
U.S. Department of Energy

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under 
Contract No.                              with the U.S. Department of Energy. The publisher by accepting the 
manuscript for publication acknowledges that the United States Government retains a non-exclusive, paid-up, 
irrevocable,  world-wide license to publish or reproduce the published form of this manuscript, or allow others
 to do so, for United States Government purposes. 

Brookhaven National Laboratory 

BNL-211501-2019-JAAM

Resonance Energy Transfer in a Genetically Engineered Polypeptide Results
in Unanticipated Fluorescence Intensity

J. Seeley, M. Cotlet

To be published in "Chemistry A European Journal"

November 2018

Center for Functional Nanomaterials

USDOE Office of Science (SC), Basic Energy Sciences (BES) (SC-22)

DE-SC0012704



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government.  Neither the United States Government nor any 
agency thereof, nor any of their employees, nor any of their contractors, 
subcontractors, or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or any 
third party’s use or the results of such use of any information, apparatus, product, 
or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service 
by trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof or its contractors or subcontractors. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof.  
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Polypeptide Results in Unanticipated Fluorescence Intensity
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Abstract: The fluorescence intensity of a C-terminal ac-
ceptor chromophore, N-(7-dimethylamino-4-methyl cou-

marin (DACM), increased proportionally with 280 nm irra-
diation of an increasing number of donor tryptophan resi-

dues located on a b-sheet forming polypeptide. The fluo-
rescence intensity of the acceptor chromophore increased

even as the length of the b-sheet edge approached 256 a,
well beyond the Fçrster radius for the tryptophan–accept-
or chromophore pair. The folding of the peptides under

investigation was verified by circular dichroism (CD) and
deep UV resonance Raman experiments. Control experi-

ments showed that the enhancement of DACM fluores-
cence occurred concomitantly with peptide folding. In

other control experiments, the DACM fluorescence intensi-

ty of the solutions of tryptophan and DACM did not show
any enhancement of DACM fluorescence with increasing

tryptophan concentrations. Formation of fibrillar aggre-
gates of the substrate peptides prepared for the fluores-
cence studies was undetectable by thioflavin T (ThT) fluo-
rescence.

Artificial organic light-harvesting structures[1] have been the
subject of intense research and have thus evolved to include

complex assemblies.[2] Unfortunately, construction of ever
larger covalent molecules is accompanied by ever greater syn-

thetic complexity.[3] Readily accessible polypeptides have been
used to prepare light-harvesting organogels,[4] light-harvesting
arrays,[5] and scaffolds for the display of fluorescent dyes or

polymers.[6]

In contrast to earlier studies, genetic constructs were pre-

pared that coded for incrementally larger polypeptides de-
signed to assume b-sheet conformations. Genetically engi-
neered constructs enabled exploration of the interactions of

multiple tryptophan chromophores, confined in space and ori-

entation, along a single edge of b-sheet forming peptides
(Figure 1). Geometric confinement of chromophores has many

advantages, particularly the potential for strong electronic cou-
pling between neighboring tryptophan residues. The close

proximity (<8 a) of the tryptophan p-systems results in multi-
ple edge-bound chromophores precisely positioned for non-ra-

diative energy transfer. The pendent indole moieties attached
to the polypeptide backbone are rotationally constrained but

not rigid facilitating dipolar interactions. The efficiency of intra-
molecular energy transfer was investigated for carefully de-
signed peptides in which the dimensions of the secondary
structure were precisely controlled. This control was estab-

lished by use of the sequentially concatenated genetic con-
structs to encode the desired peptides (see Table 1). Such ge-
netically engineered peptides enable facile site-specific se-
quence modifications. Substitutions at the b-turns of the
folded peptides with non-natural amino acids can shift both

the absorption and emission spectra of the donor chromo-
phores to longer wavelengths.

Long range intramolecular energy transfer, assessed by ac-
ceptor dye fluorescence intensities and quantum yields corre-
lated with b-sheet length (see the Supporting Information, Fig-
ure S4). The resonance energy transfer (RET) efficiencies of four

Figure 1. Cartoon depicting b-sheet conformation of (GH6[(GA)3GK(GA)3GW
(GA)3GE(GA)3GW]4GAC1) (KWEW4-C1). The C-terminus is labeled with a
dimethylaminocoumarin acceptor dye moiety.

Table 1. Tryptophan-bearing peptide constructs.

Peptide Sequence

KWEW4-C1 GH6[(GA)3K(GA)3W(GA)3E(GA)3W]4GAC
KWEW8-C1 GH6[(GA)3K(GA)3W(GA)3E(GA)3W]8GAC
KWEW12-C1 GH6[(GA)3K(GA)3W(GA)3E(GA)3W]12GAC
KWEW16-C1 GH6[(GA)3K(GA)3W(GA)3E(GA)3W]16GAC
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peptides, each bearing a single acceptor chromophore, were
compared to establish the existence of an antenna effect.

The de novo designed polypeptides KWEW4-C1, KWEW8-C1,
KWEW12-C1) and KWEW16-C1 (see Table 1) were prepared by

known methods.[7]

b-Sheet formation[8] by these polypeptide sequences has

been confirmed by circular dichroism and, for KWEW8-C1, by
deep UV resonance Raman studies (see Figure S5). The overall
length of the b-sheet edge of KWEW4-C1 is estimated to be

64 a. Increasing peptide length from KWEW8-C1 to KWEW12-C1

to KWEW16-C1 results in folded peptides with b-sheet edge
lengths of 128 a, 192 a and 256 a, respectively (see Figure S4).

Initial tryptophan fluorescence lifetime measurements

(Figure 2) of the folded peptides illustrate the interaction of
the indole moieties of tryptophan on folding, and at longer

times, on aggregation. With tryptophan in ethanol, solvent

chromophore interactions result in biexponential decay of fluo-
rescence with measured lifetimes as 1.2 ns and 3.15 ns.[9] When

measured in NaOAc buffer, the tryptophan lifetimes were com-
parable (Figure 2 and Figure S6). After 1 day, 7 days and

100 days the KWEW8-C1 peptides exhibited the multiexponen-
tial fluorescence lifetimes consistent with the evolution of in-

equivalent chromophore microenvironments (Figure 2 and Fig-

ure S7). After 100 days the fluorescence lifetime reached a pla-
teau (Table 2).

There was no detectable difference in either the tryptophan
absorbance maxima (280 nm) or fluorescence emission

maxima (358 nm, see Figure S8 in the Supporting Information)
of the four parent peptides, KWEW4-C1, KWEW8-C1, KWEW12-C1

and KWEW16-C1. The fluorescence maxima of the polypeptides

are bathochromically shifted by 11 nm from that of free trypto-
phan in solution (347 nm) as is consistent with intramolecular

interactions of the indole moieties within peptides.[10]

On irradiation at 280 nm, the resonance energy transfer

(RET) efficiency of the four polypeptides was compared by
monitoring changes in the tryptophan fluorescence intensity
of each of the DACM-labeled peptides (see Figure S9). The in-

tensity of the tryptophan fluorescence of the labeled peptides

correlates with increases in peptide length (Figure S8). RET[11]

efficiency [Eq. (1)] is a measure of acceptor quenching of tryp-
tophan fluorescence relative to tryptophan fluorescence in the

absence of an acceptor. RETDACM is the deconvoluted and inte-
grated fluorescence intensity of tryptophan from KWEWx-

DACM peptides. RET is the integrated tryptophan fluorescence
from unlabeled KWEWx-C1 peptides (Figure S10).

RET Efficiency ¼ 1@ RET DACM

RET
ð1Þ

In shorter peptides, the tryptophan chromophores are closer
to the DACM acceptor dye. This proximity results in energy

being more efficiently transferred from tryptophan to DACM

with a concomitant decrease in tryptophan fluorescence rela-
tive to free tryptophan or the longer peptides. Accordingly,

RET efficiency[11] is greater in shorter peptides (Figure 3 b).

Deconvolution of DACM fluorescence (due to energy trans-
fer from tryptophan) and tryptophan emission (Figure 3 a) en-

abled determination of stimulated DACM fluorescence as a
function of peptide length (Figure 4 a).

The intensity of acceptor dye emission increased with the

number of donor fluorophores in an unanticipated manner
(see also Figure S10). DACM fluorescence intensity was inde-

pendent of the maximum distance between donor fluorophore
and DACM acceptor but rather correlated nearly linearly with

Figure 2. The dependence of the time correlated single photon counting
(TCSPC) spectra of KWEW8-C1 on folding. Peptide sample was 10 mm KWEW8-
C1 dialyzed against NaOAc buffer pH 5.8. Tryptophan solution concentration
123 mm in NaOAc buffer.

Table 2. Fluorescence lifetime [ns] study of KWEW8-C1
[a] in comparison

with tryptophan.

Lifetimes[b] Tryptophan[c] Day 1 Day 7 Day 100

t1 0.9068[d] 0.8645[d] 0.7976[d] 0.8401[d]

t2 2.893[d] 2.198[d] 2.234[d] 2.716[d]

t3 7.248[d] 3.368[d] 8.136[d] 9.687[d]

t4 6.191[d] 6.517[d] 7.583[d]

c2 1.096 1.168 1.201 1.219

[a] Peptide sample was 10 mm KWEW8-C1 dialyzed against NaOAc buffer
pH 5.8. [b] The lifetimes of the fluorescing components (inequivalent
chromophore microenvironments) used to fit the data (see FigureS6 for
fitting data). [c] Tryptophan solution was 123 mm in NaOAc buffer.
[d] Nanosecond.

Figure 3. Left : The deconvoluted tryptophan emission spectra(fluorescence
emission intensity in thousands of counts per second(CPS)) for DACM-la-
beled KWEW4, 8, 12 and 16 are superimposed (see Figure S9 for native spec-
tra). Right: On irradiation at 280 nm, resonance energy transfer efficiency
from tryptophan to DACM decreases with increasing peptide length.
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increasing peptide length and hence the number of trypto-
phan donors (Figure S10).

To explore the effect of peptide driven chromophore align-
ment on energy transfer and increased DACM emission, the

fluorescence intensities of solutions of tryptophan and DACM
were measured. Stock solutions of free tryptophan and DACM

were prepared for which chromophore concentrations and the

tryptophan:DACM ratios matched those found in the KWEWx-
DACM peptides investigated (see Figure S11). The DACM fluo-

rescence intensity of the folded polypeptides exceeded that of
both free DACM (no emission anticipated) and tryptophan:

DACM mixtures on irradiation at 280 nm.
The antenna effect (AE), an increase or decrease in acceptor

fluorescence due to donor energy transfer, is described by

Equation (2):[12]

AE ¼ I280

I375

ð2Þ

I280 is the fluorescence intensity of the 465 nm DACM emission
that occurs on irradiation at 280 nm (tryptophan absorption

maximum) of the DACM labeled peptide. I375 is the fluores-
cence intensity resulting from direct irradiation at 375 nm

(DACM absorbance maximum). The magnitude of the AE is in-

herently limited by the relatively low tryptophan extinction co-
efficient of 5690 m@1 cm@1.[13] Remarkably, correlation of peptide

length with AE is nearly linear (see Figure 4 b, Table S4 and Fig-
ure S10).

With a Fçrster radius of only 32 a for the tryptophan–DACM
Fçrster resonance energy transfer (FRET) pair (see Fig-

ure S12),[14] energy transfer efficiency from the more distant
indole residues in folded peptides longer than KWEW4

[15] was

anticipated to be negligible. However, excitation of KWEW8-
DACM (for which at least half the tryptophan donor chromo-

phores are located well outside the classical Fçrster radius) at

280 nm results in acceptor DACM fluorescence greater than
twice that observed for KWEW4-DACM. For the peptides

KWEW12-DACM and KWEW16-DACM (with residues even further
outside the Fçrster radius), an additional gain in relative ac-

ceptor dye fluorescence intensity is observed. These increases
in DACM fluorescence with peptide length are consistent with

strong electronic coupling between the tryptophan donor
chromophores within the peptides.[16] Even so, with increasing

peptide length, energy transfer efficiency is likely reduced by
collisional quenching and cumulative misalignment of the di-

pole(s) orientation factor, k.[16] Highly efficient energy transfer
likely involves exciton migration[2k, 17] between donor chromo-

phores with terminal Fçrster RET to the acceptor DACM chro-
mophore.

The distinct difference in DACM fluorescence intensity be-

tween soluble and peptide-bound chromophores has been es-
tablished. In addition, the fluorescence intensity of DACM-la-

beled peptides at 465 nm increases over time (see Figure S13)
as folding proceeds as measured by CD (see Figure S5).
Though fibrillation of the folded peptides is known to be rela-
tively slow,[8b, d] samples for resonance energy transfer studies

were prepared by centrifugation (3220 V g) to remove any ag-

gregates formed. The influence of aggregation on DACM fluo-
rescence is difficult to assess, however fibrils were not detect-

able by ThT fluorescence (Figure S14), showing that fibril con-
centration was less than 1 mm.[18] CD of the sample used for

ThT studies showed the peptide to be well folded (see Fig-
ure S14 e). Even in the presence of undetected protofibrils or

aggregates, it is important to note that the fluorescence prop-

erties of the peptidic system still correlate strongly with in-
creasing length.

The tryptophan-promoted DACM acceptor dye quantum
yields FS values (Table 3) were calculated using Equation (3):[19]

FS ¼
IS*AR

AS* IR

*FR ð3Þ

IS is the integrated DACM fluorescence intensity of the labeled
peptide under irradiation at 280 nm; IR is the fluorescence in-

tensity of free DACM in acetate buffer under irradiation at
375 nm; As is the absorbance of the labeled peptide at

280 nm; AR is the absorbance of free DACM in acetate buffer
under irradiation at 375 nm and lastly, FR is the absolute quan-

tum yield of free DACM as determined using an integrating

sphere.

The quantum yield (FS) increases with increasing peptide
length (Figure 5) consistent with the previous observations.

The modest quantum yields observed may be rationalized by
the limited extinction coefficient of the tryptophan donor moi-

eties used in these proof-of-concept experiments. The increase
in non-radiative relaxation pathways with increasing peptide

Figure 4. Left : DACM fluorescence emission intensity in thousands of counts
per second(CPS) at 465 nm following 280 nm irradiation of tryptophan in-
creases with increasing peptide length (see Figure S9 for native spectra).
Right : Antenna effect according to Equation (2).

Table 3. Tryptophan-promoted DACM quantum yields of KWEWx-DACM
peptides from Equation (3).[a]

Peptide IS AS FS

KWEW4-DACM 1.11 V e6 0.06895 0.00904
KWEW8-DACM 3.49 V e6 0.1950 0.0798
KWEW12-DACM 4.47 V e6 0.1366 0.0716
KWEW16-DACM 6.16 V e6 0.1811 0.131

[a] Ig = 9.24 V e7, AR = 0.0123, FS = 0.1332.
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length, decreases the effect of each individual indole moiety
on FS.

A homologous series of genetically engineered, b-sheet
forming polypeptides are suitable for energy transfer. Spectro-

scopic characterization of secondary structure and initial stud-

ies of energy transfer indicate that energy migration up to
256 a is possible. Due to electronic coupling, edge-bound

donor chromophores apparently distribute energy over multi-
ple donor fluorophores, with a consequent increase in fluores-

cence lifetime. The computed quantum yields were consistent
with the antenna effect determined. Fluorescence from an ac-

ceptor fluorophore located at the last turn of the folded pep-

tides as in KWEW4-DACM, KWEW8-DACM, KWEW12-DACM and
KWEW16-DACM was found to increase proportionally with the

number of donor chromophores with apparently minimal dim-
inution from increasing donor-acceptor distances.
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