 or PheCN and 7-aza-tryptophan (7AW),50 

and a fluorophore-quencher pair composed of PheCN and selenomethionine (SeMet).51 One 

advantage of using such amino acid-based spectroscopic probes is that they can be easily 
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incorporated into proteins and also minimize any potential perturbation to the native 

structure. The Förster distances (R0) of these FRET pairs are between 16-18 Å, making them 

useful to probe the formation of both tertiary and secondary structures. For example, Serrano 

et al.52 employed both the PheCN-Trp and the PheCN-7AW FRET pairs to explore the 

conformational heterogeneity in the folded state of the villin headpiece subdomain (HP35) 

using time-resolved fluorescence measurements. As the intrinsic fluorescence decay of 

PheCN follows first-order kinetics, any deviation from this single-exponential behavior 

indicates the existence of different protein conformations that have distinct donor-acceptor 

distances. As shown (Figure 4), the PheCN fluorescence decay of a HP35 mutant (i.e., HP35-

AP) where the PheCN-7AW pair was placed on the same helix (i.e., helix-3) can be best 

described by a triple-exponential function, indicating that this helix can sample different 

conformations, even in the folded potential well of HP35. While the study of Serrano et al. 
was carried out under equilibrium conditions, it nevertheless demonstrated the feasibility of 

using such amino acid-based FRET pairs to directly monitor the formation of individual α-

helices in protein folding dynamics. In addition, Rogers et al.50 extended the utility of these 

FRET pairs by showing that the PheCN-Trp and PheCN-7AW pairs could be used 

simultaneously as a parallel FRET system to obtain more structural information from a 

single fluorescence measurement.

Like FRET, fluorescence quenching via electron transfer provides another convenient means 

to measure distances or distance changes in proteins. However, as electron transfer requires 

overlap of electronic orbitals, fluorophore-quencher pairs constructed based on this 

mechanism are uniquely useful in characterizing short distances.53 As indicated (Figure 5), 

Mintzer et al.51 recently demonstrated that SeMet is an efficient quencher of PheCN 

fluorescence and the underlying quenching rate constant (kQ) was determined to be kQ = 

k0exp(−β(r – a0)), where k0 = 42.6 ns−1, β = 1.6 Å−1, and a0 = 7.0 Å. Using this fluorophore-

quencher pair, they further explored the conformational distribution of a series of short 

polyproline (Pro) peptides consisting of 1-4 Pro residues and found, unexpectedly, that these 

peptides do not sample all-trans configurations. Subsequently, Raleigh and coworkers54 

showed that this fluorophore-quencher pair can be used to probe local helix structure 

formation in both peptides and proteins.

Another novel application of unnatural amino acids is to interrogate the dynamics of 

backbone-backbone hydrogen bond (BB-HB) formation.55 While the nativeness of a specific 

sidechain at the folding TS can be conveniently assessed by ϕ-value analysis56 via sidechain 

mutation, there has been much less choice to do the same for BB-HB. Following the work of 

Kiefhaber and coworkers,57,58 recently we have shown that replacing a native oxoamide (O) 

with a thioamide (T), which is a weaker hydrogen bond acceptor in comparison, constitutes 

a useful approach to alter the strength of a specific BB-HB, thus allowing determination of 

its role in the folding dynamics via ϕ-value analysis. Specifically, we studied the thermal 

stability and folding kinetics of three mutants of a β-hairpin, Trpzip-2c (sequence: NH2-

AWAWENGKWAWA-CONH2), with an O-to-T mutation at Ala1, Ala10, and Glu5. 

Specifically, these mutations weaken three BB-HBs located at the turn (i.e., Ala1), middle 

(i.e., Ala10), and terminal (i.e., Glu5) regions of the β-hairpin. As shown (Figure 6), we 

found that only the O-to-T mutation at Glu5 position leads to a significant change in the 

folding time of the β-hairpin, in comparison to that of the wild type sequence (i.e., increased 

Ding et al. Page 5

J Phys Chem B. Author manuscript; available in PMC 2017 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from 3.2 μs to 100.6 μs at 25 °C). This indicates that the BB-HB thus perturbed is formed in 

the TS. Since this BB-HB is located immediately next to the turn region, this finding is 

consistent with the notion that the turn formation is the rate-limiting step in β-hairpin 

folding.59-62 Because BB-HB is a key structural element of proteins, we believe that this O-

to-T mutational approach will expand our ability to study the role of specific hydrogen 

bonding interactions in protein folding and conformational dynamics.

Strategies to increase information content

Kinetic measurements can provide accurate information about protein folding rates. 

However, in many cases important dynamic and mechanistic insights cannot be directly 

revealed by conventional kinetic experiments. Below, we describe several strategies that are 

useful in uncovering some hidden details of the folding free energy landscape of interest.

VIPT-jump method—Different folding mechanisms can be characterized according to the 

number, position, and height of the free energy barriers located between the folded and 

unfolded states along a given conformational coordinate. However, information obtained 

from traditional kinetics measurements of protein folding and/or unfolding is not always 

easy or sufficient to distinguish between different folding scenarios, for example two-state 

and downhill folding processes. In an effort to alleviate this limitation, Lin et al.63 devised a 

strategy, named as the VIPT-jump method, for extracting additional mechanistic information 

from a conventional T-jump experiment. This method involves measurements of T-jump 

kinetics with varying initial temperatures (Ti) but a fixed final temperature (Tf). The working 

principle is based on the notion that as distinct folding free energy surfaces show a different 

temperature dependence, the folding mechanisms can be distinguished by its dependence on 

Ti in the VIPT-jump kinetics. For example, a two-state folding mechanism will only give 

rise to a change in the amplitude of the kinetic signal when Ti is varied but the relaxation 

rate will remain constant, whereas a barrierless folding process,64 as shown (Figure 7), will 

produce VIPT-jump kinetics with different relaxation rates. While this method is developed 

in the context of T-jump measurements, it can be extended to other techniques where a 

different physical parameter, such as pressure, pH, or denaturant concentration, is used to 

manipulate the folding-unfolding equilibrium.

Novel application of cross-linking—Cross-linking is commonly used to stabilize the 

folded state of proteins and peptides. Recently, we have shown that this strategy can also be 

exploited to provide insights into protein folding dynamics. Below we highlight three such 

applications where we utilized (1) an m-xylene cross-linker to help assess the magnitude of 

internal friction, (2) a photo-responsive azobenzene cross-linker to modulate the attempt 

frequency, and (3) a disulfide cross-linker to create a TS analog.

Protein folding is subject to both external (i.e., from solvent) and internal (i.e., from 

backbone and sidechains) frictional forces.65-73 While the frictional effect arising from the 

solvent is relatively easy to quantify, that arising from a protein's backbone and sidechains is 

more difficult to characterize. In a recent study, Markiewicz et al.74,75 showed that it is 

possible to estimate the magnitude of internal friction arising from a short structural segment 

by selectively increasing the local mass density of a protein via addition of a cross-linker. 
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Specifically, they demonstrated the feasibility of this approach by characterizing the stability 

and folding/unfolding kinetics of a cross-linked variant of the mini-protein Trp-cage,76 4-8-

CL-Trp-cage, where an m-xylene cross-linker77 is anchored to the protein's α-helix between 

positions 4 and 8 (Figure 8). They found that the thermal melting temperature (Tm) of 4-8-

CL-Trp-cage (54.1 °C) was almost identical to that of the wild type (55.0 °C), which 

suggests that in this case the inclusion of the m-xylene cross-linker did not change the 

stability of the fold in any significant manner. Interestingly, their kinetic results showed that 

at 35 °C, there was a significant decrease in both the folding rate (by a factor of 3.8) and 

unfolding rate (by a factor of 2.5) of 4-8-CL-Trp-cage, in comparison to that of the wild type 

(Figure 8). Taken together, these findings suggest that the m-xylene cross-linker does not 

change the folding free energy barrier, but instead increases the frictional drag on the 

folding/unfolding. Adopting a theoretical model developed by Thirumalai, Straub, and 

coworkers,78 they further calculated that the m-xylene cross-linker increases in the 

roughness79 of the folding energy landscape by around 0.4-1.0 kBT.

In addition to internal friction, the attempt frequency of barrier crossing is an important 

aspect of protein folding dynamics. According to Kramers’ theory,80 the rate constant (k) of 

a barrier-crossing process, as shown below,

(1)

where R is the gas constant and T is the absolute temperature, depends not only on the 

barrier height (ΔG≠) but also on the curvatures of the reactant ( ) and TS ( ) potential 

wells and the friction coefficient (γ). Specifically, the pre-exponential factor, k0, constitutes 

the so called attempt frequency in TS theory. Interestingly, the k0 value for protein folding is 

typically several orders of magnitude smaller than that of chemical reactions involving small 

molecules,81 indicative of smaller ωR and/or ωB values for folding. This notion inspired us 

to design an approach to tune the attempt frequency of protein folding by rigidifying the TS 

via a cross-linker, as this would lead to an increase of ωB and hence k0, provided that the 

cross-linker does not change ΔG≠. Abaskharon et al.82 tested this hypothesis using a 

photoactivatable azobenzene cross-linker and the 10b variant of the mini-protein Trp-cage. 

As the single α-helix in Trp-cage is formed in the TS,83-86 the azobenzene cross-linker, 

when appropriately attached to this α-helix (i.e., between residues 1 and 8), can initiate α-

helix formation and also impose a geometric constraint on the TS upon photoswitching the 

azobenzene moiety from the trans to cis conformation. Abaskharon et al. found that the 

photo-induced folding kinetics of this cross-linked variant of Trp-cage 10b (referred to as 

10b-azob) follow a double-exponential function with time constants of 90 ns and 1.1 μs. 

While the longer time component corresponds to the folding time of the wildtype Trp-cage 

10b protein,31 further control experiments on a truncated version of 10b-azob, which 

consisted of only the α-helical segment, showed that those two exponentials arose from two 

parallel folding pathways, with the fast component corresponding to a more rigid TS. By 

further assuming that both pathways have identical or comparable free energy barriers, they 

determined the value of k0 to be 6.9 × 106 s−1 for the unconstrained Trp-cage.
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The rate of protein folding is also affected by the dynamics underlying the transition from 

the TS to the folded state and, while the structure of the folding TS can be characterized by 

the ϕ-value method,55 these dynamics are more difficult, if not impossible, to investigate. In 

a proof-of-principle study,87 we showed that it is possible, at least for simple protein 

systems, to engineer TS analogs for assessing these type of dynamics. Using a tryptophan 

zipper,88 Trpzip4, as a model, we aimed to stabilize a specific native contact formed in the 

TS using a suitable covalent bond. Since previous studies have shown that the β-turn of this 

hairpin is formed in the folding TS,59,60,89-98 we proposed to generate a thermodynamically 

stable analog of this TS by using a disulfide cross-linker to stabilize the β-turn. Specifically, 

a disulfide bond was introduced via two cysteine residues placed at the native Aps6 and 

Thr11 positions, whose amide groups are involved in the formation of the first BB-HB 

outside the β-turn. Our T-jump IR kinetic measurements indicated that this cross-linked 

variant of Trpzip4, named as TZ4-T-CL, exhibits double-exponential relaxation kinetics. As 

shown (Figure 9), the rate constant of the slow component is similar to the relaxation rate 

constant of Trpzip459 (at the same temperature), whereas that of the fast component is 

approximately an order of magnitude larger. Based on results obtained with another Trpzip4 

variant where the disulfide cross-linker was introduced at the termini of the β-hairpin, as 

well as molecular dynamics simulations, we concluded that the fast kinetic component arises 

from a population ensemble that contains a native or native-like β-turn structure and that its 

ultrafast folding rate, (500 ns)−1, is a manifestation of a barrierless process. We also found, 

based on an empirical analysis, that the downhill folding time (τ) of a two-stranded β-sheet 

consisting of nH hydrogen bonds exhibits a power law dependence on nH, namely, , 

with τ0= 20 ns and α = 2.3.

Cosolvent effect on protein dynamics

A wide range of small molecules are used by nature as osmolytes to cope with dehydration 

stress. Interestingly, some of them, such as urea, are protein denaturants, and some of them, 

such as trimethylamine N-oxide (TMAO), are protein protectants. Therefore, many studies 

have been devoted to elucidating how such protein denaturing and protecting ability is 

achieved.99-104 Capitalizing on the sensitivity of an IR probe, i.e., PheCN,105 to hydration, 

we investigated the effect of urea and TMAO on the strength and dynamics of hydrogen 

bonds (HBs) formed between water and protein sidechains using a PheCN-containing peptide 

and IR spectroscopic techniques. Our linear IR results106 indicate that both osmolytes act to 

weaken the strength of such HBs. This is an interesting finding as the behavior of urea is 

inconsistent with its protein-denaturing ability, which suggests that the ability of urea to 

denature proteins does not arise from a simple indirect mechanism or by altering the 

hydrogen bonding structure of water. On the other hand, the IR result obtained with TMAO 

is not only in line with its protein-protecting role, but also indicates that it can affect protein 

conformational dynamics as the C≡N stretching vibrational band of PheCN in a peptide 

environment becomes significantly broader when TMAO is present. To further investigate 

the nature of this spectral broadening, we carried out 2D IR measurements on the C≡N 

stretching vibration of PheCN under different solvent conditions and in different peptide 

environments.107 By measuring the spectral diffusion dynamics of an IR mode, 2D IR 

spectroscopy is able to assess the underlying dynamics of the events that lead to frequency 

fluctuations.108,109 As shown (Figure 10), the spectral diffusion dynamics of the C≡N probe 
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in a short peptide, as measured by the time dependence of the inverse of the center line slope 

(CLS) of its 2D IR spectrum, show a strong dependence on solvent. It is clear that TMAO 

significantly increases the offset of the inverse CLS plot, indicating that it can effectively 

slow down or even suppress some conformational motions that lead to local environmental 

changes of the C≡N probe. In other words, this result suggests that TMAO can increase the 

protein rigidity and hence stability by acting as a nanocrowder, a notion that is consistent 

with several simulation studies.110,111 Interestingly, we find that another commonly used 

cosolvent, trifluoroethanol (TFE), which prompts α-helix formation, can also behave as a 

nanocrowder at certain percentages.112 As demonstrated in the case of TMAO, we believe 

that probing the spectral diffusion dynamics of an appropriate site-specific IR probe using 

2D IR spectroscopy is a useful strategy to help elucidate the mechanism of action of the 

cosolvent in question. Currently, we are utilizing this strategy to interrogate the specific 

interactions between a cosolvent, such as urea and other Hofmeister ions, and a backbone or 

sidechain unit of proteins.

Dynamics of the M2 proton channel

Because of its importance in the viral life cycle, the M2 proton channel of the influenza A 

virus has been extensively studied and also pursued as a drug target.113 As water is required 

to facilitate proton diffusion, elucidating the water dynamics and distribution within the 

channel under different pH conditions is thus important for understanding the proton 

conduction mechanism of the M2 channel. Using a truncated version of the full length M2 

protein (i.e., M2TM), which has been shown by DeGrado and coworkers114 to be functional 

in model membranes, Hochstrasser and coworkers115 showed that, through examination of 

the spectral diffusion dynamics of the amide I′ bands arising from isotopically labeled, pore-

lining amide carbonyls (i.e., Gly34) via 2D IR spectroscopy, those water molecules located 

in the drug-binding site above the charged His37 tetrad, behave ice-like when the channel is 

closed (i.e., at pH 8) and bulk-like when the channel is open (i.e., at pH 6.2). In addition, 

they showed that the binding of channel-blocking drugs, such as rimantadine and 7,7-spiran 

amine, can affect the dynamics of the water in this pocket.116 Interestingly, drug binding 

leads to an increase in the mobility of the water, suggesting an entropic effect that favors the 

drug-protein interaction. In the context of these previous studies, an interesting future 

direction would be to examine the pH-dependent hydration status and dynamics near the C-

terminal region of the M2TM channel, using either a backbone or sidechain IR probe, such 

as 5-cyanotryptophan (TrpCN),117 or, alternatively, using the fluorescence of Trp41 as a 

water probe.118,119

The Trp41 gate plays an important role in defining the unidirectional proton conduction 

function of the M2 channel.120 To characterize its conformational dynamics, we employed 

the technique of FCS and a Trp-oxamine dye photoinduced electron transfer (PET) pair.121 

When sufficiently close, the fluorescence of the oxamine dye molecule, specifically Atto 

655, is quenched by the Trp. Thus, the dynamics underlying the changes in the dye 

fluorescence intensity, due to changes in the separation distance of the pair, can be probed by 

FCS. Specifically, we introduced an Atto 655 maleimide dye at position 40 of the M2TM 

sequence via a Lys to Cys mutation.122 Then, channel samples were prepared in model 

membranes by mixing labeled and unlabeled peptides in a ratio such that a maximum of one 
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dye-labeled peptide was present in each membrane-bound tetramer. The FCS curves of this 

proton channel obtained at different pH values (5.0 - 7.5) consist of four exponentials and 

one diffusion term. Through various control experiments, we were able to identify the PET 

component, which has a time constant of 673 ± 80 μs. Interestingly, the proton conducting 

rate of the M2 channel at low pH is estimated to be (~1000 protons/s),123-125 which is 

comparable to the conformational fluctuation rate of the Trp41 gate as measured by FCS-

PET. Thus, this finding suggests that the Trp41 tetrad may play a key role in regulating the 

proton conductance of the M2 channel, besides its known role in preventing proton back 

flux.

SUMMARY

Proteins are polymers with many unusual and fascinating properties. In particular, their 

ability to spontaneously fold into a well-defined three dimensional structure in aqueous 

solution has inspired many researchers to study the so called protein folding problem, i.e., 

how this ability is achieved. Moreover, their ability to undergo a wide variety of 

conformational changes, either spontaneously or in response to an external stimulus, such as 

a change in an environmental condition or a molecular binding event, is equally amazing. As 

such, proteins have become the new playgrounds for many physical chemists, especially 

those who use spectroscopic methods to study molecular structures and dynamics. In this 

article, we discussed several examples, based mainly on our recent studies, of using linear 

and nonlinear IR spectroscopic methods, as well as fluorescence correlation spectroscopy, to 

interrogate protein conformational dynamics, in relation to either folding or function. One 

key point is that incorporating one or multiple extrinsic IR or fluorescent probes, via isotopic 

labeling or unnatural amino acid mutation, into the protein system of interest is a useful 

approach to improve the structural resolution and achieve site specificity in these type of 

measurements. Another is that the novel use of various cross-linkers can open up new 

avenues to study some fundamental questions in protein folding and conformational 

transitions.
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Figure 1. 
Schematic diagram of the nanosecond transient IR setup. Adapted from Ref. 20 with 

permission.
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Figure 2. 
Schematic diagram of the 2D-IR setup.
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Figure 3. 
Schematic diagram of the FCS Setup.
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Figure 4. 
PheCN fluorescence decay kinetics of HP35-AP in 20 mM phosphate buffer (pH 7), which 

can be adequately described by a triple-exponential function as judged by the residuals of a 

double-exponential fit (A) and a triple-exponential fit (B) as well as the lifetime distribution 

(inset). Reprinted with permission from Ref. 52. Copyright 2012, the American Chemical 

Society.
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Figure 5. 
Fluorescence decay kinetics of Gly-PheCN-Gly (red) and SeMet-PheCN (blue), showing the 

quenching effect of SeMet. The Gly-PheCN-Gly data can be fit by a single-exponential 

function (green) with a time constant of 7.5 ns, whereas those of SeMet-PheCN can be fit by 

a double-exponential function (orange) with time constants (amplitudes) of 2.0 ns (47%) and 

0.2 ns (53%). Residuals of these fits (top panel) and results obtained from a maximum 

entropy analysis (inset) also support these assessments. Reproduced from Ref. 51 with 

permission from the PCCP Owner Societies.
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Figure 6. 
Arrhenius plot of the folding (blue), unfolding (red), and relaxation (black) rate constants of 

Trpzip-2c and its O-to-T mutants. Reprinted with permission from Ref. 55. Copyright 2012, 

the American Chemical Society.
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Figure 7. 
For the free energy surfaces shown in the inset, a Langevin dynamics simulation indicates 

that the T-jump induced relaxation kinetics for a given final temperature also depend on the 

initial temperature. Reprinted with permission from Ref. 63. Copyright 2013, the American 

Chemical Society.
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Figure 8. 
Arrhenius plot of the folding (blue) and the unfolding (red) rate constants of Trp-cage 10b 

(solid lines) and 4-8-CL-Trp-cage peptide (dashed lines). The inset shows the cartoon of the 

latter which contains an m-xylene cross-linker. Reproduced with permission from Ref. 75. 

Copyright 2013, the American Chemical Society.
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Figure 9. 
Arrhenius plot of the fast and slow relaxation rate constant of TZ4-T-CL. The green circles 

represent the relaxation rate constants of the wild-type Trpzip4. Reprinted with permission 

from Ref. 87. Copyright 2012, the American Chemical Society.
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Figure 10. 
CLS−1 versus T plots of a tripeptide (i.e., Gly-PheCN-Gly) measured under different solvent 

conditions, as indicated. The solid lines are fits of the data to the equation: CLS−1(T) = 

A·e(−t / τ) + B. Reprinted with permission from Ref. 107. Copyright 2014, Proceedings of the 

National Academy Sciences.
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