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ABSTRACT We constructed chimeric proteins
that consist of two green fluorescent protein vari-
ants, EBFP and EGFP, connected by flexible linkers,
(GGGGS)n (n � 3�4), and helical linkers, (EAAAK)n

(n � 2�5). The conformations of the chimeric pro-
teins with the various linkers were evaluated using
small-angle X-ray scattering (SAXS). The SAXS ex-
periments showed that introducing the short helical
linkers (n � 2�3) causes multimerization, while the
longer linkers (n � 4�5) solvate monomeric chi-
meric proteins. With the moderate-length linkers
(n � 4), the observed radius of gyration (Rg) and
maximum dimension (Dmax) were 38.8 Å and 120 Å
with the flexible linker, and 40.2 Å and 130 Å with
the helical linker, respectively. The chimeric pro-
tein with the helical linker assumed a more elon-
gated conformation as compared to that with the
flexible linker. When the length of the helical linker
increased (n � 5), Rg and Dmax increased to 43.2 Å
and 140 Å, respectively. These results suggest that
the longer helix effectively separates the two do-
mains of the chimeric protein. Considering the con-
nectivity of the backbone peptide of the protein, the
helical linker seems to connect the two domains
diagonally. Surprisingly, the chimeric proteins with
the flexible linker exhibited an elongated conforma-
tion, rather than the most compact side-by-side
conformation expected from the fluorescence reso-
nance energy transfer (FRET) analysis. Further-
more, the SAXS analyses suggest that destabiliza-
tion of the short helical linker causes
multimerization of the chimeric proteins. Informa-
tion about the global conformation of the chimeric
protein is thus be necessary for optimization of the
linker design. Proteins 2004;57:829–838.
© 2004 Wiley-Liss, Inc.
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INTRODUCTION

Gene fusion techniques have emerged as an indispens-
able tool in a variety of biochemical research areas. The
construction of a recombinant chimeric/fusion protein is a
standard method used to increase the expression of soluble

proteins and to facilitate protein purification. Further-
more, various applications of gene fusion techniques in the
field of biotechnology have been reported. These include
immunoassays using chimeras between antibody frag-
ments and green fluorescent protein variants,1,2 selection
and production of antibodies3 and engineering of bifunc-
tional enzymes.4

Chimeric protein construction involves linking two pro-
teins or domains of proteins by a peptide linker. The
selection of the linker sequence is particularly important
for the construction of functional chimeric proteins. The
results of several linker selection studies5–8 have sug-
gested that the flexibility and hydrophilicity of the linker
are important factors in preventing the disturbance of the
domain functions. However, a study on the streptococcal
protein G-Vargula luciferase chimera suggested that the
spatial separation of the hetero-functional domains of a
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chimeric protein by an appropriate linker peptide is impor-
tant for the domains to work independently.9

In our previous study, we designed linkers to effectively
separate the two domains of a chimeric protein.10 We
introduced helix-forming peptide linkers, (EAAAK)

n
, be-

tween two green fluorescent protein variants, enhanced
blue fluorescent protein (EBFP; F64L, S65T, Y66H,
Y145F)11 and enhanced green fluorescent protein (EGFP;
F64L, S65T).12 The circular dichroism (CD) spectroscopic
analysis suggested that the introduced linkers form an
�-helix, and that the �-helical contents increase as the
lengths of the linkers increase. The fluorescence resonance
energy transfer (FRET) analysis from EBFP to EGFP also
suggested that the distance between the two domains
increases as the lengths of the linkers increase. However,
it is difficult to determine the distance and orientation of
the domains and the linker of the chimeric proteins by
FRET and CD analyses. Therefore, in this study, we used
synchrotron X-ray small-angle scattering to analyze the
conformations of chimeric proteins. The shapes and sizes
of the chimeric proteins, consisting of EBFP and EGFP
with the helical linkers (EAAAK)

n
(n � 4, 5) and flexible

linkers (GGGGS)n (n � 3, 4), were deduced from the
small-angle X-ray scattering (SAXS) pattern with an ab
initio modeling procedure.

MATERIALS AND METHODS
Preparation of Chimeric Proteins

The chimeric proteins were prepared as has been previ-
ously described.10 In brief, we constructed chimeric pro-
teins between EBFP and EGFP (Clontech, Palo Alto, CA)
with designed linkers. Helical linkers were designed on
the basis of a helix-forming peptide, [(i � 4)E,K], which
was described by Marqusee and Baldwin.13 The helix-
forming peptide, A(EAAAK)3A, forms a monomeric �-helix
with the support of a Glu-Lys salt bridge. Therefore, we
designed helical linkers consisting of the (EAAAK)n motif
(n � 2�5). On the other hand, the flexible linkers consisted
of the (GGGGS)n motif (n � 3�4). The amino acid se-
quences of the linkers are as follows: helical linker 2 (H2),
LAEAAAKEAAAKAAA (15 a.a.); helical linker 3 (H3),
LAEAAAKEAAAKEAAAKAAA (20 a.a.); helical linker 4
(H4), LAEAAAKEAAAKEAAAKEAAAKAAA (25 a.a.);
helical linker5 (H5),LAEAAAKEAAAKEAAAKEAAAKEA-
AAKAAA (30 a.a.); flexible linker 3 (F3), LGGGGSGGGGS-
GGGGSAAA (19 a.a.); flexible linker 4 (F4), and LSGGGGS-
GGGGSGGGGSGGGGSAAA (25 a.a.) (L and AAA on the
termini are derived from restriction enzyme sites). We
expressed the chimeric proteins with thioredoxin, an S-tag
and a His-tag, using the pET TRX Fusion System 32
(Novagen, Madison, WI) in Escherichia coli AD494(DE3)
pLysS with the expression vectors pET32/B-H2-G, pET32/
B-H3-G, pET32/B-H4-G, pET32/B-H5-G, pET32/B-F3-G
and pET32/B-F4-G. Chimeric proteins with the His-tag
were purified using Talon metal affinity resin (Clontech).
The proteins were specifically digested with thrombin to
remove the thioredoxin, and were further purified by size
exclusion chromatography with Superdex 75 (Amersham
Biosciences, Uppsala, Sweden). The protein concentration

was determined using a bicinchoninic acid (BCA) assay kit
(Pierce, Rockford, IL) with bovine serum albumin (BSA) as
the standard.

SAXS Measurements and Data Analyses

SAXS measurements were carried out using RIKEN
structural biology beamline I (BL45XU),14 which employs
a 1.0 Å wavelength X-ray from an undulator source of the
electron storage ring at SPring-8. With a detector consist-
ing of an X-ray image intensifier and a cooled charge
coupled device (CCD) (XR-II�CCD),15 each scattering
profile was collected at 25°C for 2 s. The sample-to-detector
distance was 974 mm. Judging from the stability of
intensity over time, the proteins suffered negligible radia-
tion damage during the data collection. Preliminary data
processing was performed using the program iisgnapr.15

Two-dimensional sample and buffer images were scaled
with incident intensity, circular-averaged and then sub-
tracted. The reciprocal parameter S, which is equal to 2 sin
�/� (where 2� is the scattering angle and � is the X-ray
wavelength), was calibrated by meridional reflections from
chicken collagen. The radius of gyration, Rg, was deter-
mined by fitting the intensity profiles using the Guinier
approximation: I(S) � I(0) exp(�4�2Rg

2S2/3), where I(0) is
the forward scattering intensity at a zero angle16 with a
fitting region of S2 (Å�2) from 10 	 10�6 to 30 	 10�6. In
order to eliminate inter-particle interference, measure-
ments were taken at seven different protein concentra-
tions, from 0.4 to 1.6 mg/mL, and these data points were
extrapolated to a zero protein concentration. The pair
distance distribution functions, P(r), were calculated using
the indirect transform package GNOM.17 The procedure
for the determination of the maximum dimension of a
particle, Dmax, is described elsewhere.18 The scattering
region used was 0.00315 Å�1 
 S 
 0.05 Å�1. The accuracy
of the fit Rf was evaluated using the following equation:

Rf �
��Iexp � Ical���Iexp�

where Iexp and Ical are experimental intensity with homo-
geneous density correction19 and calculated intensity,
respectively. The intensities were calculated using the
Debye formula and crysol program20 for bead models and
high-resolution models, respectively.

Calculation of Ab Inito Models of Chimeric Proteins

Calculation of ab initio models was completed using the
program DAMMIN.21 In dummy atom minimization (DAM-
MIN), a protein molecule is approximated by densely
packed small spheres (dummy atoms). Minimization was
performed using the simulated annealing method, starting
from the dummy atoms placed at random coordinates
within the search space, a sphere of diameter Dmax.17 More
than ten independent bead models were calculated, aligned
with each other, and then superimposed.22 The superim-
posed bead models were filtered against the volume of each
run. The simulated scattering profiles, both from each run
and from the filtered beads, usually fit the experimental
data well23 (Rf � 0.00044 of each run for B-H4-G). How-
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ever, we observed a substantial deviation from the experi-
mental data after the standard filtering procedure (Rf �
0.013 for B-H4-G). Therefore, we modified the filtering
procedure as follows: First, we cut off the superimposed
bead models with a larger volume than the average
(approx. 10%). Then, the filtered beads were taken as an
initial search model and were minimized again with
simulated annealing. The resulting bead model exhibited
good shape similarity, with a normalized standard devia-
tion (NSD)22 lower than 0.4, and its scattering fit well to
the experimental curve (Rf � 0.0026 for B-H4-G). Since
EBFP and EGFP have 99% amino acid sequence identity
and almost identical structures at low resolution, we
calculated the bead models under the constraint of P2
symmetry.

High-Resolution Modeling of Chimeric Proteins
with Helical Linkers (B-H4-G and B-H5-G)

Model volumetric structures were constructed from the
bead models, using the Situs program package for the
registration of the protein structures with low-resolution
bead models from X-ray scattering, as described previ-
ously.24,25 The bead model atoms were each convoluted
with a Gaussian kernel, with a half-max radius correspond-
ing to the bead radius, using the program pdblur. The
volumetric densities were later visualized at the half-max
isocontouring threshold, which provided a molecular enve-
lope of the bead model. To achieve the best fits into either
lobe of the dumbbell-shaped density, we cropped the
density so that it contained only one part of a lobe and the
linker. In this way, the Colores fitting program distributed
with Situs returned best fits specific to one lobe.24 Using
Colores, we performed the fitting of PDB entry 1BFP (a
crystal structure of BFP)26 to each lobe in the density,
using standard volumetric cross correlation as a criterion.
We assumed that both structures of EBFP and EGFP were
coincident with that of 1BFP at low resolution, due to the
approximately 99% sequence homology among EBFP,
EGFP and BFP. We selected the best fit structure with the
C- and N-terminal regions oriented towards the adjacent
BFP, and used this to create our model. The models with
the best three scores determined by the Colores fitting
program coincided with each other: The root mean square
deviation (RMSD) of the centers of these models was found
to be less than 1.2 Å. The deviations in the orientations of
the long and short axes of each lobe are within 6° and 30°,
respectively.

We created �-helices as the initial models for the linker
peptides, because the results of our previous CD analysis
indicated that the linkers formed �-helical structures.10

For simplicity, the S-tag and the His-tag were omitted in
the model. We then assembled everything into a model
that starts at the EBFP of the first domain and ends at the
EGFP of the second domain. While the two domains were
fitted computationally, the position and orientation of the
linker were fine-tuned manually with VMD27 to ensure
that it would originate at the C-terminus of the first-
domain EBFP and end at the N-terminus of the second-
domain EGFP. The model structures were converted into

the X-PLOR28 format and were stereochemically opti-
mized with a simple energy-minimization run. We used a
force field (CHARMM19) with a distance-dependent dielec-
tric constant, because this approach is suitable for molecu-
lar modeling in the absence of a solvent. The Rf values of
these high-resolution models were 0.06 and 0.07 for B-H4-G
and B-H5-G, respectively. They are far inferior to those of
low-resolution models. The origin of this fitting discrep-
ancy will be discussed later.

RESULTS
Fluorescence Spectra of Chimeric Proteins and
FRET Analysis

The two GFP variants, EBFP and EGFP, have been
widely used for FRET analyses.2,10,29,30 Figure 1 shows
the fluorescence emission spectra of the chimeric proteins,
normalized at 444 nm of the emission peak of EBFP. The
chimeric proteins retained sufficient fluorescence activity
derived from EBFP and EGFP. The observed emission
peaks at 444 nm and 507 nm were found to be coincident
with the emission peaks of the non-fusion EBFP and
EGFP, respectively, indicating that the EBFP and EGFP
domains of the chimeric proteins formed the proper struc-
tures. The peak intensity of EGFP emission at 507 nm
[I(507 nm)/I(444 nm)] was used as the index of FRET
efficiency. In the case of the chimeric proteins with helical
linkers (H2, H3, H4, H5), the FRET indexes decreased as
the lengths of the linkers increased. A higher FRET index

Fig. 1. Fluorescence emission spectra of the chimeric proteins. The
fluorescence spectra were measured with 380 nm excitation at 25°C,
using a fluorescence spectrophotometer F-2000 (Hitachi, Tokyo, Japan).
The spectra were normalized at 444 nm to the emission peak of EBFP.
The normalized peak value of EGFP emission at 507 nm, I(507 nm)/I(444
nm), was taken as the index of FRET efficiency. For the measurements, a
2 �M concentration of each sample in phosphate-buffered saline (PBS)
pH 7.4 was used.
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mainly reflects a shorter spatial distance between EBFP
and EGFP, because FRET is more sensitive to the spatial
distance than to the orientation factor.31 Thus, the FRET
analysis suggests that the spatial distance between the
two domains, EBFP and EGFP, increases as the lengths of
the helical linkers increase. In the case of the chimeric
proteins with flexible linkers, the FRET efficiency was
relatively high compared to that of the helical linkers. For
example, when H4 was compared to F4, which has the
same number of amino-acid residues, the FRET efficiency
of B-H4-G (EBFP-H4-EGFP) was found to be much less
than that of B-F4-G (EBFP-F4-EGFP). This means that
the FRET efficiency was not simply relevant to the number
of linker residues. The helical linker is able to separate the
two domains relatively.

Radius of Gyration and Maximal Dimension of
Chimeric Proteins Determined by SAXS Analysis

Guinier plots of the scattering intensity profiles at high
protein concentrations indicated an upward curvature in
B-H2-G and B-H3-G (data not shown), but this was
negligible for the chimeric proteins with other linkers. At a
first glance, the tangent of the fitted curve (the radius of
gyration) is steeper when the helical linkers are employed
[Fig. 2(a)]. Rg and I(0), determined by the Guinier plot, are
summarized in Table I. I(0) remained almost constant
within the protein concentration range used for the SAXS
measurements [Fig. 2(b)], except in B-H2-G and B-H3-G.
The zero extrapolation I(0) of the profiles is consistent with
the molecular weights: the I(0) values obtained from
B-F3-G, B-F4-G, B-H4-G and B-H5-G ranged from 705 �

Fig. 2. (a) Guinier plots of X-ray scattering intensity from the chimeric proteins. The scattering intensity was
extrapolated to zero protein concentration. The fitting region of S2 (Å�2) was from 10 	 10�6 Å�2 to 30 	 10�6

Å�2, which is shown as the broken lines (10 	 10�6 Å�2 to 25 	 10�6 Å�2 for B-H2-G). Data points are shifted
equally for clarity, and symbols are as follows: B-H2-G (�); B-H3-G (Œ); B-H4-G (●); B-H5-G (■); B-F4-G (‚);
B-F3-G (E). (b) Protein concentration dependence on Rg and I(0)/C. The symbols are the same as those in
panel A.

TABLE I. Summary of Structural Parameters Determined by SAXS

Chimeric
proteins

Guinier approximation P(r) Function

Rg (Å) I(0) Rg (Å) I(0) Dmax (Å)

B-H2-G 56.2 � 0.5a 1717 � 22a 52.2 � 0.1 1402 � 6 160 � 10
B-H3-G 43.2 � 2.2 941 � 54 44.7 � 0.5 912 � 15 150 � 10
B-H4-G 40.2 � 1.5 705 � 23 41.6 � 0.1 724 � 3 130 � 10
B-H5-G 43.2 � 0.7 764 � 17 44.6 � 0.1 738 � 4 140 � 10
B-F3-G 36.5 � 2.1 888 � 49 37.0 � 0.1 862 � 2 120 � 10
B-F4-G 38.8 � 0.3 753 � 4 38.2 � 0.04 710 � 1 120 � 10
aThese values were determined with a fitting region of S2 (Å�2) from 10 	 10�6 to 25 	 10�6.
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23 to 888 � 49 (arbitrary units), whereas an I(0) of 923 � 1
was obtained for BSA [molecular weight (MW) of 68 kDa at
2 mg/mL] on the same beamline, giving rise to a MW of 52
to 65 kDa. The real MW values are 59.7 kDa (B-F3-G), 60.1
kDa (B-F4-G), 59.8 kDa (B-H2-G), 60.3 kDa (B-H3-G), 60.7
kDa (B-H4-G) and 61.2 kDa (B-H5-G). These results
indicate that B-F3-G, B-F4-G, B-H4-G and B-H5-G are
monomeric. The I(0) value of B-H2-G is more than twice as
high as those of the other linkers, indicating multimeriza-
tion of B-H2-G in solution. The I(0) values of B-H3-G are
slightly larger than those of the other chimeras, which
suggests a mixture of monomers and multimers.

The pair distribution function P(r) (Fig. 3) and the
maximum dimension Dmax are summarized in Table I. The
increased Dmax values also support the idea that B-H2-G
and B-H3-G are fully or partially aggregated. Apart from
these two linkers, the Rg and Dmax values of the chimeric
proteins, both with flexible linkers and with helical link-
ers, indicate that the chimeric proteins are elongated,
because they are extraordinarily large as compared to the
values for globular proteins with similar molecular masses
(about 60 kDa). Comparing flexible linkers (F3, F4) to
helical linkers (H4, H5), the smaller Rg and Dmax values
suggest that the chimeric proteins with the flexible linkers
assume more compact conformations than the chimeric
proteins with the helical linkers. Comparing B-H4-G to
B-H5-G, the Rg and Dmax values increased with the
lengths of the helical linkers. On the other hand, compar-
ing B-F3-G to B-F4-G, the changes in Rg and Dmax are
relatively small: The lengths of the linkers contribute to
separating the two domains with the helical linker, but not
with the flexible linker.

All of the P(r) values are typical of an elongated particle,
and a particularly broad maximum was observed for the
chimeric proteins with the helical linkers (B-H4-G, B-H5-G)

(indicated by an arrow in Fig. 3: r 
 80 Å), although they
were not observed in the case of flexible linkers. Together
with the hump (S 
 0.0125 Å�1) observed in the plot of S
versus S*S*I(S), called the Kratky plot (see Fig. 4), they
have the characteristics of a two-domain structure.32 The
results suggest that the helical linkers separate the two
domains more clearly than the flexible linkers. A refined
image of the domain separation will be discussed in the
following section.

Bead Models of Chimeric Proteins

To characterize the distance and relative orientation of
the two domains of the chimeric proteins, the shapes of the
chimeric proteins (B-H4-G, B-H5-G, B-F3-G, B-F4-G) were
modeled using an ab initio modeling program, DAM-
MIN.21 The chimeric protein models are composed of small
beads. The shapes were determined using non-linear least
squares fitting to the experimental SAXS curves without
any additional information. We examined various parame-
ters, such as with/without symmetry constraints and
different annealing protocols. The models possessed a
common feature of an elongated shape with two cylindrical
portions. We employed P2 symmetry, since the structures
of EBFP and EGFP were almost the same.

Observations of the models revealed that they have the
following characteristics (Fig. 4). First, the overall shapes
of the four chimeric proteins are elongated particles (30 Å
	 30 Å 	 120�140 Å). Second, the chimeric proteins with
flexible linkers were more compact than those with the

Fig. 3. Pair distance distribution functions P(r) for the chimeric
proteins. The ranges of S used for calculation were 0.00315 to 0.05 Å�1.
Symbols indicate experimental P(r) values and are the same as those
used in Figure 2. Solid lines (B-H4-G and B-H5-G) and broken lines
(B-F3-G and B-F4-G) show the P(r) functions calculated from bead
models, which were smoothed by Fourier transformation. The arrow
reflects the inter-domain distance.

Fig. 4. Comparison of the scattering intensity data with fitted curves.
(a) Data are expressed in an S vs. S*S*I(S) plot and are shifted with
respect to each other. Symbols are the same as those used in Figure 2.
(b) The low-resolution bead models used for the best fits by the DAMMIN
fitting are shown on the bottom of the graph. The arrow in the figure
reflects the two-domain structure.
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helical linkers. Third, a dumbbell-like structure with a
narrow part at the interface of the two domains is only
observed in the chimeric proteins with the helical linkers
(B-H4-G, B-H5-G), while the domains of the other two
proteins with the flexible linkers do not look well sepa-
rated. The domains of the chimeric proteins can be
superimposed on each other. They had a similar shape,
approximated well by a cylinder with diameter 30 Å and
height 50 Å, which is consistent with the structures of
EBFP and EGFP (a cylinder with diameter 24 Å and
height 42 Å, according to the crystal structures of BFP
and GFP26,33) if we consider the hydration.34 In addi-
tion, the lengths of the helical linkers in the bead models
are apparently too short, as compared to the theoretical
�-helix length: since the length of helix per residue
corresponds to 1.5 Å,35 the lengths of the helical linkers
for H4 (25 a.a.) and H5 (30 a.a.) should be 37.5 Å and 45
Å, assuming that they completely adopt the �-helix
conformation. At first sight, the domain orientations
and the lengths of the helical linkers might contradict
each other, if the two domains and the helical linker are

situated in a straight line. We constructed atomic model
structures using the Situs program package24,25 to
visualize the connectivity afforded by the helical linker,
as discussed in the following section.

DISCUSSION
Structural Rigidity of Chimeric Proteins in
Solution Suggested by SAXS Profiles

In a dumbbell like structure, the Rg values are mostly
reflected by the two-domain conformation.36 In other
words, characterizing the distribution of the protein con-
figuration that corresponds to the distribution of Rg will
reflect the shape variations and thus the rigidity of the
linker. The observed Rg average is the average of the various
states Rgn:

Rgaverage
2 � � nRgn

2 �� n

The variation of Rgn cannot be estimated with the
observed value, Rg average. The variation, however, might

Fig. 5. Relationship between the ensemble-averaged and the center value of P(r) and the Guinier plot. For
simplicity, the linker parts, the S-tag, the His-tag and the C-terminal nine residues disordered in the crystal
structure of EBFP/EGFP were omitted. One domain (PDB: 1BFP) was fixed, while the other was changed from
the center value (●), 20 Å apart from the other one. In order to enhance the effect of ensemble averaging, the
population of each configuration was set to be unity. (a) Rotational movement (‚). The range of rotation was
�20 to �20°. (b) Translational movement (E). The range of movement was �10 to �10 Å. Both movements
have the identical peak position r � 
80 Å, which corresponds to the distance between the two domain
centers. Since P(r) depends highly on the distance between the two domains, the ensemble-averaged P(r) is
more sensitive to translational movement (b) than rotational movement (a). The Guinier plot and the deviation
from the Guinier approximation are plotted. Symbols are the same as those used for the P(r) functions.
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be seen as a deviation from the Guinier approximation: the
average intensity is the sum of the constituent intensities,
and the Guinier approximation for Rg average is more
limited for a wide variation of Rgn values. Figure 5
illustrates two different types of domain movements and
their ensemble-averaged P(r) and Guinier plots. For sim-
plicity, the linkers and tag-sequences were omitted. Rota-
tional movement of the domain (Fig. 5, mode A) results in
less Rg deviation as compared to translational movement
(Fig. 5, mode B). The ensemble-averaged P(r) values from
various conformations by rotational and translational
movement are not very different from the center value,
except in the region of Dmax, especially in mode B. This
suggests that the effect of the distribution should appear
in the small-angle region at reciprocal space. In Figure 5,
the deviation from the Guinier approximation as well as
the Guinier plot itself is shown for the averaging modes A,
B and the center configuration, respectively. In order to
clarify the difference, the movements of mode A and mode
B are set so that these Rg average values coincide with that
of the center of the movement.

The linear region in the Guinier plot becomes narrower
in mode B, as compared to those in mode A and the center.
Our experimental data (Fig. 2) show that all Guinier plots
exhibit a wide linear region, suggesting the narrow distri-
bution of the domain conformations with translational
movement (Fig. 5, mode B), rather than rotational move-
ment (Fig. 5, mode A). In addition, Figure 4(b) shows that
the bead models of B-H4-G and B-H5-G form dumbbell-
like structures with narrow linkers. These SAXS analyses
suggest that part of each helical linker seems to be rigid,
supporting the �-helix structure of the helical linkers (H4,
H5) in the chimeric proteins. The �-helix structures of H4
and H5 are consistent with the CD spectral analysis in our
previous report.10

Comparison Between Chimeric Proteins with
Helical Linker and Flexible Linker

As indicated in the Results section, the chimeric
proteins with helical linkers are more elongated than
those with flexible linkers. This was already suggested
by the FRET analysis (Fig. 1), but SAXS provides more
definitive information. In a previous study using FRET
and CD,10 we speculated that the chimeric protein with
the flexible linker forms the most compact conformation,
with side-by-side contact [Fig. 6(a)], by means of the
association of EBFP and EGFP. GFP variants report-
edly formed dimers with weak binding constants
(Kdimer � 
100 �M).37 The dimer of GFP with the
side-by-side domain contacts was also seen in the crystal
structure.38 However, both the Rg and the P(r) values
demonstrate that the chimeric proteins with flexible
linkers assume the elongated conformation [Fig. 6(b)]
rather than the most compact conformation [Fig. 6(a)].
Besides, all of the chimeric proteins have a narrow
distribution of domain conformations, judging from the
linearity of the Guinier plot [Fig. 2(a)]. The two do-
mains, EBFP and EGFP, seem to have a tendency to
maintain a distance from each other, indicating that

flexibility of the linker does not correspond to flexibility
in the inter-domain distance. In the case of the flexible
linker, the inter-domain distance was not regulated by
the linker part. This is supported by the observation
that the lengthening of the flexible linker did not change
the Dmax value. The difference between the helical
linker and the flexible linker is the spatial separation of
the two domains in the chimeric proteins. The flexible
linker part is not conspicuous in B-F3-G and B-F4-G
(Fig. 4). The structural independence of the two domains
therefore seems to be very low. What is the origin of the
loss of spatial separation of the two domains for the
flexible linker shown in Figure 4? SAXS bead models are
supposed to select one structure representing the high-
est population, as demonstrated by comparing the bead
models and the nuclear magnetic resonance (NMR)
structures of troponin-C.39 Unlike the hinge bending in
the linker helix of troponin-C, the present chimeric
protein, especially with the flexible linker, may intro-
duce a less-defined structure, which loosely occupies the
space between the two domains [Fig. 6(b)]. It is possible
for these disordered linkers to interact with the S-tag,
the His-tag and some loops at the interface between the
two domains, thereby disturbing the structure. In the
interface space between the two domains, there are the
linker sequences (19�25 a.a.), the S-tag (33 a.a.), the
His-tag (8 a.a.) and nine residues at each C-terminus of
EBFP and EGFP, which were disordered in the crystal
structure of BFP.26 Thus, 78�84 amino acid residues of

Fig. 6. Schematic diagrams of various conformations of the chimeric
proteins with the linkers. (a) EBFP and EGFP reside side by side, for the
most compact conformation with the flexible linker. The expected Rg and
Dmax values of this side-by-side configuration were about 26 Å and 80 Å,
respectively. (b) EBFP and EGFP are situated in a straight line, with the
flexible linker between the two domains. The expected Rg and Dmax

values of this elongated configuration were about 30 Å and 100 Å,
respectively. (c) The helical linker connects EBFP and EGFP diagonally.
(d) The helical linker and the long axes of EBFP and EGFP are situated in
a straight line. (e) The top surface of EBFP faces the bottom surface of
EGFP with the flexible linker.
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the chimeric protein residues (538�544 a.a.) are present
in this part. On the other hand, the helical linkers (H4,
H5) probably form the rigid helix structure indepen-
dently of the other portion, making it possible to regu-
late the spatial positions of the two domains of the
chimeric proteins.

High-Resolution Modeling of B-H4-G and B-H5-G
Based on SAXS Bead Models

Atomic models were created with the program Situs
(Fig. 7) to investigate the connectivity of the helical linkers
(H4, H5) evident in the low-resolution bead models. This is
worthwhile because a low-resolution model often cannot
explain atomic details. Sometimes the domain positions
and orientations in a low-resolution envelope are too
remote or bent too sharply to reveal the polypeptide
connection. The high-resolution models provide a visualiza-
tion of the results in a comprehensive manner. To arrive at
a unique model, we assumed that: (1) the structures of

EBFP and EGFP are equivalent to that of BFP (PDB code:
1BFP),26 due to the approximately 99% sequence homol-
ogy among EBFP, EGFP and BFP; (2) the helical linkers
(H4, H5) form an �-helix structure, as suggested by CD
and SAXS analyses; (3) the S-tag (33 a.a.) at N-terminus
and the His-tag (8 a.a.) at the C-terminus are omitted for
simplicity; and (4) the top surfaces of EBFP and EGFP,
including both the N-terminal and the C-terminal regions,
face each other [Fig. 6(c and d)], and thus we excluded the
conformation with the top surface of EBFP facing the
bottom surface of EGFP [Fig. 6(e)].

As described in Materials and Methods, the calculated
scattering curves from high-resolution models qualita-
tively simulate the experimental data. The calculated Rg

values are also consistent with the experimental data (Fig.
7 legend). However, their accuracy of fit was much worse
than that of the low-resolution model (Fig. 7). What is the
origin of this discrepancy? One possible explanation uti-
lizes the assumption (3), the omission of the tags, in

Fig. 7. High-resolution models (cartoon representation) of B-H4-G and B-H5-G, constructed using Situs24 and the graphic program VMD.27

Low-resolution models are shown as wire-frames. The linker and the C-terminal parts of the two domains are modeled. The S-tag and the His-tag were
omitted. Two different views are shown. The intensity curves by the models are the experimental curve (dotted), and the simulations from the
high-resolution model with (solid line) and without (red solid line) the linker. The calculated SAXS parameters are Rg � 38.78 Å for B-H4-G with linker; Rg

� 39.44 Å for B-H4-G without linker; Rg � 42.27 Å for B-H5-G with linker; Rg � 42.84 Å for B-H5-G without linker, respectively. The accuracy of fit values
are Rf � 0.06 for B-H4-G with linker; Rf � 0.075 for B-H4-G without linker; Rf � 0.07 for B-H5-G with linker; Rf � 0.106 for B-H5-G with linker,
respectively.
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constructing high-resolution models. The good fit of the
BFP structure onto each lobe of the envelope is also
supported by the high scores of correlation determined by
the Colores program. In the low-resolution models, the
helical linkers (H4, H5) sharpen the interface of the two
domains compared to the flexible linkers (F4, F5); how-
ever, the interface of B-H4-G and B-H5-G is not sharp
enough to differentiate the linker helix clearly. There are
still large densities in the interface that are not inter-
preted in the high-resolution model (Fig. 7). These residual
densities are probably derived from the S-tag (33 a.a.) and
the His-tag (8 a.a.), which are omitted in the high-
resolution models. The contribution of the tags themselves
is not as dominant in the small angle region, but its
absence may affect the wider scattering region (see supple-
mental figure) because it changes the shape of the inter-
face region.

The high-resolution models (Fig. 7) show that the helical
linker connects the EBFP and EGFP domains diagonally
[Fig. 6(c)] rather than longitudinally [Fig. 6(d)]. Even if we
place the domain at the remotest distance in the bead
model by hand, Dmax does not allow for the two domains
and the helical linker to be situated longitudinally [Fig.
6(d)]. When the helical linker is situated diagonally, how
will this affect the distance between the two domains? The
inter-domain distances between the C� of EBFP His66 and
EGFP Tyr66 at the center of the chromophores for B-H4-G
and B-H5-G were 73.4 Å and 83.5 Å, respectively. As the
length of the helical linker increases, the calculated inter-
domain distance increases. The increase in length of the
helical linker (approx. 1.5 Å 	 5 residues � 7.5 Å) is
roughly comparable with the increase in the calculated
inter-domain distance (approx. 10.1 Å).

Features of Helical Linkers in Chimeric Proteins

The model of B-H4-G suggests that both the termini and
the sides of the helical linkers coordinate the top surfaces
of EBFP and EGFP. The helical linker (EAAAK)n is
stabilized in solution by salt bridges (H-bonded ion pairs)
of Glu-Lys.13 Since the linker contains the negative and
positive charges of Glu and Lys, it can form ion pairs with
the charged residues on the top surfaces of EBFP and
EGFP. With the longer helical linkers (H4, H5), the linkers
retained the �-helix structure, and some of the linker
residues contacted the EBFP and EGFP domains. On the
other hand, in the case of the shorter helical linkers,
especially H2, most residues of the linkers are probably
situated closer to the two domains. The charged residues,
such as Glu and Lys, are likely to form ion pairs with the
oppositely charged residues on the top surfaces of EBFP
and EGFP, resulting in the destabilization of the short
helix. Actually, the H2 linker did not form an �-helix
structure, according to the CD analysis.10 The destabilized
and melted short helix linkers (H2, H3) may act as
attractants to attach neighboring molecules due to their
charges and hydrophobicity, and consequently they cause
multimerization of B-H2-G and B-H3-G.

CONCLUSIONS

In this work, synchrotron X-ray small-angle scattering
revealed the average conformations of variably linked
chimeric proteins with helical and flexible linkers in
solution. Independent of the type of linker, the chimeric
proteins exhibited elongated structures. The linkers, espe-
cially in the helical case, appear to be rather rigid. In the
helical case, the separation of the two domains is well
defined, while the spatial separation is not conspicuous if
the linker is flexible. The helical linker can effectively
separate the two domains of the chimeric proteins, without
perturbing the domains. Superposition of the high-
resolution models of B-H4-G and B-H5-G onto the low-
resolution SAXS model suggests that the helical linker
connects the two domains diagonally. This connection
mode may destabilize shorter helical linkers.

The construction of chimeric/fusion proteins has become
routine in biochemical and molecular biology research.
The selection of the linker sequence is particularly impor-
tant for the construction of multi-functional chimeric
proteins. Since the length of the helical linker correlates
with the distance between the two domains, the helical
linker roughly controls the inter-domain distance. On the
other hand, in the case of the flexible linkers, the flexible
linker cannot change the inter-domain distance. There-
fore, the helical linkers composed of (EAAAK)n motifs (n �
4, 5) seem to be good candidates for the linker of a
multi-functional chimeric protein, because they form a
rigid helix by themselves and can effectively separate the
functional domains and keep them independent.

Linker engineering, to control the distance and orienta-
tion between two functional domains, will increase in
importance if multi-domain proteins can be designed de
novo. The low-resolution structures presented here exem-
plify the difficulty of this problem. It is important to
consider the global conformational arrangements for linker
design. SAXS is a very powerful tool for this purpose, and
the present study encourages the use of routine SAXS
analyses to provide feedback for linker design.
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