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ABSTRACT: The fusion of different protein domains via peptide linkers is a powerful, modular approach
to obtain proteins with new functions. A detailed understanding of the conformational behavior of peptide
linkers is important for applications such as fluorescence resonance energy transfer (FRET)-based sensor
proteins and multidomain proteins involved in multivalent interactions. To investigate the conformational
behavior of flexible glycine- and serine-containing peptide linkers, we constructed a series of fusion proteins
of enhanced cyan and yellow fluorescent proteins (ECFP-linker-EYFP) in which the linker length was
systematically varied by incorporating between 1 and 9 GGSGGS repeats. As expected, both steady-state
and time-resolved fluorescence measurements showed a decrease in energy transfer with increasing linker
length. The amount of energy transfer observed in these fusion proteins can be quantitatively understood
by simple models that describe the flexible linker as a worm-like chain with a persistence length of 4.5
Å or a Gaussian chain with a characteristic ratio of 2.3. The implications of our results for understanding
the properties of FRET-based sensors and other fusion proteins with Gly/Ser linkers are discussed.

The fusion of protein domains via flexible peptide linkers
is a powerful approach to rationally design proteins with new
functions. Examples of this approach include green fluores-
cent protein (GFP)1 fusion proteins used in cellular localiza-
tion studies (1), new antibody types such as multivalent
antibodies and single-chain antibodies (2-7), artificial
restriction enzymes consisting of zinc-finger and nuclease
domains (8, 9), and genetically encoded fluorescent sensor
proteins consisting of two fluorescent protein domains and
a ligand-binding domain (10). In some cases, it is sufficient
if the peptide linker spatially separates the two proteins and
does not interfere with the functioning and folding of both
protein domains. However, for certain applications, more
precise control of the spatial separation between the protein
domains and the flexibility of the peptide linker are essential
for proper functioning of the fusion protein.

Fluorescence resonance energy transfer (FRET) between
donor and acceptor fluorescent protein domains is an
effective way to translate conformational changes in a sensor
domain into a ratiometric fluorescent signal. Following the
pioneering work of Tsien and co-workers on the calcium
sensor Cameleon (11, 12), similar sensor proteins have been
developed that allow for the imaging of a variety of other
small molecules and cell-signaling events (10, 13-17). In
many FRET sensors, fluorescent proteins are fused to two
protein domains that interact in the presence or absence of

an analyte and are connected via a flexible peptide linker
(18-21). Other FRET sensors use a flexible polypeptide that
adopts a more rigid conformation upon binding the analyte
(22-24) or contain linker peptides with protease-specific
sequences (25-28). Because the energy-transfer efficiency
is highly distance-dependent, knowledge of the conforma-
tional behavior of the flexible peptide linkers that separate
the donor and acceptor would allow the prediction of the
change in energy transfer and thus aid in the rational
engineering of these biosensors (29). Information about the
distance distribution between protein domains is also im-
portant for the rational design of fusion proteins in which
domains interact with each other (to calculate effective local
concentrations) (30) and for fusion proteins that interact with
a target via multiple domains (31). Examples of the latter
include multivalent antibody formats (3-5) and multivalent
DNA-binding proteins (32, 33). In this case, understanding
the conformational behavior of peptide linkers is required
to calculate the optimal linker length to match the spacing
between binding sites on the target (34).

Despite their importance in determining the functional
properties of fusion proteins, relatively little attention has
been given to the design of peptide linkers. Only a few
studies have experimentally tested the effects of linker length
and linker constitution on the properties of the fusion proteins
(29, 32, 33). In many cases, peptide sequences consisting of
flexible and hydrophilic residues (arbitrary repeats of glycine
and serine residues) are used because they are assumed to
form a random coil and do not interact with (the folding of)
the protein domains (6, 35, 36). Although various models
have been developed to describe the conformational behavior
of random coils in proteins and peptides (37-43), there is
little experimental verification of their predictions for peptide
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linkers between folded protein domains (34). We have
constructed a series of fusion proteins consisting of enhanced
cyan fluorescent protein (ECFP) and enhanced yellow
fluorescent protein (EYFP), linked by a flexible peptide
containing 1-9 GGSGGS repeats (Figure 1). The energy
transfer between ECFP and EYFP was used to determine
the effect of the linker length on the distance distribution
between both protein domains. We show that the energy-
transfer efficiency can be quantitatively understood by
describing the flexible linkers as random coils using either
a worm-like chain (WLC) model or a Gaussian chain model.
The implications of our results for understanding the proper-
ties of FRET-based sensors and other fusion proteins with
Gly/Ser linkers are discussed.

EXPERIMENTAL PROCEDURES

Construction of pTXB1-ECFP, pTXB1-EYFP, and pET28-
CLY9 Expression Vectors.All primers were purchased from
MWG-Biotech AG. The vectors pECFP-C1 and pEYFP-N1
(Clontech) were used as a source of the ECFP and EYFP
genes. To construct the expression vectors for ECFP and
EYFP, the genes encoding ECFP and EYFP were amplified
by polymerase chain reaction (PCR) using a 5′-GGTGGT-
CATATGGTGAGCAAGGGCGAG-3′ forward and 5′-
GGTGGTGAATTCCTTGTACAGCTCGTCCATGC-3′ re-
verse primer, hereby introducing anNde I site directly
upstream and anEcoR I site directly downstream from the
amplified gene. The amplicons were inserted between the
NdeI andEcoR I sites of the pTXB1 vector of the IMPACT
system (New England Biolabs), resulting in the plasmids
pTXB1-ECFP and pTXB1-EYFP. These plasmids encode
fusion proteins of ECFP and EYFP with a chitin-binding
domain (CBD) and an intervening intein sequence, ECFP-
intein-CBD and EYFP-intein-CBD. The plasmid-encod-
ing CLY9 was constructed from a plasmid available in our
lab, pET28-CA-9-WY (E. M. W. M. van Dongen et al.,
manuscript in preparation). This plasmid contained the
sequences of ECFP and EYFP with an intervening sequence,
cloned between theNde I and Not I sites of pET-28a(+)
(Novagen). The DNA encoding the (GGSGGS)9 linker,
flanked by anEcoR I and aNco I site, was purchased from
GenScript Corp. The linker was inserted between theEcoR

I and Nco I sites of pET28-CA-9-WY, thereby removing
the intervening sequence and resulting in pET28-CLY9
(Figure 1 and Figures S1 and S2 in the Supporting Informa-
tion).

Partial Digestion and Religation.A total of 2 µg of
pET28-CLY9 DNA was digested for 1 h at 37°C with 2-8
units of BamH I endonuclease (New England Biolabs) in
the supplied buffer in a total volume of 12µL. Linear DNA
was separated from nondigested DNA on a 1% (w/v) agarose
gel and extracted in 30µL of MilliQ water using the
QIAquick gel extraction kit (Qiagen). A total of 8µL of the
linear DNA mixture was ligated overnight at 14°C with 4
units of T4 DNA ligase (Invitrogen). The ligation mixture
was used to transformEscherichia coli NovaBlue cells
(Novagen), and single colonies were screened for the length
of the linker by PCR. Each colony was boiled for 10 min in
30 µL of MilliQ water and centrifuged at 13 000 rpm. The
supernatant was used as a template for a PCR reaction using
HotStart polymerase (Qiagen) and the following primers: 5′-
CGTCGCCGTCCAGCTCGACCAG-3′ and 5′-CATGGTC-
CTGCTGGAGTTCGTG-3′. The amplicons, ranging from
163 to 307 bp, were analyzed on a 3% (w/v) agarose gel.
Plasmid DNA was obtained for colonies displaying different
linker lengths. DNA sequencing confirmed correct digestion
and religation and identified plasmids for all different linker
lengths (pET28-CLYx, wherex ) 1-9).

Expression and Purification of CLYx Proteins.LB medium
used for culturing cells was supplemented with 30µg/mL
kanamycin to select for cells containing the pET28-CLYx
plasmids.E. coli BL21(DE3) competent cells (Novagen)
were transformed with the pET28-CLYx plasmids and plated
on LB agar plates. Single colonies were used to inoculate 5
mL of LB medium and were grown overnight at 37°C/250
rpm. Overnight cultures were diluted 1:100 in LB medium
and grown at 37°C/250 rpm until an OD600 of 0.6 was
reached. Protein expression was induced by the addition of
0.1 mM isopropyl-â-D-thiogalactopyranoside. Cells were then
grown overnight at 25°C/250 rpm and harvested by
centrifugation at 10000g and 4°C for 10 min. The soluble
protein fraction was isolated by resuspending the cells in
BugBuster reagent (Novagen) following the instructions of
the manufacturer. CLYx proteins were purified with nickel-
affinity chromatography using His-bind resin (Novagen)
according to the supplied instructions. After elution of the
CLYx protein using 1 M imidazole, the buffer was exchanged
for 50 mM Tris/HCl and 100 mM NaCl (pH 7.5) using
Amicon UltraFree-4 centrifugal filter units (Millipore, 10 kDa
cutoff). Aliquots of∼100 µM CLYx were frozen in liquid
nitrogen and stored at-80 °C.

Expression and Purification of ECFP and EYFP.Produc-
tion and isolation of ECFP and EYFP were performed
essentially as described for CLYx, except that LB medium
was supplemented with 100µg/mL ampicillin to select for
cells containing the pTXB1-ECFP or pTXB1-EYFP plas-
mids. Protein expression was induced with 0.5 mM isopro-
pyl-â-D-thiogalactopyranoside, and protein production was
performed overnight at 15°C/250 rpm. ECFP-intein-CBD
and EYFP-intein-CBD were purified by applying the
supernatant to a chitin beads column (New England Biolabs),
equilibrated with 10 column volumes of column buffer [20
mM sodium phosphate and 500 mM NaCl (pH 6.0)]. The
loaded column was washed with 10 volumes of column

FIGURE 1: Schematic representation of our model to predict the
energy transfer between ECFP and EYFP. The residues that are
assumed to be part of the peptide linker are shown as well as the
spherical distribution of orientations that are possible for the vector
between the end of the linker and the chromophore (vc and vy).
The end to end distance of the linker (re) is translated into a
chromophore-chromophore distance (rc) by averaging over all
possible orientations ofvc andvy.
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buffer and subsequently with 2 column volumes of cleavage
buffer (column buffer supplemented with 100 mM sodium
2-mercaptoethanesulphonate). After overnight incubation at
room temperature, the cleaved protein was eluted from the
column with cleavage buffer. To increase the yield of cleaved
protein, the incubation and elution steps were repeated. The
cleavage buffer was exchanged for 20 mM Tris/HCl and 150
mM NaCl (pH 7.8) using Amicon UltraFree-4 centrifugal
filter units (Millipore, 10 kDa cutoff), and aliquots of∼100
µM ECFP and EYFP were frozen in liquid nitrogen and
stored at-80 °C.

Spectroscopy.UV-vis spectra were recorded on a Shi-
madzu Multispec 1501 photodiode array spectrometer.
Protein concentrations were determined using molar extinc-
tion coefficients of 84 000 M-1 cm-1 at 514 nm for EYFP
and CLYx (44) and 29 000 M-1 cm-1 at 434 nm for ECFP
(45). Because we occasionally observed some protein ag-
gregation upon long-term storage of the fusion proteins, 10
µM protein solutions were briefly treated with 4 M urea.
After two dialysis steps against 250 volumes of 50 mM Tris/
HCl and 100 mM NaCl (pH 8.0) using 200µL dialysis
buttons (Hampton research) fitted with a 6-8 kDa membrane
(Spectropore), protein solutions were diluted to∼0.2µM in
50 mM Tris/HCl, 100 mM NaCl, 20µM ethylenediamine-
tetraacetic acid (EDTA), and 10% glycerol (pH 8.0).
Fluorescence spectra were recorded using an Edinburgh
Instruments FS920 double-monochromator spectrometer with
a Peltier-cooled photomultiplier. All spectra were corrected
for wavelength-dependent efficiency of the instrument.
Emission spectra were recorded using 420 nm excitation and
corrected for the protein concentration. The Fo¨rster distance
R0 of ECFP and EYFP (48 Å) was calculated according to

using the values of 1.4 forn and 0.4 forQD (46). The overlap
integral J(λ) was calculated using the normalized ECFP
emission spectrum and the EYFP excitation spectrum,
normalized to 84 000 M-1 cm-1 at 514 nm. Forκ2, a value
of 2/3 was used, i.e., assuming dynamic averaging of the
relative orientations of the ECFP emission and EYFP
absorption dipole moments. Random but static orientations
of the donor and acceptor would imply the use ofκ2 ) 0.476
(47), but anisotropy measurements indicated that our system
is not truly static. Furthermore, a thorough treatment ofκ2

should include the fact thatκ2 is correlated to the relative
orientations of the protein domains in the calculation of〈E〉.
Because of uncertainties in the exact orientations of the
transition dipoles and contributions of dynamic averaging,
such a treatment is difficult to implement and is beyond the
scope of our simple models. Because of this uncertainty and
the fact that our anisotropy measurements indicated a certain
degree of dynamic averaging, the use ofκ2 ) 2/3 seems
reasonable. Energy-transfer efficiencies were calculated
according to eq 2, in which the enhanced acceptor fluores-
cenceFAD was taken from the emission spectra at 528 nm
after the subtraction of the donor contribution by deconvo-
lution of the emission spectra using the emission spectra of
ECFP and EYFP. Emission anisotropy measurements of
EYFP and CLYx were performed using vertically polarized
excitation light of 514 nm and recording the emission from

527 to 529 nm with 0.05 nm steps through a horizontally
and vertically oriented polarizer. For each measurement, the
G factor was measured accordingly using horizontally
polarized excitation light and anisotropy values were calcu-
lated by averaging the anisotropy values of each wavelength
step. Time-resolved fluorescence decays were recorded using
an Edinburgh Instruments time-correlated single-photon
counting Lifespec-PS spectrometer, consisting of a 400 nm
picosecond laser (PicoQuant PDL 800B) operated at 2.5
MHz, an emission monochromator, and a Peltier-cooled
Hamamatsu microchannel plate photomultiplier (R3809U-
50). Decays were recorded at an emission wavelength of 475
nm in 4096 channels, divided over a 50 ns window with a
4 ns delay until 10 000 counts in the peak channel were
obtained.

Modeling. Equations 5 and 6 describe the distribution
functionsPG(re) andPWLC(re) for the end to end distancere

according to the Gaussian chain and WLC models, respec-
tively. Linker residues were defined as depicted in Figure
1, with re being the distance between the CR atoms of ECFP
Ile229 and EYFP Lys3 (conventional residue numbering).
Values for 〈re〉 were calculated by the integration of
PG(re)* re or PWLC(re)* re. To translate the end to end distance
into the distance between the ECFP and EYFP chro-
mophores, we calculated the average distance between the
chromophores〈rc〉 for each end to end distance. The vectors,
connecting the end of the linker and the chromophore of the
linked protein,vc andvy, with |vc| ) 20 Å and|vy| ) 24 Å
(determined from an alignment of several GFP crystal
structures from the RCSB Protein Data Bank, including
1CV7 and 1YFP), were both integrated over a sphere, as
depicted in Figure 1. Using MATLAB 7.1 (The MathWorks),
the spheres were created by starting with an octahedron and
bisecting each edge. The edges of the created triangles were
bisected again, and each vertex was moved to the surface of
a sphere with a radius of|vc| or |vy|. These approximations
resulted in 66 points, nearly uniformly distributed over a
sphere. Finer sampling of the possible conformations did not
influence the results of the further calculations. The centers
of the spheres were separated atre, and for each orientation
of vc, rc and the corresponding energy-transfer efficiencyE
were calculated for all orientations ofvy. These 4356 values
for rc andE were averaged, resulting in a value for〈rc〉 and
〈E〉 for each re (Figure 4B). To calculate the ensemble
average energy-transfer efficiency〈E〉ensemblefor each CLYx,
the probabilities of eachre were multiplied by their corre-
sponding〈E〉, creating the curves displayed in Figure 4C and
Figure S3C in the Supporting Information. The integration
of these curves yielded〈E〉ensemble. Values for 〈rc〉ensemble

(Figure 5 and Table 1) were calculated in the same manner
by multiplying the probabilities of eachre with the corre-
sponding〈rc〉 and integrating the resulting curves.

RESULTS

Construction of ECFP-Linker-EYFP Proteins Using a
Partial Digestion and Religation Strategy.A series of (His)6-
ECFP-linker-EYFP fusion proteins was constructed in
which the linker length was systematically varied by
incorporating between 1 and 9 GGSGGS repeats. These
fusion proteins are referred to as CLYx, wherex indicates
the number of GGSGGS repeats. A total of 13 residues are
located between the last residue of ECFP and the first glycine

R0
6 )

9000(ln 10)κ2QD

128π5Nn4
J(λ) (1)
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residue of the linker, and 4 residues are located between the
last serine residue of the linker and the first residue of EYFP
(Figure 1). Thus, the flexible linkers cover a broad range
from 23 residues for CLY1 to 71 residues for CLY9. A new
and efficient cloning strategy was used to generate fusion
constructs with different linker lengths that avoids the tedious
cloning of each linker construct separately. This procedure,
schematically depicted in Figure 2A, is based on partial

digestion of the longest linker followed by religation to
generate shorter linkers. A synthetic DNA sequence, contain-
ing 9 GGSGGS repeats separated byBamH I restriction sites,
was cloned between ECFP and EYFP in pET28. Upon partial
digestion withBamH I, the DNA was cleaved one or more
times at different sites, resulting in a mixture of linearized
plasmids with different lengths. After religation and trans-
formation, colony PCR was used to identify clones for each

Table 1: Overview of Experimental Properties and Modeling Parameters for CLY1-CLY9 and EYFP

protein linker residues Eobs
a rapp (Å)b 〈re〉 (Å)c,d 〈rc〉ensemble(Å)c,e 〈E〉ensemble

c,f anisotropyg

EYFP 0.331( 0.002
CLY1 23 0.71 41.3 26.0/26.0 39.1/39.0 0.69/0.69 0.370( 0.003
CLY2 29 0.65 43.5 29.1/29.1 41.2/41.2 0.65/0.65 0.352( 0.003
CLY3 35 0.63 44.0 31.9/32.0 43.2/43.2 0.62/0.62 0.351( 0.003
CLY4 41 0.59 45.4 34.4/34.6 45.1/45.2 0.59/0.58 0.350( 0.003
CLY5 47 0.56 46.1 36.8/37.0 46.9/47.0 0.56/0.55 0.350( 0.003
CLY6 53 0.52 47.5 38.9/39.3 48.6/48.8 0.53/0.52 0.343( 0.003
CLY7 59 0.51 47.9 41.0/41.4 50.2/50.5 0.50/0.50 0.348( 0.003
CLY8 65 0.48 48.8 42.8/43.3 51.6/52.0 0.48/0.47 0.341( 0.003
CLY9 71 0.43 50.3 44.5/45.0 53.0/53.4 0.46/0.45 0.332( 0.003
a Experimentally determined energy-transfer efficiency.b The apparent distancerapp was calculated from the observed energy-transfer efficiency

Eobs using the Fo¨rster equation andR0 ) 48 Å. c The first number was calculated using the Gaussian chain model withC∞ ) 2.3, and the second
number was calculated using the WLC model withlp ) 4.5 Å. d Average distance between the ends of the peptide linker.e Average distance
between the donor and acceptor chromophores.f Modeled energy-transfer efficiency.g Anisotropy of the EYFP emission determined at 527-529
nm using linearly polarized excitation light of 514 nm.

FIGURE 2: Construction of (His)6-ECFP-linker-EYFP proteins. (A) Cloning strategy to obtain expression plasmids for CLY1-CLY9
using partial digestion and religation. A synthetic linker containing 9 GGSGGS repeats was cloned between ECFP and EYFP using the
EcoR I and Nco I restriction sites. Partial digestion usingBamH I followed by religation yields a mixture of CLYx constructs with all
possible linker lengths. (B) Transformation of the ligation mixture followed by colony PCR using primers adjacent to the linker allows for
the identification of the linker length for each clone. The number of GGSGGS repeats of the clone is indicated above each lane. For
comparison, a 100 base-pair marker (M) was included. (C) SDS-PAGE analysis of ECFP, EYFP, and the CLY1-CLY9 proteins obtained
after expression inE. coli BL21(DE3) and purification.
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of the 9 different ECFP-linker-EYFP constructs (Figure
2B). All CLYx proteins were overexpressed inE. coli and
purified in a single step by Ni-affinity chromatography
(Figure 2C). Very similar absorption spectra were measured
for all nine fusion proteins, showing the absorption bands
typical of ECFP and EYFP in the expected 1:1 ratio (data
not shown).

Influence of Linker Length on Energy Transfer.Fluores-
cence emission spectra of the CLYx proteins excited at 420
nm showed a substantial decrease in ECFP emission and an
increase in EYFP emission compared to the spectra of ECFP
and EYFP alone, indicating efficient energy transfer (Figure
3A). A clear trend was observed, showing less efficient
energy transfer for proteins containing longer linkers. The
fluorescence lifetimes of the ECFP domains in the CLYx
proteins were also markedly decreased compared to the

lifetime of ECFP alone and showed the same trend with
increasing linker length (Figure 3B). The energy-transfer
efficiency Eobs was calculated from the enhanced acceptor
fluorescence according to

where εA(λD
ex) and εD(λD

ex) are the molar extinction coef-
ficients of the acceptor and donor at the donor excitation
wavelength andFAD(λA

em) andFA(λA
em) are the intensities of

the acceptor in the presence and absence of the donor,
respectively2 (46). Values forEobsvaried from 0.71 for CLY1
to 0.43 for CLY9 (Table 1). Because conformational differ-
ences can be detected with the greatest sensitivity around
Eobs ) 0.5, the range of linker lengths present in CLY1-
CLY9 was well-chosen.

QuantitatiVe Understanding of Energy-Transfer Efficiency
by Modeling Peptide Linkers as Gaussian or WLC Random
Coils. The dependence of the energy-transfer efficiencyE
on the distance between two chromophoresrc is decribed
by the Förster equation (46)

The Förster distanceR0 is characteristic of a pair of
chromophores. We determined anR0 of 48 Å for the
combination of ECFP and EYFP, which is in good agreement
with literature values (48). Although a clear trend of
increased energy transfer with decreasing linker length was
observed, the difference in energy transfer between the
shortest and longest linker appeared to be relatively small.
Direct application of the Fo¨rster equation to translateEobs

values into the distance between the two chromophores
yielded values ranging from 41 Å for CLY1 to 50 Å for
CLY9 (rapp, Table 1), which is a surprisingly small difference
considering the difference in the linker length of 48 amino
acids between CLY1 and CLY9. However, because of the
flexible nature of the linker, a distribution of interchro-
mophore distances will exist in solution, instead of a single
distance. Because the small distances in the ensemble
contribute more toEobsthan the larger distances, the distances
calculated fromEobswill not reflect the real distances between
the fluorescent proteins.

To investigate whether the observed energy-transfer ef-
ficiencies can be quantitatively understood, we used two
models to describe the peptide linker between the fluorescent
protein domains as random-coil structures: the Gaussian
chain model developed by Flory (37) and the Kratky-Porod
WLC model (38). The Gaussian chain model describes the
linker as a freely jointed chain of CR atoms. According to

2 Eobs is often determined using the decrease in donor emission.
However, SDS-PAGE analysis of the purified proteins showed the
presence of small but varying amounts of a 30 kDa protein, which is
probably ECFP with a N-terminal His tag resulting from proteolytic
degradation of the linker. Deconvolution of the UV-vis spectra showed
that all CLYx protein samples contained slightly more ECFP than EYFP
(data not shown). Because the presence of even small amounts of free
ECFP could affect the accurate calculation ofEobs, it was decided to
use the acceptor emission.

FIGURE 3: Characterization of the CLYx proteins using steady-
state fluorescence spectroscopy, donor lifetime measurements, and
fluorescence anisotropy measurements. All measurements were
performed at room temperature in 50 mM Tris-HCl, 100 mM NaCl,
20 µM EDTA, and 10% (v/v) glycerol (pH 8.0) using a protein
concentration of 0.2µM. (A) Emission spectra were obtained using
420 nm excitation and corrected for the protein concentration. (B)
Time-resolved fluorescence decays were recorded at 475 nm using
a 400 nm picosecond laser for excitation. The inset shows a
magnification of the first few nanoseconds following excitation.
(C) The emission anisotropy of EYFP was determined using 514
nm vertically polarized excitation and recorded between 527 and
529 nm.

Eobs)
εA(λD

ex)

εD(λD
ex)[FAD(λA

em)

FA(λA
em)

- 1] (2)

E )
R0

6

R0
6 + rc

6
(3)
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random-walk statistics, the mean-square end to end distance
of a chain consisting ofn peptide bonds is given by

whereb0 is the average distance between adjacent CR atoms
(3.8 Å) andCn is the characteristic ratio, a correction factor
for the nonideal behavior of real chains (49). Cn is the only
variable in this model and depends on the chain length for
small n. However,Cn adopts a constant valueC∞ for long
or very flexible chains, which is dependent on the amino
acids present in the linker (37, 49-51). For poly(Gly),C∞
is 2.16, butC∞ assumes values of 9.27 for poly(Ala) or 116
for poly(Pro). For simplicity, we tried to model the linkers
using a single value forC∞. These chains have a Gaussian
probability density for the displacement vector between any
two residues in the chain, and the distribution functionPG-
(re) for the end to end distancere is given by (39)

The Gaussian chain model using a single value forCn might
not be able to adequately describe the behavior of the shortest
linkers used here. A different approach is to model the linker
using the WLC model, which describes a polypeptide as a
semiflexible tube. This model has the advantage that it can
also be used for stiff short polymers and has been shown to
accurately describe the distribution of end to end distances
of flexible loops in proteins and predict the effect of the
peptide linker length on the effective local concentration of
protein domains (39). The distribution function of a WLC
with a total contour lengthlc is given by (39, 52)

The total contour length of a chain is equal tob0n, wheren
is the number of peptide bonds andb0 is the average distance
between adjacent CR atoms, 3.8 Å. This model takes into
account that the direction of the chain has a persistent
memory at a short contour length, reflected by the persistence
length lp. The persistence length is the only adjustable
parameter of the WLC model and, likeC∞, reflects the
stiffness of the polypeptide chain. Figure 4A shows the end
to end distribution functions calculated for the linkers present
in CLY1 (n ) 24) to CLY9 (n ) 72) using a persistence
length of 4.5 Å, a value consistent with literature values, as
discussed below. The distribution functions appear Gaussian
because the chains are relatively long and are nearly identical
to those of the Gaussian chain model with aC∞ of 2.3 (Figure
S3A in the Supporting Information). The average end to end
distance of the peptide linker〈re〉 varies from 26.0 to 44.5
Å for the Gaussian chains and from 26.0 to 45.0 Å for the
WLC model (Table 1). This calculation illustrates that only
a modest increase in the average distance between the ends
of a flexible peptide chain is expected even if the number
of amino acids is tripled. However, to be able to compare
the predictions of the random-coil models to our experiments,
the end to end distances have to be translated into distances

between the ECFP and EYFP chromophores,rc. For a given
end to end distance of the linker, the ECFP and EYFP protein
domains can adopt many orientations; i.e., for everyre, many
different values forrc are possible (Figure 1). To account
for the different orientations of the proteins, the average
distance between the chromophores〈rc〉 was calculated for
eachre by averagingrc over all possible orientations of the
vectors connecting the end of the linker and the chromophore,
vc andvy (Figures 1 and 4B). It is important to realize that
the average energy transfer〈E〉 for each end to end distance
cannot simply be calculated from〈rc〉, however, because
orientations of the protein domains in which the chro-
mophores are closer together contribute more to〈E〉 than
orientations in which they are further apart. Therefore,〈E〉
was calculated in the same manner as〈rc〉 by calculating a
value forE for every rc using eq 3 and averaging over all
possible orientations ofvc andvy. This yielded a value for
〈E〉 for everyre, resulting in the curve shown in Figure 4B.
Note that at re ) 0 the average distance between the

FIGURE 4: Modeling the energy-transfer efficiency for CLYx using
the WLC model to describe the peptide linker. (A) Distribution
functions showing the probabilityP(re) for each end to end distance
of the peptide linker for CLY1-CLY9, calculated using the WLC
model assuming a persistence length of 4.5 Å. (B) Plot showing
the average energy transfer (〈E〉, s) and the average interchro-
mophore distance (〈rc〉, - - -) as a function ofre. (C) Contribution
of eachre to the overall energy transfer〈E〉ensemble, calculated by
multiplying the probability of eachre with the corresponding〈E〉.
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chromophores is still∼30 Å and〈E〉 ∼ 0.90, which is due
to the fact that the fluorophores are located at the center of
the â barrel at some distance from the linker ends. When
the 〈E〉 curve was multiplied with the distribution functions
of the WLC model in Figure 4A and of the Gaussian chain
model in Figure S3A in the Supporting Information, the
contributions of eachre to the ensemble energy transfer
〈E〉ensemblecould be calculated for each linker (Figure 4C and
Figure S3C in the Supporting Information). Finally, integra-
tion of these curves yielded the predicted energy-transfer
efficiency 〈E〉ensemblefor each of the CLY proteins (Table 1
and Figure 5). The calculated values of〈E〉ensemble agree
surprisingly well with the experimentally determined energy-
transfer efficiencies over the entire range of linker lengths.
For a comparison, the predicted values for〈E〉ensembleusing
different values forlp or C∞ are also shown.

Effect of the Linker Length on the Rotational Diffusion of
Protein Domains. The success of both random-coil models
in predicting the energy-transfer efficiency between ECFP
and EYFP suggests that the GGSGGS-peptide linker indeed
assumes a random-coil structure. In our model, the two
protein domains do not interact and a random distribution
of orientations and distances exists between ECFP and EYFP.
To investigate whether linking the fluorescent proteins with
a flexible linker had an effect on the rotational freedom of
the protein domains, we compared the fluorescence aniso-
tropy of the EYFP domains of all CLYx proteins with the
anisotropy of EYFP (Figure 3C and Table 1). The anisotropy
of 0.33 determined for EYFP is in excellent agreement with
values reported in the literature (53, 54). The EYFP domains
of the CLYx proteins showed a weak trend of slower
rotational diffusion with shorter linkers, with the EYFP
domain of CLY9 being essentially unaffected by the linker

and the rotational diffusion of the EYFP domain of CLY1
slowing down to a larger extent.

DISCUSSION

The random-coil behavior of flexible peptides and un-
folded proteins has been described using a variety of
theoretical models that were originally developed for syn-
thetic polymers (37-43). These models have mainly been
used to successfully predict the biophysical properties of
proteins under denaturing conditions but also of peptides and
protein loops under native conditions (49, 55). For example,
various FRET studies have probed the conformational
behavior of synthetic peptides under physiological conditions
(56-60). Similar studies have not been reported for flexible
peptide linkers that are part of a fusion protein, however.
The systematic variation of linker lengths between ECFP
and EYFP reported in this work allowed for the first time a
quantitative understanding of the energy transfer between
fluorescent proteins as a function of linker behavior. Some
earlier studies also varied the linker length or composition
to some extent (27, 35), but none of them systematically
varied the length of flexible linkers over a wide range using
identical peptide repeats. Two simple models describing the
peptide linkers as random coils in solution were shown to
describe the observed energy transfer satisfactory over the
entire range of linker lengths. Although glycine- and serine-
rich peptides are generally assumed to adopt a random-coil
structure, our results provide experimental evidence that these
linkers indeed behave as random coils when fused between
two protein domains.

Random-Coil Model.Our calculations for the expected
energy-transfer efficiencies are based on a simple model
using the following assumptions: (1) the peptide linker has
a random-coil conformation; (2) the distribution of distances
between the ends of the flexible peptide linkers can be
described using a Gaussian or WLC model; (3) the protein
domains can rotate freely around the end of the linker; (4)
the energy transfer at a given end to end distance can be
calculated by averaging the contribution of all possible
orientations of ECFP and EYFP; and (5) the energy-transfer
efficiency for the ensemble can be calculated by multiplying
the energy transfer for each end to end distance by the
probability of occurrence of this distance. We realize that
our model contains some simplifications. When calculating
the distribution of the distances between the chromophores,
we did not take steric hindrance between the two proteins
into account. Although steric hindrance is expected for small
values ofre, many different conformations are still possible
even at these small separations. Furthermore, even if we
would account for disallowed conformations for small values
for re, the difference in〈E〉 for this re would be small as a
result of the relative insensitivity of〈E〉 at distances shorter
than 0.7R0. Also the probabilities of these small values
for re are low, minimizing their effect on the overall energy
transfer〈E〉ensemble. Nonetheless, when using shorter linkers
than used here, the effects will become more important and
molecular dynamics or Monte Carlo simulations may be
necessary to accurately describe the interchromophore dis-
tance.

It should be noted that, except forlp andC∞, all parameters
were determined independently of the model; i.e., they were

FIGURE 5: Comparison of the experimentally determined energy-
transfer efficiencies (Eobs, 4) with values predicted by the random-
coil models. (A)〈E〉ensemblepredicted by the Gaussian chain model
using values forC∞ of 2.16, 2.3, and 9.27. (B)〈E〉ensemblepredicted
by the WLC model using persistence lengths of 3.04, 4, and 4.5
Å.

Linker-Dependent FRET in ECFP-Linker-EYFP Proteins Biochemistry, Vol. 45, No. 44, 200613189



not adjusted to obtain a better fit. The ends of the peptide
linker were defined as the first or last residue with observable
electron density in the X-ray structures of GFPs. The distance
between the end of the linker and the middle of the
chromophore that was used in calculatingrc was also
determined from X-ray structure analysis. The Fo¨rster
distance was calculated to be 48 Å based on our own
measurements of the spectra of ECFP and EYFP and agreed
well with the Förster distance of 49 Å previously reported
(48). We initially chose to model the linkers as WLCs
because the WLC model has been successful in describing
the behavior of random coils in nondenaturing conditions
(39). Because the linkers used in this study covered a broad
range in length and could all be accurately described with
the same persistence length of 4.5 Å, the choice for the WLC
model seemed to be valid. Furthermore, this persistence
length agrees with other studies on flexible peptide chains.
For example, the mechanic unfolding of single proteins with
AFM could be understood by modeling the unfolded proteins
as WLCs with persistence lengths ranging from 3.3 to 4.2
Å, although a few studies reported values of 6.5-8 Å (39).
Furthermore, it was recently shown that the random-coil
loops in structurally characterized proteins can also be very
well-described by a WLC (39, 61). For the ends of these
loops that were directly connected to folded parts of the same
domain, a persistence length of 3.04 Å was determined,
whereas distances between residues within the flexible
peptide linkers were accurately described using a persistence
length of 4 Å. Although the ends of the linkers in our fusion
proteins are also connected to a stable secondary structure,
these ends have the same conformational freedom as the
intrachain residues through the rotation of the protein
domains. Therefore, it is expected that anlp of 4 Å would
better describe our linkers than anlp of 3.04 Å, as shown in
Figure 5B. The slightly higher value of 4.5 Å for the best fit
could indicate more pronounced excluded volume effects of
the folded protein domains.

The near-Gaussian distribution functions of the WLC
model prompted us to also model the linkers using the
simpler Gaussian chain model. In its simplest form, the
Gaussian chain model also contains only one real variable,
the characteristic ratio, which corrects for the stiffness of
real chains. Figure 5A shows that the decrease in energy-
transfer efficiency can also be fit by modeling the linkers as
Gaussian chains with aC∞ of 2.3. In fact,C∞ and lp are
related. In the limit of long, flexible chains (lc . lp), eq 6
reduces to eq 5 withlp ) C∞b0/2, which is exactly what we
observe here. The value of 2.3 forC∞ is very close to the
value ofC∞ for poly(Gly), 2.16 (51), indicating that the high
content of glycine residues in our linker governs the behavior
of the linker. This result is consistent with theoretical
calculations that predicted that a small percentage of glycine
residues will have a large effect on the chain dimensions of
random-coil polypeptides (62). Although Cn is dependent
on the chain length,Cn is equal toC∞ for poly(Gly) chains
with n > 10 (50). Because our linkers range fromn ) 24 to
72 and are nearly as flexible as poly(Gly) chains, this justifies
modeling all linkers using the same value. From Figure 5A,
it is clear that these (GGSGGS)x linkers are much more
flexible than poly(Ala) linkers (C∞ ) 9.27).

Because GFPs have been reported to associate at high
protein concentrations (63), the observed energy-transfer

efficiencies might also be explained by a model in which
the linker promotes this association by increasing the local
concentration. The good agreement between the energy-
transfer efficiency predicted for a random coil and the
experimentally determined energy transfer argues against the
presence of substantial amounts of ECFP-EYFP complex,
however. The fluorescence anisotropy measurements are also
in agreement with the random-coil model. The anisotropies
found for CLY9 and EYFP are identical and consistent with
the rotational diffusion that is expected for a 30 kDa protein.
If the linker would induce dimerization between ECFP and
EYFP in CLY9, the increase in size should result in a higher
anisotropy. Although slightly higher anisotropies were
observed for the fusion proteins with shorter linker lengths,
a more plausible explanation is that the rotational diffusion
of EYFP is affected by the presence of the linker and the
ECFP domain. Even with a very flexible linker, the dynamics
of changes between different conformations may be slower,
while the number of possible conformations in the ensemble
is unaffected.

Implications for FRET Sensor Design.Our analysis of the
linker length dependency of energy transfer between ECFP
and EYFP has important implications for the design of
FRET-based sensor proteins. First, it is often not realized
that long flexible peptide linkers can still give rise to high
energy-transfer efficiencies. Although the longest peptide
linker used in this study can span a distance of 252 Å in an
extended conformation, the most abundant end to end
distance is only 41 Å, showing that random-coil structures
are surprisingly compact. Another important lesson is that
the energy transfer between fluorescent proteins separated
by a flexible linker actually reflects a broad distribution of
distances and not a single distance. Therefore, one should
be careful when calculating a single distance or even an
average distance from a single energy-transfer efficiency.
To illustrate this, we have calculated an “apparent distance”
rapp from the observed energy-transfer efficiencies by direct
application of the Fo¨rster equation and plotted these together
with the true calculated average distance between the
chromophores,〈rc〉ensemble(Figure 6 and Table 1). Because
of the nonlinear dependency of energy transfer on the
distance, a calculated distance can be easily underestimated
for long linkers or overestimated for short linkers. For
example, the relatively high FRET efficiencies previously
observed for EBFP and EGFP separated by linkers containing

FIGURE 6: Comparison of the “true” average interchromophore
distance obtained from modeling (〈rc〉ensemble, - - -) with the appar-
ent interchromophore distance obtained by direct application of
the Förster equation to the observed energy-transfer efficien-
cies Eobs (rapp, 4) or the modeled energy-transfer efficiencies
〈E〉ensemble(s). Both 〈rc〉ensembleand〈E〉ensemblewere calculated using
the WLC model with anlp of 4.5 Å.
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3 or 4 GGGGS motifs and the small difference in FRET for
both linkers were interpreted as evidence for the backfolding
of the peptide linker onto the protein domains (35, 64). This
study shows that the high energy-transfer efficiency and the
small difference between the two linkers can be explained
assuming a fully random-coil peptide linker without back-
folding. The metal-binding-induced folding of metallothio-
nein has been used in FRET sensors using either synthetic
(65, 66) or protein fluorescent groups (23). Again, the
relatively small difference between the unbound and bound
states was used to argue that the unbound state contained
residual structure (65, 66). This is not necessarily true,
however. First, the average end to end distance of a random-
coil peptide can be very close to the distance between the
same residues in a folded structure. Moreover, the distribution
of distances present for the unfolded structure includes
conformations with a very short donor-acceptor distance,
which could contribute relatively strongly to the overall
energy transfer of the ensemble of conformations.

In conclusion, we have shown that the conformational
distribution of two protein domains connected via flexible
Gly/Ser linkers can be described by modeling the linkers as
Gaussian chains with a characteristic ratio of 2.3 or as WLCs
with a persistence length of 4.5 Å. As described above, this
knowledge could aid in the engineering of FRET-based
sensor proteins by predicting changes in energy-transfer
efficiency. Because the same models can be used to calculate
effective local concentrations of protein domains separated
by flexible peptide linkers, our findings could also be applied
in the design of multivalent proteins, e.g., in antibody
engineering, and the calculation of intramolecular domain
interactions within multidomain proteins (39). Experimental
verification of our findings for other fusion proteins could
benefit from the new cloning method introduced here that
facilitates systematic variation of linker lengths.
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