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Conformational Analysis of a Genetically Encoded FRET Biosensor
by SAXS
Haydyn D. T. Mertens,†‡ Alen Pilji�c,‡ Carsten Schultz,‡ and Dmitri I. Svergun†*
†European Molecular Biology Laboratory (EMBL), Hamburg Outstation, c/o DESY, Hamburg, Germany; and ‡Cell Biology and Biophysics Unit,
Heidelberg, Germany
ABSTRACT Genetically encoded FRET (Foerster resonance energy transfer) sensors are exciting tools in modern cell
biology. Changes in the conformation of a sensor lead to an altered emission ratio and provide the means to determine both
temporal and spatial changes in target molecules, as well as the activity of enzymes. FRET sensors are widely used to follow
phosphorylation events and to monitor the effects of elevated calcium levels. Here, we report for the first time, to our knowledge,
on the analysis of the conformational changes involved in sensor function at low resolution using a combination of in vitro and in
cellulo FRET measurements and small-angle scattering of x rays (SAXS). The large and dynamic structural rearrangements
involved in the modification of the calcium- and phosphorylation-sensitive probe CYNEX4 are comprehensively characterized.
It is demonstrated that the synergistic use of SAXS and FRET methods allows one to resolve the ambiguities arising due to the
rotation of the sensor molecules and the flexibility of the probe.
INTRODUCTION
Cellular localization of fluorescently labeled proteins (1)
and, more important, analysis of metabolites and enzyme
activities benefit from the development of intramolecular
Foerster resonance energy transfer (FRET) probes (2–8),
where the intramolecular interaction of a fluorescent
donor-acceptor pair is altered after a reaction with a partner
enzyme or binding to a target ligand. Intramolecular FRET
probes in cellular or organismal localization experiments
eliminate many technical problems associated with separate
donor and acceptor tagged proteins (intermolecular FRET
probes), the most significant of which is a requirement for
similar levels of coexpression. Intramolecular FRET sensors
designed to measure posttranslational modifications in
a dynamic manner are now widely used (9–13). An example
is CYNEX4 (14,15), a probe based on an annexin-A4 core
and N-terminal domain, sensitive to phosphorylation and
the presence of calcium. The sensor moiety is flanked by
enhanced yellow fluorescent protein (EYFP) and enhanced
cyan fluorescent protein (ECFP) at the N- and C-termini,
respectively (Fig. 1 a). Although the elevation of the intra-
cellular calcium concentration leads to polymerization of
the probe at the plasma membrane and strong increases in
FRET due to the tight packing of the fluorescent proteins
(14), a significant decrease in FRET is observed when the
sensor relocates from the membrane to the cytoplasm
(15). This decrease is predicted to result from the known
phosphorylation of the N-terminal annexin-A4 T9 (16).
In this study, we focus on characterizing by small-angle
x-ray scattering (SAXS) the conformational change of the
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CYNEX4 FRET probe after phosphorylation. The result
will serve as a model for the analysis of conformational
changes in intramolecular FRET probes in general and
will permit an improvement to prediction in future probe
development. Currently, these predictions are difficult,
because although FRET-based biosensors rely on the nonra-
diative transfer of energy between an excited-state donor
molecule and an acceptor (17), the efficiency of this decay
process is dependent on the distance between the fluorescent
donor-acceptor pair, as well as the orientation of their
respective transition dipoles. The latter is very difficult to
predict. It is important to note that when the donor-acceptor
pair are not small-molecule dyes but 27-kDa fluorescent
proteins, ambiguity regarding their position relative to the
structure to which they are covalently attached prevents
the accurate determination of a donor-acceptor distance by
FRETalone. Progress has been made in predicting the effect
of transition dipole orientation on the measured distances,
and programs now exist that allow modeling of fluores-
cent-protein-based sensors and optimization of their con-
struction (18). Direct observation of distance parameters
in solution using an independent technique would validate
these predictions, and SAXS (19–21) provides an excellent
approach for the extraction of these parameters (22), in addi-
tion to providing methods for analyzing conformational
flexibility and the oligomeric state and determining low-
resolution three-dimensional structure.

In the cellular environment, the CYNEX4 FRET sensor
reports on intracellular calcium levels through an intermo-
lecular change in FRET ratio and on the phosphorylation
state of the N-terminal domain of annexin-A4 through an in-
tramolecular change in FRET ratio (14,15). As the reponse
to calcium also requires the presence of lipid and leads to an
aggregation of the sensor via the annexin-A4 domain, study
of this aspect of CYNEX4 using SAXS is complicated. In
doi: 10.1016/j.bpj.2012.05.009
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FIGURE 1 CYNEX4 biosensor construct designed for FRET based ra-

tiometric imaging. (a) Left: A closed conformation of CYNEX4 with

high efficiency of FRET between the donor (ECFP) and acceptor (EYFP)

fluorophores. Right: Phosphorylation of the N-terminal Thr-9 (equivalent

to Thr-266 in the full-length CYNEX4 construct) of Annexin-A4 leads to

a decrease in the efficiency of FRET between the donor and acceptor.

The observed decrease in the EYFP/ECFP emission ratio may result from

an opening of the structure (an increased distance between fluorophores

and/or reorientation of the transition dipoles of the CYNEX4 construct).

(b) Overlay of the annexin-A4 SAXS bead model and crystal structure

(PDB code 2ZOC). The annexin-A4 crystal structure is shown as a cartoon

with the N-terminal domain shown in dark gray and the phosphorylation

target, Thr-9 (Thr-266 in the CYNEX4 biosensor construct), and coordi-

nated calcium ions shown as large and small spheres, respectively. The

DAMMIF shape envelope is shown as a mesh surface. The structures on

the right are rotated through 90� along the horizontal axis.
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this article, the structural transition leading to an observed
decrease in FRET ratio after conformational rearrangement
upon phosphorylation of the sensor domain is examined
using SAXS.
MATERIALS AND METHODS

Cloning

The constructs for the mammalian expression of CYNEX4 have

been described previously (14). The bacterial expression vector pASK-

IBA7(þ)-annexin-A4, encoding a Strep-tagged annexin-A4 fusion con-

struct with a factor Xa cleavage site, was constructed by polymerase chain

reaction (PCR) amplification of the annexin using the Eco31I restriction-

enzyme sites and the primers forward 50-TTT AAT GGT CTC AG CGC

ATG GCC ATG GCA ACC AAA GGA GG-30 and reverse 50-CCC ACG

GGT CTC CTA TCA TTA ATC ATC TCC TCC ACA GAG AAC-30. The
pPR-IBA2-EYFP-annexin-A4-ECFP bacterial vector was created in two

steps. First, annexin-A4-ECFP was amplified by PCR from the pECFP-

N1-annexin-A4 plasmid (construction described previously (14)) using

the primers forward 50-AAG CTT CGA ATT CTC GCC ACC ATG GCC

ATG GCA ACC AAA GGA GGT-30 and reverse 50-GGT CCC CCT

GCA GGT TTA CTT GTA CAG CTC GTC CAT GCC-30. EcoRI and

PstI restriction enzymes were used. Then, EYFP was amplified by PCR

and inserted into the vector using BstBI and EcoRI restriction enzymes.

The PCR primers used were forward 50-CCG CAG TTC GAA AAA

GGC GCC ATG GTG AGC AAG GGC GAG GAG CTG-30 and reverse
50-GTG GCG AGA ATT CGC TTG TAC AGC TCG TCCATG CCG

AG-30. The vector encoded a Strep-tag II-EYFP-annexin A4-ECFP fusion

(Strep-tag II-CYNEX4). The T266D CYNEX4 constructs were created

by site-directed mutagenesis (Stratagene, La Jolla, CA) of the CYNEX4

vector using the primers 50-GGC AAC CAA AGG AGG TGA TGT CAA

AGC TGC TTC-30 and 50-GAA GCA GCT TTG ACA TCA CCT CCT

TTG GTT GCC-30. The sequences of all constructs were verified by

commercial sequencing (Eurofins, Galten, Denmark).
Protein expression and purification

All constructs were transformed into BL21(DE3) Escherichia coli cells for

expression in Luria broth and either kanamycin (annexin-A4) or ampicillin

(CYNEX4-wt and T266D) used for antibiotic selection. Cells were grown

at 37�C until they reached an outer diameter (OD) of 600 nm z 0.6,

upon which the temperature was reduced to 15�C and protein expression

induced with 0.5 mM anhydrotetracycline (annexin-A4) or 1 mM IPTG

(CYNEX4-wt and T266D) overnight. Cells were harvested by centrifuga-

tion then stored at �20�C. Cells were lysed by sonication in 100 mM

Tris-HCl, pH 8, 150 mM NaCl, and in the presence of 1 mM EGTA.

Annexin-A4 was purified using streptactin affinity chromatography (IBA,

Göttingen, Germany) followed by size-exclusion chromatography using

Superdex-200 (Pharmacia, Peapack, NJ). CYNEX4-wt and T266D were

purified using hydrophobic interaction chromatography on Phenyl-Sephar-

ose (Pharmacia) followed by size-exclusion. All constructs were eluted

from the size-exclusion column in 50 mM 4-(2-hydroxyethyl)-1-piperazi-

neethanesulfonic acid (HEPES, Fluka, Sigma-Aldrich, St. Louis, MO),

pH 7.5, 150 mM NaCl, and 1 mM EGTA and concentrated for SAXS using

Vivaspin centrifugal concentrators (Sartorius, Göttingen, Germany).
Cell culture and transfection

Cell experiments were performed with HeLa Kyoto cells. The cells were

passaged and maintained in Dulbecco’s modified Eagle’s medium (Gibco

BRL, Gaithersburg, MD) supplemented with 10% FBS (Gibco) and

0.1 mg ml�1 primocin (Invivogen, San Diego, CA). Cells were plated

in 35 mm MatTek chambers (MatTek, Ashland, MA) and transfected

at ~50% confluency with FuGENE 6 reagent (Roche, Basel, Switzerland).

Transfections were performed in Opti-MEM (Gibco) according to the

manufacturer’s instructions. Cells were gently washed 20–24 h after trans-

fection and incubated in imaging medium (20 mM HEPES, pH 7.4,

115 mM NaCl, 1.2 mM CaCl2, 1.2 mM MgCl2, 1.2 mM K2HPO4, and

2 gl�1 D-glucose) at 37�C with 5% CO2 for at least 15 min before imaging.
FRET experiments in cells

Images were acquired on a Leica TCS SP2 AOBS microscope (Leica Mi-

crosystems, Heidelberg, Germany) with an HCX PL APO lbd.BL 63.0 �
1.40 oil objective at 30�C. ECFP was excited with a 20-mW 405-nm diode

laser. ECFP was sampled between 470 and 510 nm and EYFP between 520

and 540 nm (pinhole 2.62 airy, 4 lines averages). Background-subtracted

EYFP and ECFP images were smoothed with a median filter and thresh-

olded. EYFP images were then divided by ECFP images using ImageJ

(http://rsb.info.nih.gov/ij/).
In vitro FRET experiments

In vitro FRET assays were conducted using an Infinite M1000 top class mi-

croplate reader with premium Quad4 Monochromator (TECAN). The assay

buffer contained 50 mM HEPES, pH 7.5, 150 mM NaCl, and 0.1 mM

EGTA (all from Fluka, St. Louis, MO). The experiments were run in the

absence and presence of 10 mM CaCl2 (Fluka) and 0.5 mg proteinase-K

(New England Biolabs, Ipswich, MA). For the experiment, we used 50 ml
Biophysical Journal 102(12) 2866–2875

http://rsb.info.nih.gov/ij/


2868 Mertens et al.
reaction buffer containing 1 mg CYNEX4 biosensor (CYNEX4-wt or

T266D). Excitation wavelength was 430 nm and emission spectra were re-

corded from 450 nm to 600 nm with 2-nm step size. Ratios were calculated

from the average values in the 474–484 nm range and the 520–530 nm

range.

Theoretical calculation of FRET efficiency, E, the fraction of energy

transferred between a donor-acceptor fluorescence pair, was determined

using the function

E ¼ 1

ð1þ R=R0Þ6
; (1)

where R0 is the Foerster distance (taken to be 4.9 nm for an EYFP/ECFP

pair (23)) and R is the distance between the fluorophores.
SAXS data collection

Synchrotron radiation x-ray scattering data were collected on the X33

beamline of the EMBL (DESY, Hamburg, Germany) (24,25), using a 1M

Pilatus pixel detector (Dectris, Baden, Switzerland) and eight frames of

15 s exposure time. Solutions of all constructs were measured at 10�C in

50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EGTA at protein concentra-

tions of 0.4–7.3 mg/ml (annexin-A4), 0.8–12.8 mg/ml (CYNEX4-wt), and

0.9–17.0 mg/ml (T266D). The sample-to-detector distance was 2.7 m,

covering a range of momentum transfer of 0.08 % s % 5.0 nm�1 (s ¼
4p sinq/l, where 2q is the scattering angle, and l ¼ 0.15 nm is the x-ray

wavelength). Based on comparison of successive 15-s frames, no detectable

radiation damagewas observed. Data from the detectors were normalized to

the transmitted beam intensity and averaged, and the scattering of buffer

solutions was subtracted. The difference curves were scaled for solute

concentration. All data manipulations were performed using the PRIMUS

software package (26). The forward scattering I(0) and radius of gyration,

Rg, were determined from Guinier analysis (21,27), assuming that at very

small angles (s % 1.3/Rg), the intensity is represented as I(s) ¼ I(0)

exp((sRg)2/3). These parameters were also estimated from the full scat-

tering curves using the indirect Fourier transform method implemented in

the program GNOM (28), along with the distance distribution function,

p(r), and the maximum particle dimensions, Dmax. Molecular mass (MM)

of solutes was estimated from SAXS data by comparing the extrapolated

forward scattering with that of a reference solution of bovine serum

albumin. Due to the uncertainty in MM estimation from SAXS data that

results from uncertainty of the measured protein concentrations, an

excluded volume of the solutes was also determined from the ab initio

modeling program DAMMIF (29). This estimation is independent of

protein concentration and can be obtained in an automated fashion with

minimal user bias. For globular proteins, this hydrated particle volume in

nm3 is around twofold the MM in kDa.
Fit of the annexin-A4 crystal structure to the
SAXS data

The fit of the annexin-A4 crystal structure (PDB code 2ZOC) to the SAXS

data was conducted using the program CRYSOL (30). CRYSOL calculates

the partial scattering amplitudes of proteins from their atomic coordinates,

taking into account the hydration layer and excluded solvent volume.
Analysis of flexibility

Analysis of the interdomain flexibility and size distribution of possible

conformers, consistent with the measured scattering data for the CYNEX4

biosensor constructs, was conducted using the ensemble optimization

method (EOM) (31). This method selects an ensemble of possible confor-

mations from a pool of randomly generated models constructed from rigid
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domains linked by randomly generated flexible linkers. The program

CRYSOL is used to calculate the theoretical scattering profiles of these

models, and a genetic algorithm, GAJOE, is used to select an ensemble

of conformations whose combined scattering profiles best fit the experi-

mental data. For the input structures for analysis of the scattering data em-

ploying ensemble optimization, we used as rigid bodies the crystal structure

of GFP (PDB code 1GFL) for both ECFP and EYFP, and the crystal struc-

ture of human annexin-A4 (PDB code 2Z0C). Linkers between the modules

were represented as a flexible chain of dummy residues.
Ab initio shape determination and molecular
modeling

Low-resolution shape envelopes for all constructs were determined using

the ab initio bead-modeling program DAMMIF (29). DAMMIF represents

the particle as a collection of M (>>1) densely packed beads inside

an adaptable and loosely constrained search volume compatible with

the experimentally determined Rg. Each bead is randomly assigned to

solvent (index¼ 0) or solute (index ¼ 1), and the particle structure in solu-

tion is described by a binary string of length M. Disconnected strings of

beads are rejected and the scattering amplitudes calculated. Simulated an-

nealing is then used to search for a compact model that minimizes the

discrepancy,

x2 ¼
X
k

1

N � 1

X
j

"
Iexp
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sj
�� cIcalc

�
sj
�

s
�
sj
�

#
; (2)

where N is the number of experimental points, Iexp(sj), and Icalc(sj) are the

experimental and calculated intensities, respectively, c is a scaling factor,

and s(sj) is the experimental error at the momentum transfer sj. The results

of 10 independent DAMMIF reconstructions were compared using the

alignment program SUPCOMB13 (32) to determine the most representa-

tive/typical model. Averaged DAMMIF models were also determined using

the program DAMAVER (33), and these models were adjusted such that

they agree with the excluded volume, experimentally determined using

the program DAMFILT (33).

Molecular modeling was conducted using, as rigid bodies and where

appropriate, the same structures as were used for EOM. Rigid-body models

were generated for the CYNEX4 biosensor constructs using the program

CORAL, an advanced version of the program BUNCH (34), where

linkers/loops between the individual subunits are represented as random

polypeptide chains. The results of 10 independent CORAL runs were

analyzed using the programs SUPCOMB13 (32) and DAMAVER (33) to

identify the most representative/typical models.
RESULTS AND DISCUSSION

FRET analysis of CYNEX4

Phosphorylation of the annexin-A4 sensor domain in
CYNEX4 leads to an observed decrease in the FRET ratio
between donor and acceptor proteins (Fig. 2). As quantities
of phosphorylated annexin-A4 and CYNEX4 sufficient for
structural studies could not be produced, a mutant protein
was used that has been shown to mimic the phosphorylated
state (16). The decrease in FRET ratio between CYNEX4-
wt and the phosphorylation mimic T266D was determined
to be ~19% (Fig. 2 b), strongly suggesting that a conforma-
tional rearrangement of the donor ECFP and acceptor
EYFP domains occurred in cells. To confirm the results
independent of the complex cellular environment, in vitro



FIGURE 2 In vivo and in vitro FRET

using CYNEX4. (a) Images of the

donor (ECFP) and acceptor (EYFP)

fluorescence emission and the EYFP/

ECFP emission ratio in transfected

HeLa cells, for CYNEX4-wt and the

phosphorylated-state mimic, T266D.

(b) Plot of the measured in vivo FRET

emission ratio for CYNEX4-wt (blue)

and T266D (red). (c) Fluorescence

emission spectra for CYNEX4-wt and

T266D. (d) In vitro FRET EYFP/

ECFP emission ratios calculated from

C in the presence and absence of

calcium and after complete proteolysis

using proteinase-K.
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experiments were conducted to compare the FRET emission
ratios of CYNEX-wt and T266D. These experiments again
demonstrated that phosphorylation of CYNEX4 led to
a decrease in the EYFP/ECFP emission ratio (Fig. 2, c
and d) in both the absence and presence of calcium. The
observed decrease in the emission ratio was ~13%, consis-
tent with the value observed in the cell FRET experiment.
The addition of proteinase-K completely abolished FRET
for CYNEX4, leaving exclusively a residual emission signal
from the ECFP donor.
Analysis of the conformational rearrangement of
FRET probes using SAXS

To elucidate the mechanism of phosphorylation-induced
structural rearrangement of the CYNEX4 FRET probe,
SAXS analysis was conducted on the constructs annexin-
A4 (residues 1–319); CYNEX4, a construct with a central
annexin-A4 domain (consisting of the N-terminal head
and core domains of annexin-A4) flanked by N-terminal
EYFP (the FRET acceptor) and C-terminal ECFP (the
FRET donor); and a CYNEX4 mutant, T266D, that mimics
the phosphorylated state of annexin-A4.
Overall SAXS parameters

The experimental scattering patterns of three FRET probe
constructs (CYNEX4, T266D, and the sensor domain an-
nexin-A4) are presented in Fig. 3, and the overall SAXS
parameters determined from these data sets are listed in
Table 1. Due to possible uncertainties in the concentrations
of the probes, molecular masses (MM) were also estimated
from the hydrated particle volumes (Vp) calculated from
the scattering curves during ab initio modeling in the
program DAMMIF (29). The hydrated particle volumes
and MM values for all constructs were consistent with
values expected for a monomeric species; however, some
interparticle attraction was observed at increased protein
concentration (Table 1 and Fig. 3 c, upper and lower).

The distance distribution functions, p(r), of the
FRET constructs are shown in Fig. 3 b. The CYNEX4
and T266D probes exhibited positively skewed profiles
with tails at large distances, characteristic of elongated
particles, whereas the p(r) function for annexin-A4 was
typical of a prolate ellipsoid. The CYNEX4 constructs
exhibited only single maxima, and the absence of addi-
tional features could indicate the presence of significant
structural flexibility (35). The distance distribution of
T266D relative to wildtype CYNEX4 (Fig. 3 b) showed
that mutation of this residue led to a significant increase
in the maximum dimension of the probe, with Dmax

increased from 12.8 5 0.5 nm to 14.4 5 0.5 nm. This
significant change in the maximum dimension of the
biosensor, combined with a significant increase in the
radius of gyration, confirms the hypothesis that a change
in the conformation of CYNEX4 is caused by charge modi-
fication of T266.

In addition, although the phosphorylation-mimicking
mutant of annexin-A4, T9D (T6D in the bovine ortholog),
is predicted to change conformation of the N-terminal
Biophysical Journal 102(12) 2866–2875



FIGURE 3 SAXS data for CYNEX4. (a) Fits of

the ab initio and rigid-body models reconstructed

from the SAXS data. Fits of the CORAL and

DAMMIF models are shown as solid and broken

lines, respectively (annexin-A4, CYNEX4, and

T266D fits are numbered 1–3, respectively).

Note: the solid line for annexin-A4 is the fit of

the crystal structure (PDB code 2ZOC) to the

SAXS data as calculated in the program CRYSOL.

Curves are vertically displaced for clarity. (b)

Distance distribution functions. (c) Concentration

dependence of the radius of gyration, Rg (upper),

and of the molecular mass, MM (lower), calculated

from the forward scattering intensity.
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head domain relative to the wildtype protein, no electron
density was observed in the crystal structure (1I4A) to
support this (16). A clear conformational change originating
from this region is observed by SAXS analysis of the
CYNEX4 sensor.
Analysis of biosensor flexibility

The presence of possible interdomain flexibility in the
CYNEX4 FRET biosensor was investigated using several
approaches. In the first, more qualitative approach, insight
into the flexibility and foldedness of sensor constructs is
made directly from the SAXS data using a dimensionless
Kratky plot, (sRg)2(I(s)/I(0) vs. sRg representation (36). In
such a plot, folded single-domain globular proteins
following Guinier law behavior (see Materials and
Methods) provide a bell-shaped curve at low angles with
TABLE 1 Overall SAXS parameters

Construct Conc (mg/ml) Rg (nm) Dmax

Annexin-A4 7.3 2.5 5 0.1 8.5 5

3.8 2.3 5 0.1 8.0 5

0.4 2.3 5 0.1 7.6 5

CYNEX4-wt 12.8 4.4 5 0.1 15.0 5

5.8 4.1 5 0.1 14.3 5

1.4 4.0 5 0.1 13.4 5

0.8 3.8 5 0.1 12.8 5

CYNEX-T266D 17.0 5.6 5 0.1 19.9 5

8.3 5.1 5 0.1 18.1 5

4.2 4.7 5 0.1 15.8 5

2.0 4.4 5 0.1 15.0 5

1.2 4.2 5 0.1 14.3 5

0.9 4.2 5 0.1 14.4 5

Rg, Dmax, Vp, andMMexp are the experimentally (SAXS) determined radius of gy

ular mass, respectively. MMcalc is the molecular mass calculated based on the s
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a maximum of 1.1 at sRg 1.75. A completely flexible and
unfolded random chain, however, yields a plot that increases
with scattering angle to a constant value of 2. An advantage
of this type of representation compared to the traditional
Kratky plot, s2I(s) vs. s (37) is that it allows objects of
different shape and size to be directly compared by making
the x and y axes independent of protein size and molecular
mass, respectively.

Dimensionless Kratky plots are shown for the CYNEX4
constructs used in this study (Fig. 4 a). For annexin-A4,
a bell-shaped curve with a maximum close to 1.1 at sRg
1.75 is observed, suggesting that this construct is a compact
folded protein with limited flexibility. The plots for
CYNEX4-wt and T266D both show a broadening of the
bell-shaped curve and a shift of the maxima to larger sRg,
expected for more extended and flexible multidomain
particles.
(nm) Vp (nm
3) MMexp (kDa) MMcalc (kDa)

0.5 55 5 5 35 5 5 35.9

0.5 48 5 5 30 5 5 35.9

0.5 53 5 5 33 5 5 35.9

0.5 202 5 20 114 5 10 92.8

0.5 178 5 20 105 5 10 92.8

0.5 156 5 15 93 5 10 92.8

0.5 142 5 15 84 5 10 92.8

0.5 361 5 35 174 5 20 92.8

0.5 263 5 25 140 5 15 92.8

0.5 203 5 20 115 5 10 92.8

0.5 173 5 20 103 5 10 92.8

0.5 155 5 15 92 5 10 92.8

0.5 157 5 15 96 5 10 92.8

ration, maximum particle dimension, hydrated particle volume, and molec-

equence.



FIGURE 4 Flexibility analysis of CYNEX4 biosensor

constructs. (a) Dimensionless Kratky plot of annexin-A4

(1), CYNEX4 (2), and T266D (3). Cross-hairs indicate

the theoretical maximum for a globular Guinier particle

in a dimensionless Kratky plot (at coordinates (1.75,

1.10)). (b) Ensemble optimization. Rg distributions of

CYNEX4 FRET probe constructs from EOM are shown.

The pool of random models is shown as a broken line

(1) and the selected ensembles as solid lines: CYNEX4-

wt (2), phosphorylation mimic T266D (3).
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In the second, more quantitative approach to the analysis
of interdomain flexibility, the EOM (31) was employed.
This method represents the solution scattering as an average
of an ensemble of conformations. A pool of random struc-
tures based on the protein sequence and (where available)
high-resolution atomic models is generated, and from this
pool a genetic algorithm is employed to select subsets of
this pool that best fit the experimental scattering data. The
EOM analysis of CYNEX4 and T266D is presented in
Fig. 4 b as a size distribution, using the radius of gyration,
Rg, of the structures forming the pool and the selected
ensembles. The Rg distribution of the selected ensemble
of conformations for CYNEX4 is slightly skewed toward
compact structures and is almost as broad as that of the
random pool (Fig. 4 b). Thus, the protein is inherently flex-
ible in solution but samples a restricted range of conforma-
tional space. The opposite skew is observed for the selected
pool of T266D, where there is a clear trend toward extended
conformations. The selected ensemble for T266D is also as
broad as the pool, indicating that the phosphorylation
mimic is also a flexible entity, sampling a restricted but
distinct (compared to CYNEX4-wt) range of conforma-
tional space.
Ab initio modeling

Low-resolution three-dimensional models of annexin-A4
(Fig. 1 b) and the CYNEX4 and T266D biosensors
(Fig. 5) were reconstructed from the SAXS data using the
ab initio modeling program DAMMIF (29), with all models
providing an excellent fit to the experimental data (Table 2
and Fig. 3 a). The compact ab initio model for annexin-A4
overlays the crystal structure perfectly (PDB code 1ZOC)
(Fig. 1 b), which is also independently validated by the
very good fit of this high-resolution structure to the SAXS
data (Table 2 and Fig. 3 a). The ab initio model of CYNEX4
is zig-zag shaped, with dimensions that could well accom-
modate a probe with a central annexin domain (both
head and core) flanked by EYFP and ECFP. The ab initio
model of the T266D construct is more extended than the
FIGURE 5 Modeling of CYNEX4 biosensor

constructs. Ab initio bead models of CYNEX4

(left) and the phosphorylation mimic T266D

(middle), from the program DAMMIF, are shown

as solid surfaces. On the right is a best-superposi-

tion from SUPCOMB13 of the CYNEX4-wt

(spheres) and the T266D (mesh surface) bead

models. The lower structures in each panel are

rotated through 90� along the horizontal axis.

Biophysical Journal 102(12) 2866–2875



TABLE 2 Modeling of CYNEX4 biosensors

Construct cPDB cS cRB cEOM

Annexin-A4 1.0 0.9 — —

CYNEX4-wt — 1.0 1.0 1.0

CYNEX-T266D — 0.9 1.0 1.2

Discrepancies cPDB, cS, cRB, and cEOM refer to that calculated from fits of

the relevant x-ray crystal structures, ab initio shape envelopes, rigid-body

models, and ensemble optimizations to the SAXS data, respectively.
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CYNEX4-wt model and accommodates the CYNEX4-wt
model neatly in a superposition using the program
SUPCOMB13 (32) (Fig. 5). The visible similarity in the
shapes of the CYNEX4-wt and T266D models suggests
that only a minor rearrangement (at low resolution) of the
biosensor occurs upon phosphorylation, leading to a more
extended structure.
Rigid-body modeling

Rigid-body modeling of the FRET probes from the scat-
tering data was conducted using the program CORAL,
an advanced version of the program BUNCH (34). High-
Biophysical Journal 102(12) 2866–2875
resolution models of EYFP and ECFP (PDB code 1GFL
was used for both fluorophores) and the annexin-A4 sensor
(PDB code 1ZOC) domains were used as input rigid bodies,
with unstructured linkers represented as random loops of
dummy residues. The CORAL models of CYNEX4-wt
(Fig. 6 a) overlaid well with the ab initio models, describing
a zig-zag-shaped conformation. The ensemble of structures
shows very little deviation in the intramolecular fluorophore
distance, yielding an average EYFP-ECFP separation of
3.5 5 0.1 nm (measured from the centers of mass of the
EYFP and ECFP domains for 10 independent reconstruc-
tions), but a number of different relative orientations of
the donor and acceptor domains are explored. The CORAL
models of T266D fall into two distinct structural clusters (all
the while maintaining a shape consistent with that of the ab
initio model). The first cluster (7 of 10 reconstructions)
shows an ensemble of relatively compact models with an
average intramolecular fluorophore distance of 4.5 5
0.6 nm. The second cluster (3 of 10 reconstructions) shows
an ensemble of extended models with an average intramo-
lecular fluorophore distance of 7.5 5 0.3 nm. The good fit
of the best CYNEX4 and T266D rigid-body models (Table 2
and Fig. 3 a) indicates that although these constructs appear
FIGURE 6 Rigid-body modeling of CYNEX4 bio-

sensor constructs. (a) Ensembles of models from multiple

structure calculations using CORAL are shown for

CYNEX4-wt (left), the T266D compact cluster (middle),

and the T266D extended cluster (right). Representative

models from the ensembles are displayed as cartoons

and the conformational space mapped out by the ensemble

is shown as a transparent surface. The CORAL models are

overlaid with the ab initio shape envelopes from DAMMIF

(mesh surface, aligned with representative models). The

EYFP, annexin-A4, and ECFP domains are yellow, orange,

and cyan, respectively. The lower structures in each panel

are rotated through 90� along the horizontal axis. (b)

Model mechanisms for the EYFP/ECFP ratio change

upon phosphorylation of the CYNEX4 biosensor.

The average intramolecular fluorophore (EYFP-ECFP)

distance for the extended (left) and more compact (right)

SAXS-derived conformations are shown.
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to be highly flexible in solution (see Analysis of flexibility),
they provide a good representation of the average
conformation.
FIGURE 7 Theoretical FRET efficiency calculations for CYNEX4-wt

and both compact and extended T266D conformations (vertical dashed

lines) using the intramolecular fluorophore distances (assuming k2 ¼ 2/3

for a flexible system and R0 ¼ 4.9 nm for an EYFP-ECFP FRET pair).
Identifying a model mechanism for
conformational change in the CYNEX4 biosensor

The in vivo and in vitro FRET data strongly suggest that
a conformational rearrangement of the CYNEX4 biosensor
must occur upon modification of the phosphorylation-sensi-
tive T266. The SAXS data clearly support this suggestion,
with a significant increase observed in the overall SAXS
parameters describing the size and dimension of the modi-
fied biosensor. Further, the ab initio modeling suggests
that any conformational rearrangement should maintain
the general shape of the biosensor but increase the
maximum dimension. Although the ab initio overall shape
of the T266D construct reconstructed from SAXS is unique,
different interpretations in terms of the high-resolution
structures are possible. This reflects the inherently low reso-
lution of the SAXS experimental data and models. The
rigid-body modeling approach provides a more informative,
higher-resolution picture (by way of the incorporation of
high-resolution structures of the constituent domains), albeit
not entirely without ambiguity due to the low-resolution
nature of the modeling procedure from SAXS data. Rigid-
body modeling, in this case, provides information beyond
an increase in maximum sensor dimension with charge
modification and sheds light on the relative separation of
the donor and acceptor fluorophores, shown here to be
compatible with the observed FRET data in one of two
predicted conformations. Our approach, which combines
SAXS and FRET, allows one to clearly distinguish between
the concurrent interpretations of SAXS data in terms of
rigid-body models.

From the two major solutions of the rigid-body modeling
for the phosphorylation mimic, the compact and extended
biosensor models, a significant increase in the distance
between the donor and acceptor fluorophores was observed
(Fig. 6 b). For the compact solution, this distance corre-
sponds to an increase of ~1 nm relative to the unmodified
CYNEX4 biosensor. From theoretical calculations of
FRET efficiency for an ECFP/EYFP donor-acceptor pair
(see Materials and Methods), this increase in the separation
of the donor and acceptor would decrease the FRET effi-
ciency from 0.85 to 0.56 (Fig. 7). This decrease is consistent
with the observed change in FRET ratio of ~13–19% from
the in vivo and in vitro experiments. For the extended solu-
tion, the observed increase in the intramolecular fluorophore
distance is significantly larger, corresponding to an increase
of ~4 nm relative to the unmodified biosensor. This large
separation of the donor and acceptor would decrease the
FRET efficiency from 0.85 to 0.06 (Fig. 7) and yield an
EYFP/ECFP FRET ratio close to zero. This directly
conflicts with the experimentally determined decrease
of ~13–19% and eliminates this solution as a plausible
average model for the change in FRET observed upon
modification of the CYNEX4 biosensor.
CONCLUSION

The assumption commonly used for FRET efficiency calcu-
lations is of a dynamic isotropic distribution of the donor
and acceptor fluorophores, yielding an orientation factor
(k2) value of 2/3 (~0.667) (38). In the context of the work
described here, with covalent attachment of large proteina-
ceous fluorophores to a sensor domain, this is of course
not entirely valid. There is indeed significant flexibility in
the CYNEX4 construct in solution, as evidenced by the
results of the EOM analysis, but it is not fully isotropic.
Thus, it is expected that the observed change in the FRET
efficiency from the in vivo and in vitro experiments will
differ somewhat from the exact values calculated from
theory. In this case, the FRET data are consistent with an
increased separation of the EYFP and ECFP domains,
most likely also involving some change in their relative
orientation. However, from this data alone, it is not possible
to extract accurate distances or be more definite about the
domain orientations. In contrast, the SAXS data presented
here provide low-resolution structural information that
make it possible to accurately measure the average donor-
acceptor distance (to within 0.5 nm). From the SAXS anal-
ysis, a dynamic model is proposed that demonstrates
a change in the average EYFP-ECFP separation from
3.5 nm to 4.5 nm, fully describing the conformational rear-
rangement of the CYNEX4 biosensor triggered by charge
increase at amino acid 266, as is typical for phosphorylation
at T266.

Genetically encoded and chemically constructed fluores-
cence-based biosensors have been developed and employed
Biophysical Journal 102(12) 2866–2875
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for many cell and in vivo applications (39,40). For sensors
designed to respond to an event such as a chemical modifi-
cation or ligand binding inducing a conformational rear-
rangement, characterization of the expected behavior
through structural analysis, typically in vitro, is highly desir-
able. Structural analysis of large flexible sensors, such as the
dual-fluorescent-protein-tagged CYNEX4 biosensor, by
high-resolution methods (e.g., NMR and x-ray crystallog-
raphy) is problematic. Constructs >50 kDa in size are
particularly challenging for NMR due to spectral overlap
and increased signal broadening. Further, flexible systems
are difficult to crystallize for x-ray crystallography. SAXS
provides a readily accessible approach for structural charac-
terization of such biosensors, because it requires minimal
sample preparation and, in principle, allows for time-
resolved studies suitable to follow targeted conformational
changes (41).

This structural study provides, to our knowledge, the first
insight into how typical genetically encoded FRET sensors
equipped with fluorescent proteins behave in three dimen-
sions under the influence of varying charge distributions,
as is typical for phosphorylation events. In fact, FRET
changes of the CYNEX4 sensor pick up these molecular
changes. Hence, the strong correlation between structural
and fluorescence data presented here will help us to under-
stand the molecular basis of sensor performance. Currently,
the development of novel sensors is largely based on a trial
and error process due to uncertainty regarding the extent of
distance versus dipole change within the sensor molecule
(13). Through careful analysis of low-resolution SAXS
data and modeling, the distance component can be pre-
dicted. By measuring the actual FRET change, it will be
possible in the future to also predict the change in fluoro-
phore orientation, albeit with more than one solution unless
one of the fluorescent proteins is fully free in its orientation.
What is missing is the capacity to observe the dynamics of
an actual sensor modification by SAXS before and after the
molecular transition. It may be possible to observe such
a conformational change using an in-line chromatography
system attached to a high-brilliance synchrotron SAXS
beamline and capturing the products of a phosphorylation
reaction, and this is a future target of investigation. The
more static approach presented here provides an excellent
model for the possible structures representing the most rele-
vant states of the sensor, and it demonstrates the potential of
the synergistic use of the SAXS and FRET approaches.
Similar sets of experiments are expected to be of broad
applicability for the analysis of structural transitions of
FRET-tagged biomolecules, leading to the improvement of
future sensor design and performance.
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