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ABSTRACT:  The C≡N stretching frequency and fluorescence quantum yield of p-

cyanophenylalanine are sensitive to environment. As such, this unnatural amino acid has found 

broad applications, ranging from studying how proteins fold to determining the local electric 

field of membranes. Herein, we demonstrate that the fluorescence of p-cyanophenylalanine can 

be quenched by selenomethionine through an electron transfer process occurring at short 

distances, thus further expanding its spectroscopic utility. Using this fluorophore-quencher pair, 

we are able to show that short polyproline peptides (1-4 prolines) are not rigid; instead, they 

sample a bimodal conformational distribution. 
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1. INTRODUCTION 

The unnatural amino acid p-cyanophenylalanine (PheCN) is a versatile spectroscopic probe in 

proteins because (1) its C≡N stretching vibration is sensitive to the local environment and thus 

can serve as a site-specific infrared (IR) probe,1-4 (2) its fluorescence quantum yield and lifetime 

in protic solvents, especially water, are significantly different than those in aprotic solvents,5 (3) 

its fluorescence can be quenched by various metal ions,6 (4) it can be used as an efficient 

fluorescence resonance energy transfer (FRET) donor to tryptophan (Trp) and other amino acid 

fluorophores,7-12 (5) its fluorescence can be selectively excited by using an excitation wavelength 

of 240 nm, even in the presence of other fluorescent amino acids, i.e., phenylalanine (Phe), 

tyrosine (Tyr) and Trp,13 (6) it can be easily incorporated into biological molecules using various 

methods including amber codon suppression,14 and (7) it has a similar size to Phe and Tyr, 

making substitution of these amino acids with PheCN minimally perturbing to the target protein’s 

native structure. As such, PheCN has been utilized in many biological studies to investigate, for 

example, the thermodynamics and kinetics of protein folding,15 protein conformation and 

conformational distribution,16,17 protein-peptide interactions,13,18 the kinetics and mechanism of 

amyloid formation,19 and protein and membrane electrostatics.20,21 To further extend the 

spectroscopic utility of PheCN, herein, we show that selenomethionine (SeMet), a naturally-

occurring and non-fluorescent amino acid, is an efficient quencher of PheCN fluorescence and, 

thus, this fluorophore-quencher pair is ideally suited to probe protein conformational changes 

occurring over very short distances (<20 Å). 

 Quenching has been widely used to study the structure and dynamics of proteins. For 

example, the quenching of Trp fluorescence in proteins by amino acids, such as cysteine (Cys), 

methionine (Met), or by small molecules, such as acrylamide, has been used to determine the rate 
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of contact formations in disordered peptides,22 peptide binding to proteins,23 and the degree of 

Trp residue solvent exposure.24 Additionally, Trp has been used as a quencher of oxazine and 

rhodamine fluorophores through photoinduced electron transfer (PET).25 FRET, depending on 

the donor-acceptor pair, typically occurs over a distance range of 20-100 Å.26 Fluorescence 

quenching, on the other hand, requires overlap of the electron orbitals of the fluorophore and 

quencher, and thus occurs at a shorter length scale.26 Therefore, for certain applications, 

fluorescence quenching is more desirable than FRET. Additionally, fluorescence quenching 

experiments are often simpler in practice, in comparison to FRET measurements, since the 

quencher does not directly contribute to the fluorescence signal. 

 We hypothesize that PheCN-SeMet constitutes an efficient fluorophore-quencher pair 

based on a previous study which suggested that SeMet is capable of quenching the fluorescence 

of Trp in a protein environment.23 To verify this hypothesis, we conducted both steady-state and 

time-resolved fluorescence measurements on a SeMet-PheCN dipeptide. Indeed, our results show 

that SeMet can efficiently quench PheCN fluorescence. Using the Stern-Volmer analysis and 

numerical simulations, we are able to further determine the underlying electron-transfer 

parameters that dictate the distance-dependent fluorescence quenching rate. Furthermore, we 

employed this fluorophore-quencher pair to investigate the conformational distribution of a 

series of short polyproline (Pro) peptides, i.e., SeMet-(Pro)n-PheCN (n = 1-4), and found that two 

conformations are populated in each case. Taken together, these results lead us to believe that 

PheCN-SeMet is a useful fluorophore-quencher pair for protein structural and conformational 

studies. Additionally, using SeMet as a quencher in this regard affords the following advantages: 

(1) it can be synthetically incorporated into a peptide through solid phase peptide synthesis, or 

into a protein, through expression vectors27 or cell-free expression,28 and (2) it is a natural 
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derivative of Met and, thus, a Met to SeMet substitution is expected to cause only minimum 

structural perturbation to the protein of interest. 

 

MATERIALS AND METHODS 

Sample Preparation. All peptides were prepared by standard 9-fluorenylmethoxy-carbonyl 

(Fmoc) solid phase peptide synthesis methods on a PS3 automated peptide synthesizer (Protein 

Technologies, MA) and purified by reverse-phase high-performance liquid chromatography 

(HPLC). For each peptide, the mass (see Supplementary Information) and its identity were 

characterized using either liquid-chromatography mass spectrometry (LC-MS) or matrix-assisted 

laser desorption/ionization mass spectrometry (MALDI-MS). All peptide samples used in the 

fluorescence measurements were prepared by dissolving lyophilized peptide in Millipore water, 

and the pH of the solutions was around 5.3. The peptide concentration, determined optically 

using the absorbance of PheCN at 280 nm (ε = 850 M-1 cm-1),6 was between 10-25 µM for static 

measurements and 200 µM for the time-resolved experiments. For the Stern-Volmer 

measurements, the concentration of PheCN was kept constant at 165 µM.  

 

Static and Time-Resolved Fluorescence Measurements. All static fluorescence measurements, 

except the Stern-Volmer titrations, were collected on a Jobin Yvon Horiba Fluorolog 3.10 

fluorometer at 25 °C in a 1 cm quartz cuvette with spectral resolution of 1.0 nm, an integration 

time of 2.0 s/nm, and an excitation wavelength of 270 nm. The Stern-Volmer experiments were 

conducted on an Agilent Technologies Cary Eclipse fluorometer under the same conditions. 

Time-resolved fluorescence measurements were collected on a time-correlated single photon 

counting (TCSPC) system with a 1 cm cuvette at 25 °C. The details of the TCSPC system have 
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been described elsewhere.29 Briefly, a home-built femtosecond Ti:Sapphire oscillator operating 

at 850 MHz was used to generate the 270 nm excitation pulse. Selective emission at 340 nm was 

monitored using a subtractive double monochromator with a MCP-PMT detector (Hamamatsu 

R2809U) and a TCSPC board (Becker and Hickl SPC-730). Fluorescence decays were 

deconvoluted with the experimental instrument response function (IRF) and were fit either to a 

single-exponential decay (Gly-PheCN-Gly) or a bi-exponential decay (SeMet-containing 

peptides) using FLUOFIT (Picoquant GmbH). For comparison, fluorescence decays were also fit 

using the maximum entropy method (MEM).30 The optical density of the samples at the 

excitation wavelength of 270 nm was approximately 0.01 for the static measurements and 0.1 for 

the Stern-Volmer and time-resolved measurements.  

 

Molecular Dynamics (MD) Simulation. The starting geometry of Met-PheCN was produced 

using a trans peptide bond. MD simulations were carried out using the NAnoscale Molecular 

Dynamics (NAMD) program (version 2.7)31 and the CHARM22 force field.32 The force field 

parameters for PheCN were derived by Zoete and coworkers.33 The peptide of interest was 

immersed in 5857 TIP3P water molecules34 in a 40 Å × 40 Å × 40 Å cubic box with periodic 

boundary conditions and a cutoff of 12 Å for nonbonded interactions. After energy minimization 

of the entire system, a production run of 100 ns was performed with a pressure of 1 atm, 

maintained using the Nosé-Hoover Langevin piston method. The temperature was increased 

from 0 to 298 K with an increment of 20 K every 500 timesteps. The final temperature of 298 K 

was held constant and was controlled by the Langevin thermostat. Full electrostatics were 

evaluated at every time step via the Particle-Mesh Ewald (PME) method.35 A 2 fs time step was 

used to integrate the equations of motion and the structural coordinates were saved every 1 ps for 
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 7

further analysis. The SHAKE algorithm was used to restrict the motion of all bonds involving 

hydrogen. Convergence of the simulation was checked by monitoring the distance between the 

sulfur atom in Met and the center-of-mass (COM) of the PheCN sidechain in 10 ns intervals. This 

distance distribution was then fit to the sum of two Gaussians. The simulation was run until the 

centers, amplitudes, and widths of the two Gaussians were constant over a period of 50 ns. For 

this reason, only the frames from the last 50 ns of the full 100 ns trajectory were used for further 

analysis. 

 

RESULTS AND DISCUSSION 

Quenching PheCN Fluorescence by SeMet. In order to verify whether SeMet quenches PheCN 

fluorescence, we first compared the apparent fluorescence quantum yields of two peptides, 

SeMet-PheCN and Gly-PheCN-Gly. As shown (Figure 1), under the same experimental conditions 

the PheCN fluorescence intensity of SeMet-PheCN is ten times less than that of Gly-PheCN-Gly, 

indicating that SeMet, when in close proximity, can efficiently quench the fluorescence of PheCN. 

Additionally, while it is known that the natural amino acid Met quenches PheCN fluorescence,12 

SeMet is a more effective quencher of PheCN fluorescence, which decreases the fluorescence by a 

factor of three when compared to a Met-PheCN peptide (Figure 1). To further quantify the 

efficiency of the SeMet quenching process, we carried out time-resolved fluorescence 

measurements. As shown (Figure 2), the fluorescence decay of Gly-PheCN-Gly fits well (i.e., χ2 < 

1.2) to a single-exponential, with a lifetime of 7.5 ns (Table 1), in good agreement with 

previously reported fluorescence lifetime of PheCN.5 Further assessment of this decay using the 

MEM yielded consistent results, which show a single lifetime distribution centered at 7.1 ns 

(inset of Figure 2). In comparison, the fluorescence decay of SeMet-PheCN is significantly faster 
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 8

than that of Gly-PheCN-Gly (Figure 2), further confirming the role of SeMet as a PheCN 

fluorescence quencher. Surprisingly, however, the fluorescence decay of SeMet-PheCN is best 

described by a bi-exponential function with the following lifetime (relative amplitude): 2.0 ns 

(47%) and 0.2 ns (53%). This deviation from single-exponential behavior, which is further 

verified by the MEM analysis (inset of Figure 2), is indicative of two peptide conformations that 

have distinctively different separation distances between the sidechains of SeMet and PheCN. 

 

Stern-Volmer Experiments. To determine the underlying quenching mechanism, we carried out 

further static fluorescence quenching experiments using free SeMet and PheCN. As shown, 

(Figure 3), the resultant Stern-Volmer plot, determined after correction of the inner filter effect 

of SeMet, exhibits an upward curvature, indicative of a distance-dependent quenching rate,26  

 

( ))(exp)( 00Q arkrk −−= β ,    (1) 

 

where a0 is the donor-to-quencher separation distance when they are in van der Waals contact, k0 

is the corresponding quenching rate (i.e., when r = a0), and β is a constant characteristic of the 

fluorophore-quencher pair.36 The minimum value of the parameter a0 was determined to be 6.23 

Å from the sum of the van der Waals radii of the quencher, Se (1.90 Å), and the fluorophore, 

PheCN (4.33 Å). However, due to the solvent-cage and steric effects, the value of a0 is likely 

larger. Thus, following previous practice,37 we set the value of a0 to be 7.0 Å. To solve for k0 and 

β, we numerically fit the Stern-Volmer curve based on the methods described in the 

literature.26,37-41 Briefly, the fluorescence decay signal, I(t), is described as: 
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−−= ∫ ')'(exp)(
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0
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0
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t
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t

τ
,   (2) 

 

where τ0 is the intrinsic fluorescence lifetime of the fluorophore, 0
QC  is the bulk concentration of 

the quencher, and time-dependent quenching rate, k(t), is calculated based on the following 

equation: 

 

drtrCrkr
C

tk
a

),()(
4

)( QQ
2

0
Q

0
∫
∞

=
π

,            (3) 

 

where CQ(r, t) is the quencher concentration at a distance r and time t, which is governed by the 

rate of diffusion and the rate of quenching, given by: 

 

),)y((),y(
),y(

Q
2 trrktrD

t

tr
−∇−=

∂
∂

 ,                       (4) 

 

A normalized concentration of quencher, y(r,t) was defined to simplify the calculation: 

 

0
QQ /),(),(y CtrCtr =  ,                                               (5)  

 

Using appropriate initial conditions and boundary conditions,  

 

10),y( ==tr ,                                                            (6) 
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0
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0
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∂

∂

=art

tr
,                                                     (7) 

1),y(lim =∞→ trr ,                                                      (8)  

 

we numerically solved for CQ(r, t) and then k(t) and I(t) for each 0
QC , allowing us to fit the Stern-

Volmer curve with k0 = 42.6 ns-1 and β = 1.6 Å-1, as shown (Figure 3). These parameters are 

comparable with values obtained for other distance-dependent quenching processes.36,41-42 For 

example, for a fixed value of a0 = 8.0 Å, k0 and β were determined to be 60 ns-1 and 1.3 Å-1, 

respectively, for the fluorescence quenching of p-Bis[2-(5-phenyloxazolyl)]benzene (POPOP) by 

1,2,4-Trimethoxybenzene.41  

 

Quenching Mechanism. There are several mechanisms by which SeMet could quench PheCN 

fluorescence, including FRET, electron transfer, and the heavy atom effect. As there is no 

overlap between the fluorescence emission spectrum of PheCN (Figure 1) and the absorption 

spectrum of SeMet (Figure S1), a prerequisite for FRET to occur,26 we do not believe that the 

quenching of the PheCN fluorescence by SeMet is through the mechanism of FRET. Furthermore, 

we tentatively rule out the possibility of the heavy atom effect, which is known to increase the 

intersystem crossing rate of the fluorophore,41 as no detectable triplet state formation was 

observed for PheCN when a high concentration of SeMet (8 mM) was present (Figure S2). Thus, 

most likely SeMet quenches the PheCN fluorescence through an electron transfer mechanism. To 

further verify this possibility, we carried out cyclic voltammetry experiment on PheCN. As shown 

(Figure S3), the oxidation potential of PheCN was measured to be 0.921 V vs. NHE at pH 7.0, a 

value similar to that of other aromatic amino acids.43 Because the reduction potential of SeMet 
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was previously determined to be 1.21 V vs NHE at pH 7.0,44 we can use the following Rehm and 

Weller equation41 to estimate the free energy change (∆GET) of the corresponding electron 

transfer reaction: 

 

C∆ s

red

21

ox

21ET +−−= EEEG ,                                (9) 

 

where ox

21E is the half-wave oxidation potential of the electron donor PheCN, red

21E is the half-

wave reduction potential of the electron acceptor SeMet, sE is the singlet excitation energy of the 

fluorophore PheCN (280 nm),5 and C is the Coulomb energy change described by: 

 

0

2

π4 εεa
e

C −= ,                                                            (10) 

 

where ε is the dielectric constant of water and a is the closest distance separation (7 Å). As 

expected, ∆GET was estimated to be -4.7 eV, a value that is consistent with the notion that the 

PheCN fluorescence is quenched by SeMet via an electron transfer mechanism.41 

 

MD Simulations. To investigate the origin of the non-single-exponential fluorescence decay of 

SeMet-PheCN, we carried out a 100 ns MD simulation on Met-PheCN in water at 298 K, as the 

force field parameters for SeMet were not available to us. While this will limit the extent to 

which direct and quantitative comparison can be made between simulation and experimental 

results, it will provide a qualitative description of the conformation distribution of SeMet-PheCN. 

To assess the distribution of the separation distance between the quencher and fluorophore, 
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which is defined as the distance between the S atom in Met and the COM of the PheCN sidechain, 

a total of 200,000 MD frames, with adjacent frames separated by 0.5 ps, were saved. As shown 

(Figure 4), the resultant distance distribution from the last 50 ns of the trajectory consists of two 

peaks and can be fit by the sum of two Gaussians, centered at 9.0 Å (σ2 = 1.9, relative amplitude 

= 45%) and 10.6 Å (σ2 = 0.7, relative amplitude = 55%). Using these distances and the 

quenching parameters determined above from the Stern-Volmer analysis, we calculated the 

fluorescence decay lifetimes of these two components to be 3.4 and 0.5 ns. Comparing these 

values to those (i.e., 2.0 and 0.2 ns) determined experimentally for SeMet-PheCN, a qualitative 

agreement is observed with deviations likely due to using the Met force field instead of that for 

SeMet. Thus, these MD simulation results support the notion that the bi-exponential fluorescence 

decay of SeMet-PheCN arises from two distinguishable conformational ensembles.    

 

Conformational Distribution of Short Polyproline Peptides. It is often assumed that 

polyproline adopts a rigid PPII, all-trans structure and, thus, can be used to determine the Förster 

distance of FRET pairs.45 Though the all-trans conformation of polyproline is dominant in 

aqueous solution, there is evidence that other conformations can also populate.46-52 For example, 

using single-molecule measurements, Best et al.50 showed that the end-to-end distance of long 

polyproline chains (>8 Pro) can deviate significantly from the value predicted based on the 

corresponding PPII structure and demonstrated that as much as 30% of the internal peptide bonds 

could adopt the cis configuration in water. For short polyproline sequences (<6 Pro), computer 

simulations53 have shown that the energy difference between the all-cis and all-trans 

conformations in water is small (~1 kcal/mol), allowing both states to be populated. Moreover, 

nuclear magnetic resonance (NMR) measurements46-48 have indicated that there could be as 
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much as 65% cis-favored conformations for polyproline chains with 1-3 Pro residues. To further 

verify the notion that short polyproline peptides can adopt non-PPII structures in aqueous 

solution and also test the utility of the PheCN-SeMet fluorophore-quencher pair, we measured the 

PheCN fluorescence decay kinetics of the following peptides, SeMet-(Pro)n-PheCN (n = 1-4).  

For all four peptides, as shown (Figure 5), the fluorescence decay of PheCN is reasonably 

well fit (i.e., χ2 < 1.2) by a bi-exponential function, suggesting that there are at least two 

conformations present in the lifetime of the fluorophore. Further MEM analysis yielded 

consistent results. Interestingly, as indicated (Table 1), the longer lifetime (i.e., τ1) in each case 

shows a clear increase with increasing the number of prolines, while the value of τ2 does not 

show such a trend. These longer lifetimes, and therefore longer fluorophore-quencher separation 

distances, are likely due to the all-trans conformations of the peptides, as a single cis-bond can 

significantly reduce the end-to-end distance of polyproline chains.50,51 More convincing evidence 

in support of this assignment is that the fluorophore-quencher separation distance calculated 

from the quenching rate (Table 1) shows a linear correlation with the Cα-Cα distance between the 

first and last amino acid when all the peptide bonds are trans (Figure 6). It should be noted that 

the increase of the calculated sidechain-to-sidechain distance with n is smaller than that of the 

Cα-Cα distance. This is most likely due to the fact that in these peptides the PheCN and SeMet 

sidechains sample a distribution of separation distances and the associated conformational 

transitions occur on a timescale that is faster than the PheCN fluorescence lifetime. Since a shorter 

fluorophore-quencher separation distance would lead to a faster quenching rate, it would 

contribute more toward the decrease of the fluorescence lifetime. In other words, the calculated 

fluorophore-quencher separation distance in this case is skewed toward the short-distance side of 

the true separation distance distribution, leading to a smaller increase with n. On the other hand, 
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the shorter lifetime components should arise from non-PPII conformations. An all-cis 

polyproline structure, with 1.9 Å per proline residue, is shorter than an all-trans structure, with 

3.1 Å per proline residue. Varying conformations of cis and trans will give rise to these shorter 

lifetime components. Taken together, these results validate not only the utility of the PheCN-

SeMet fluorophore-quencher pair in peptide or protein conformational studies, but also the 

notion that polyproline is not a rigid chain and caution should be taken when use it in distance 

determinations. 

 

CONCLUSIONS 

Fluorescence quenching through the mechanism of electron transfer requires the fluorophore and 

quencher to be in van der Waals contact, thus allowing measurement of very short distances. 

Here, we hypothesized and experimentally verified that PheCN and SeMet constitute such a 

fluorophore-quencher pair. Through the use of steady-state and time-resolved fluorescence 

measurements, we were able to determine the quenching rate constant to be kQ = k0exp(-β(r – 

a0)), where k0 = 42.6 ns-1, β = 1.6 Å-1, and a0 = 7.0 Å. To further demonstrate the utility of this 

fluorophore-quencher pair, we investigated the end-to-end distances of a series of short 

polyproline chains, SeMet-(Pro)n-PheCN with n = 1-4. We found in all cases that the fluorescence 

decay of PheCN follows a bi-exponential function, indicating that short polyproline peptides can 

sample different conformations. Because of their small sizes, we believe that this amino-acid 

based fluorophore-quencher pair will be valuable in structural, conformational, and dynamical 

studies of proteins. 
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Table 1. Fluorescence lifetime (τ) and relative amplitude (A) determined from fitting the 
fluorescence decay of each peptide to a bi-exponential function. For the polyproline 
peptides, the corresponding fluorophore-quencher separation distance (r) was calculated 
for each component using k0 = 42.6 ns-1, β = 1.6 Å-1, and a0 = 7.0 Å. 

  τ1 (ns)a A1(%) r1 (Å) τ2 (ns)a A2(%) r2 (Å) 

Gly-PheCN-Gly 7.5 100 ------ ------ ------ ------ 

SeMet-(Pro)4-PheCN 6.0 71 11.6 0.6 29 9.1 

SeMet-(Pro)3-PheCN 5.3 53 11.3 0.7 47 9.2 

SeMet-(Pro)2-PheCN 3.8 58 10.7 0.9 42 9.4 

SeMet-Pro-PheCN 2.6 44 10.3 0.8 56 9.4 

SeMet-PheCN 2.0 47 10.1 0.2 53 8.5 
aThe error in these values was estimated to be ±5% 
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Figure Captions 

 

Figure 1: Normalized fluorescence spectra of SeMet-PheCN, Met-PheCN, and Gly-PheCN-Gly, as 

indicated.  

 

Figure 2: Fluorescence decay kinetics of Gly-PheCN-Gly (red) and SeMet-PheCN (blue). The 

smooth lines are fits of these data to a single-exponential function (Gly-PheCN-Gly) and a bi-

exponential function (SeMet-PheCN). The residuals of the fits are shown in the top panel and the 

resulting fitting parameters are listed in Table 1. Shown in the inset are the lifetime distributions 

obtained from MEM analysis for both peptides. 

 

Figure 3: Relative fluorescence intensity of free PheCN versus concentration of free SeMet. The 

smooth line is a fit to the data using the approach discussed in the text and the following fitting 

parameters: k0 = 42.6 ns-1, β = 1.6 Å-1 and a0 = 7.0 Å. 

 

Figure 4: Probability distribution of the distance between S and the COM of PheCN sidechain 

obtained from the MD simulation. The red line represents the best fit of this distribution to the 

sum of two Gaussians with centers at 9.0 Å (σ2 = 1.9, relative amplitude = 45%) and 10.6 Å (σ2 

= 0.7, relative amplitude = 55%), respectively. A representative snapshot for each center distance 

is also shown.  

 

Figure 5: Fluorescence decay kinetics (black lines) of SeMet-Pro-PheCN (A), SeMet-(Pro)2-

PheCN (B), SeMet-(Pro)3-PheCN (C), and SeMet-(Pro)4-PheCN (D). The smooth color line in each 
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case represents the best fit of the corresponding decay to a bi-exponential function, with the 

corresponding residuals shown in the top panel and the fitting parameters given in Table 1. 

Additionally, shown in the inset is the bimodal lifetime distributions obtained from MEM 

analysis for each peptide.  

 

Figure 6: Correlation between the Cα-Cα distance between the first and last amino acid of each 

polyproline peptide and the corresponding fluorophore-quencher separation distance determined 

from the τ1 lifetime component.  

Page 22 of 29Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 23

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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