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Abstract

p-Cyanophenylalanine is an extremely useful fluorescence probe of protein structure which can be

recombinantly and chemically incorporated into proteins. The probe has been used to study protein

folding, protein-membrane interactions, protein-peptide interactions and amyloid formation,

however the factors that control its fluorescence are not fully understood. Hydrogen bonding to the

cyano group is known to play a major role in modulating the fluorescence quantum yield, but the

role of potential side-chain quenchers has not yet been elucidated. A systematic study on the

effects of different side-chains on p-cyanophenylalanine fluorescence is reported. Tyr is found to

have the largest effect followed by deprotonated His, Met, Cys, protonated His, Asn, Arg, and

protonated Lys. Deprotonated amino groups are much more effective fluorescence quenchers than

protonated amino groups. Free neutral imidazole and hydroxide ion are also effective quenchers of

p-cyanophenylalanine fluorescence with Stern-Volmer constants of 39.8 M−1 and 22.1 M−1,

respectively. The quenching of p-cyanophenylalanine fluorescence by specific side-chains is

exploited to develop specific, high sensitivity, fluorescence probes of helix formation. The

approach is demonstrated with Ala based peptides that contain a p-cyanophenylalanine-His or a p-

cyanophenylalanine-Tyr pair located at positions i and i+4. The p-cyanophenylalanine-His pair is

most useful when the His side-chain is deprotonated and is, thus, complimentary to Trp-His pair

which is most sensitive when the His side-chain is protonated.
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Fluorescence spectroscopy is widely used to study proteins and peptides, with the vast

majority of studies making use of the naturally occurring fluorophores, Tyr and Trp (1, 2).
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However, there is considerable interest in the incorporation of novel fluorophores, because

they can offer site specific probes and, in many cases, they can be chosen to allow selective

excitation and detection (3–7). Recently p-cyanophenylalanine (FCN) fluorescence has been

developed as a robust probe of protein folding, protein-peptide interactions, protein-

membrane interactions, ligand binding and amyloid formation (Figure 1) (8–15).

The utility of p-cyanophenylalanine is due to three features. First, it can be incorporated into

proteins recombinantly, using the so called 21st pair methodology, or by solid-phase peptide

synthesis (11, 16). Secondly, it represents a relatively conservative substitution for the

aromatic amino acids since it is much more similar in shape and size than many other

fluorophores and the polarity of the cyano group is between that of a methylene and an

amide group. This intermediate polarity allows FCN to be accepted in both a hydrophobic

and hydrophilic environments in a protein. Third, the photophysical properties of FCN nicely

complement existing fluorophores. It can be selectively excited in the presence of Trp and

Tyr and it forms a useful resonance energy transfer (RET) probe with both Tyr and Trp (7,

14, 17, 18). However, the factors that control its quantum yield are not completely

understood. It is known that the fluorescence is high when the cyano group is hydrogen

bonded and fluorescence can be quenched by RET to Tyr or Trp, but unfortunately the effect

of other amino acid side-chains is not known (14, 19). A detailed understanding of the

factors that control FCN fluorescence is required to fully exploit this very promising probe

and to avoid misinterpretation. A striking example is provided by our recent application of

FCN to study the folding of NTL9, a small globular protein. The fluorescence of FCN in

NTL9 was very low in the folded state suggesting that the cyano group was sequestered

from solvent, however IR measurements showed that it was exposed, and further

investigation revealed that the FCN fluorescence was quenched by interactions with a Tyr

side-chain in the native state and showed that the cyano group was, in fact, exposed to

solvent (14).

Here we systematically examine the ability of other amino acids and the termini of

polypeptides to modulate FCN fluorescence by examining the fluorescence of FCN in a set of

peptides of general sequence GGFCNXA where X represents Ala, Cys, His, Lys, Met, Asn,

Arg, and Tyr. Based on these results we demonstrate how such interactions can be used as a

highly sensitive probe of helix formation. We also show that free imidazole and hydroxide

ion are effective quenchers of FCN fluorescence.

Materials and Methods

Peptide Synthesis and Purification

A set of peptides with a general sequence GGFCNXA (X = A, C, H, K, M, N, R, or Y) were

synthesized using standard Fmoc solid-phase methods on an Applied Biosystems 433A

peptide synthesizer. PAL-PEG-PS resin was used which leads to an amidated C-terminus.

Unless noted, the peptides have a free N-terminus. Additional GGFCNXA peptides (X = A,

H or K) were synthesized with an acetylated N-terminus and an amidated C-terminus. Two

21 residue-long Ala based helical peptides were prepared with the sequence D-PA-A-K-A-

A-A-K-A-A-X-A-A-A-FCN-A-A-A-K-A where X is His or Tyr. These peptides were

amidated at their C termini and acetylated at their N termini. The peptides were cleaved

from the resin using 91% (v/v) trifluoroacetic acid (TFA), 3% (v/v), anisole, 3% (v/v)

thioanisole, 3% (v/v) 1,2-ethanedithiol, precipitated using cold ethyl ether, and scavengers

were removed under vacuum. The crude peptides were purified with reverse-phase HPLC

using a Vydac C18 semi-preparative column. An A–B gradient system was used, with buffer

A composed of a 0.1% (v/v) solution of TFA and buffer B composed of 90% (v/v)

acetonitrile, 9.9% (v/v) water and 0.1% (v/v) TFA. The gradient was 0–90% B in 90 min.

The identities of the purified peptides were confirmed by MALDI-TOF mass spectroscopy.
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The expected and observed molecular weights for the GGFCNXA peptides are; GGFCNAA

446.5 Da and 446.8 Da; GGFCNYA 538.6 Da and 538.6 Da; GGFCNMA 506.6 Da and

507.8 Da; GGFCNCA 478.5 Da and 478.5 Da; GGFCNHA 512.5 Da and 512.8 Da;

GGFCNKA 503.6 Da and 504.0 Da; GGFCNNA 489.5 Da and 489.8 Da; and GGFCNRA

531.5 Da and 531.3 Da, respectively. The expected and observed molecular weights for the

Ac-GGFCNXA peptides are; Ac-GGFCNAA 488.5 Da and 488.1 Da; Ac-GGFCNHA 554.5

Da and 554.2 Da, and Ac-GGFCNKA 545.6 Da and 545.3 Da, respectively. The observed

masses of the Ala based peptides were 1961.0 Da for the H-FCN peptide and 1987.3 Da for

the Y-FCN peptide. The expected masses were 1961.1 Da for the H-FCN peptide and 1987.2

Da for the Y-FCN peptide.

Fluorescence Spectroscopy

Fluorescence emission spectra of the peptides were collected using an Applied Photon

Technologies fluorimeter. The peptide concentration was determined by measuring the

absorbance of the sample at 280 nm. The extinction coefficient for FCN is 850 M−1cm−1 and

for Tyr is 1490 M−1cm−1 (9). Fluorescence was excited at 240 nm and the emission signal

was recorded from 250–350 nm. For the pH dependent fluorescence experiments, the

excitation wavelength for the FCN group was 240 nm, and the emission signal was followed

at 291 nm. The peptide concentration for both the fluorescence emission spectra and pH

dependent fluorescence experiments was 20 uM.

Emission spectra of the Ala based peptides were collected in buffer and 8 M urea over the

range of 250 to 350 nm with excitation at 240 nm. The peptide concentration was 25 uM.

The Tyr-FCN Ala rich peptide was prepared at pH 5.5 in 10 mM sodium acetate.

Fluorescence emission spectra of the His-FCN peptide were taken as a function of pH. The

His-FCN Ala rich peptide was examined in 10 mM sodium acetate at pH 5.5 and 10 mM Tris

at pH 8.3.

Circular Dichroism

Circular dichroism spectra of the 21 residue Ala based peptides were collected using a

Chirascan Applied Photophysics CD spectrophotometer. The peptides were in 10mM

sodium acetate at pH 5.5 or 10 mM tris at pH 8.3 for studies of the folded form. The

unfolded peptides were in 8 M urea and either 10 mM sodium acetate at pH 5.5 or 10 mM

Tris at pH 8.3. The urea concentration was determined using refractive index measurements.

Wavelength scans were recorded at 25 °C from 190–260 nm for the folded peptide and from

210–260 nm for the urea unfolded peptide.

Results and Discussion

A set of peptides with the general sequence GGFCN XA (X= A, C, H, K, M, N, R, or Y)

were synthesized to probe the ability of different side-chains to modulate FCN fluorescence.

These side-chains include all of the potential quenching groups in proteins with the

exception of Trp which has already been analyzed. Ser was not examined because it is

known that hydrogen bonding to the cyano group leads to high fluorescence. The potential

effect of protonated and deprotonated carboxylic acid were examined by a Stern-Volmer

analysis of the quenching by acetic acid and sodium acetate (supporting information). All of

the peptides have amidated C-terminus. Two GGFCNAA peptides were prepared, one with a

free N-terminus and the other with an acetylated N-terminus (Figure 1). The structure of

FCN is shown in Figure 1. The GGFCNAA peptide sequence is the parent (reference)

peptide, and was chosen as such since the Ala side-chain will not quench the fluorescence.
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In order to determine the potential effects of the N-terminus we examined the fluorescence

of the GGFCNAA variant with a free N-terminus as a function of pH (Figure 2). The

fluorescence intensity titrates with a pKa of 9.0, consistent with that of the amino group,

decreasing as the amino group is deprotonated. This observation is consistent with reports

on benzonitrile fluorescence quenching with diethylamine (20). As a control, a parent

peptide with an acetylated N-terminus was also examined and showed no change in

fluorescence up to pH 12. The decrease at pH 12 is reproducible and is due to quenching by

hydroxide ion (Supporting information).

The ability of individual side-chains to modulate FCN fluorescence was examined in the

context of the GGFCNAA peptides at pH 5. The peptides have a free N-terminus, but the pH

dependent studies of the parent peptide with the acetylated and unblocked N-terminus

demonstrate that a protonated amino group has no effect, thus alleviating any potential

concerns about the interpretation of the spectra, since quenching is dominated by the side-

chain. Figure 3 displays fluorescence emission spectra of various peptides. Each panel of the

figure includes the spectrum of the parent peptide, GGFCNAA for comparison. At pH 5.0 the

rank order of effectiveness in reducing the FCN fluorescence is Y > M > C > H+ > N > R =

K+, where H+ denotes a positively charged His side-chain and K+ a positively charged Lys

side-chain. Arg and positively charged Lys had no effect on FCN fluorescence.

The pH dependent data collected for the GGFCNAA peptide suggests that it is worthwhile to

examine the pH dependence of the quenching by His and Lys. In order to examine the effect

of the protonation state of the His and Lys side-chains, we recorded fluorescence emission

spectra of N-terminally acetylated variants of the GGFCNAA, GGFCNHA, and GGFCNKA

peptides. Acetylation blocks the N-terminus and the resulting amide linkage is not an

effective quencher. This allows the effect of the side-chain to be probed without

complications from quenching by a deprotonated N-terminal amino group at high pH. The

data indicates that a deprotonated His side-chain is a much more effective quencher than a

protonated one (Figure 4). Figure 5 displays the fluorescence emission of His and Lys

peptides with an acetylated N-terminus as a function of pH. In the His peptide, the FCN

fluorescence decreases as the His side-chain is deprotonated at higher pH and the intensity

vs. pH profile is well fit to an apparent pKa of 7.3. It is interesting to note that protonated

His is a much more effective quencher of Trp fluorescence than neutral His, but the situation

is reversed here (21, 22). Likewise, for the Lys peptide, the FCN fluorescence intensity does

not change until the pH approaches the pKa of the Lys side-chain and then decreases. It was

not possible to accurately monitor FCN fluorescence of the Lys peptide over the entire pH

range, because quenching by hydroxide is significant at pH 12 and above. However, our

observation that a deprotonated N-terminus is an effective quencher indicates that a

deprotonated Lys side-chain will be a better quencher than a protonated Lys side-chain. Of

course, the effect is likely to be of little practical significance in most studies of proteins

given that the intrinsic pKa of Lys is above 10. We examined the ability of protonated and

deprotonated carboxylic acids to quench FCN fluorescence by conducting Stern-Volmer

plots of the quenching by acetic acid and sodium acetate. Both are inefficient quenchers with

Stern-Volmer constants of 0.31 M−1 and 0.25 M−1 (supporting information).

Combining the peptide data with the pH dependent studies shows that the rank order of

quenching is Y > H° > M > deprotonated N-terminus > C > H+ > N > R = K+ where H°

denotes a neutral His side-chain. As noted, the quenching by a neutral Lys side-chain could

not be measured, but it is expected to be comparable to that of the deprotonated N-terminus.

The results with the His peptide indicate that free imidazole should be a quencher of FCN

fluorescence, and suggest that the neutral form should be more efficient than the protonated

form. This was confirmed by Stern-Volmer analysis of quenching data for the acetylated
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GGFCNAA peptide (Figure 6). A Stern-Volmer plot of the ratio of the FCN fluorescence in

the absence and presence of the quencher, F0/F vs. quencher concentration is linear. The

slope of the curve, the Stern-Volmer constant (KSV), is a measure of the efficiency of a

quencher. KSV for imidazole at pH 5 is 18.3 M−1 and at pH 9, it is 39.8 M−1, confirming

that neutral imidazole is a significantly better quencher of FCN fluorescence than protonated

imidazole. For comparison the Ksv value for hydroxide ion is 22.1 M−1 (supporting

information). Chloride ion is the only other reported quencher of FCN fluorescence and its

KSV value is 9.3 M−1 (9, 23).

FCN Based Site Specific Probes of Helix Formation

The short range nature of the quenching suggests that suitable X-FCN pairs could be used to

probe local structure formation. We tested this hypothesis by examining de novo designed

helical peptides which contained either a Tyr-FCN pair or a His-FCN pair located one helical

turn apart. Two 21 residue Ala based peptides were designed to test the ability of FCN

fluorescence quenching to probe helix formation. The designed peptides each contain an

Asp residue at position one since it is an excellent capping residue and a Pro at position two

since prolines are favorable at this position in a helix (24). Several Lys residues were

included to ensure solubility and the termini were capped to avoid unfavorable interactions

with the helix dipole. The method will be easiest to interpret quantitatively in terms of helix

formation when the FCN group is exposed to solvent in both states since the fluorescence

quantum yield is influenced by hydrogen bonding to the cyano group as well as by

quenching from other protein side-chains. If the FCN group were buried in one

conformation, but not in the other, then the observed intensity change would be a

convolution of the effects due to changes in side-chain quencher interactions and the effects

of changes in solvation (18). However, note that both quenching and side-chain burial

reduce FCN fluorescence. Thus, the pair can still be used as a probe of folding although

deciphering the effects due to helix formation from those due to side-chain quenching could

be difficult.

We first examined the use of a Tyr-FCN pair. In the present case, Tyr was incorporated at

residue-12 and FCN at residue-16. The distance between the Tyr and FCN residues, when

folded into a helical conformation is well within the Förster distance of 12 Ǻ (see supporting

information for the Förster distance calculation) and the cyano group is exposed to solvent.

The CD spectrum indicates that the Tyr-FCN peptide is partially helical in buffer. The

spectrum shows the characteristic helical trend in ellipticity at 208 nm and 222 nm. The

mean residue ellipticity is −19,300 deg cm2 dmol−1 at 222 nm, which corresponds to a

helical content of 55%, as estimated using the method of Baldwin (Figure 7a) (25). CD

reveals, as expected, that the peptide is unstructured in 8 M urea. The change in the

conformation of the peptide is reflected by significant changes in its fluorescence properties.

The fluorescence intensity is high in the urea induced unfolded state, but is significantly

reduced in the partially folded state in buffer, owing to helix formation which brings the

Tyr-FCN pair into closer proximity (Figure 7b). The ratio of the fluorescence of the partially

folded form to that of the unfolded form is 0.50. The data demonstrates that a solvent

exposed Tyr-FCN pair can be used as a local fluorescence probe of helix formation.

The data collected on the GGFCNHA peptide suggests that a solvent exposed His-FCN pair

could also be exploited to provide a fluorescence based probe of helix formation. Our

analysis of the small peptides indicates that the method should be more sensitive at pH

values where the His sidechain is neutral. The quenching of Trp by protonated His has been

used to probe protein conformation changes, but is limited to pHs where His is protonated

(26). Thus, a His-FCN pair should be complimentary since it will be most effective when the

His side-chain is neutral. We examined the fluorescence properties of the His-FCN

containing Ala based peptide at pH 5.5, where the His side-chain is predominantly
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protonated, and at pH 8.3, where it is largely deprotonated. The peptide is partially helical in

buffer at both pH 5.5 and pH 8.3 as judged by CD (Figure-8). The helical content is less than

observed for the Tyr containing peptide, but it is still significant. The shape of the spectra

suggests that the His containing peptide is slightly more helical at the higher pH, although

the helical content is on the order of 37 to 42% for both pHs. The addition of 8 M molar urea

disrupts the helical structure (Figure-8). The fluorescence is lower in the partially folded

state than in the unfolded state at both pHs, however the change is much larger at pH 8.3,

where the ratio of the fluorescence of the partially folded form to that of the unfolded form

is 0.46 (Figure 8b). At pH 5.5 the ratio is 0.74 (Figure-8d). The data confirms that solvent

exposed FCN-His pairs can be effectively exploited to probe helical structure and

demonstrates that the method is most sensitive when the His sidechain is neutral.

Conclusions

The data presented here provides a comprehensive catalog of the effect of protein side-

chains on FCN fluorescence. The short range of the quenching by His and Tyr can be

exploited to design fluorescence-based sensors of specific elements of secondary structure.

The strategy was demonstrated here using α-helical peptides, but can obviously be applied to

globular proteins as well. In this case the FCN-Tyr/His pair should be located in solvent

exposed sites so that the change in fluorescence intensity upon unfolding is dominated by

changes in the quencher flurophore distance and not by changes in the solvation of the cyano

group, which may arise if the probe were incorporated into a site that is buried in the native

state but exposed in the unfolded state. The change in fluorescence should be even larger

than observed for the Ala-rich peptides, since the helical structure will be fully formed in a

folded globular protein, but is only partially formed in the peptides. The approach is clearly

not limited to helices and could be used to follow β-hairpin or β-sheet formation. The

quenching studies of the pentapeptides indicate that FCN-Met pair could also be exploited to

follow local structure formation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

FCN p-cyanophenylalanine

RET resonance energy transfer

MALDI-TOF MS matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry

CD circular dichroism

KSV Stern-Volmer constant
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Figure 1.

General sequence of the peptides studied. (A) Several variants have an amidated C-terminus

and a free N-terminus. (B) An additional three peptides GGFCNAA, GGFCNHA and

GGFCNKA were synthesized with an acetylated N-terminus. (C) The structure of the p-

cyanophenylalanine side-chain.
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Figure 2.

Comparison of the pH dependence of the fluorescence emission intensity for GGFCNAA

peptide with a free N-terminus (black) and with an acetylated N-terminus (Ac-GGFCNAA,

red). The solid black line is a fit of the data to the Henderson-Hasselbalch equation with an

apparent pKa of 9.0. The decrease in intensity for the Ac-GGFCNAA peptide above pH 11 is

due to quenching by hydroxide ion (labeled with a star). Fluorescence was excited at 240 nm

and the emission was collected at 291 nm. The peptide concentration was 20 uM. The

experiments were conducted in water at the indicated pH values.
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Figure 3.

Fluorescence emission spectra of GGFCNXA peptides with a free N-terminus at pH 5. X

being (A) Ala, Arg, Asn, and Cys; (B) Ala, Met, Lys, and Tyr. Fluorescence was excited at

240 nm. The experiments were conducted in water.
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Figure 4.

Comparison of the effects of a protonated and deprotonated His side-chain on FCN

fluorescence measured for the GGFCNXA peptides with an acetylated (blocked) N-terminus.

Black, X=Ala at pH 5; red X=His at pH 5; blue, X=His at pH 10. All spectra were recorded

in water at the indicated pH. Sample concentration was 20 uM and the excitation was at 240

nm.
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Figure 5.

Fluorescence emission intensity of the Ac-GGFCNHA (black) and Ac-GGFCNKA (red) N-

teminal acetylated peptides as a function of pH. The FCN fluorescence is quenched as the pH

approaches the pKa of His, indicating that deprotonated His is a better quencher of FCN

fluorescence than protonated His. A decrease in fluorescence intensity of the Ac-GGFCNKA

peptide is observed as the pH approaches the pKa of Lys. Data is not reported above pH 11

because quenching by OH− is significant. The solid curve is a fit of the His data to the

Henderson Hasselbalch equation and yields an apparent pKa of 7.3.
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Figure 6.

Stern-Volmer plots of the quenching of FCN fluorescence of the acetylated GGFCNAA (Ac-

GGFCNAA) peptide by imidazole at pH 5 (black) and pH 9 (red). The Stern-Volmer

constants are 18.3 M−1 at pH 5 and 39.8 M−1 at pH 9.
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Figure 7.

(A) CD spectra of the Tyr-FCN peptide indicates that it is partially helical in buffer (red), but

is unfolded in 8 M urea (black). Spectra were recorded at 25°C at pH 5.5. (B) Fluorescence

emission spectra confirm that the Tyr-FCN pair provides a probe of helix formation.

Fluorescence emission spectra of the Tyr-FCN peptide in the partially helical state (red) and

in the urea unfolded state (black) are shown.
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Figure 8.

(A) CD spectra of the His-FCN peptide at pH 8.3 indicates that it is partially helical in buffer

(red), but is unfolded in 8 M urea (black). The red curve in the CD spectra is included as an

aid to visualize. (B) Fluorescence emission spectra confirm that the His-FCN pair provides a

sensitive probe of helix formation when the His side-chain is neutral. Fluorescence emission

spectra of the His-FCN peptide in the partially helical state (red) and in the urea-unfolded

state (black) are shown at pH 8.3. (C) CD spectra of the His-FCN peptide at pH 5.5 indicates

that it is partially helical in buffer (red), but is unfolded in 8 M urea (black). (D)

Fluorescence emission spectra confirm that the His-FCN pair is a less sensitive probe of

helix formation when the His side-chain is charged. Fluorescence emission spectra of the

His-FCN peptide in the partially helical state (red) and in the urea unfolded state (black) are

shown at pH 5.5.
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Table 1

Effect of various side-chains on p-cyanophenylalanine fluorescence. Measurements were performed in water

at pH 5 if not otherwise indicated. Acetylated peptides were used to obtain the data for both of the His

peptides.

Side-chain Intensity ratio relative to
control:

GGFCNXA / GGFCNAA

Tyr 0.10

His (pH:10) 0.27

Met 0.31

Cys 0.54

His+ (pH 5) 0.85

Asn 0.93

Lys+ (pH 5) 1.00

Arg 1.00
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