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Bimolecular fluorescence complementation (BiFC) assay has been used widely to visualize protein-pro-
tein interactions in cells. However, there is a problem that fluorescent protein fragments have an ability
to associate with each other independent of an interaction between proteins fused to the fragments. To
facilitate the BiFC assay, we have attempted to determine the structure and characteristics of reassem-

bled fluorescent protein, Venus. The anion-exchange chromatography showed an oligomer and a mono-

Keywords:

BiFC

Venus

Crystal structure
Fluorescent protein
Thermal stability

mer of reassembled Venus. Our results suggested that the oligomer was formed by B-strands swapping
without any serious steric clashes and was converted to the monomer. Crystal structure of reassembled
Venus had an 11-stranded B-barrel fold, typical of GFP-derived fluorescent proteins. Based on the struc-
tural features, we have mutated to B-strand 7 and measured T;, values. The results have revealed that the
mutation influences the thermal stability of reassembled fluorescent complex.

© 2011 Elsevier Ltd. All rights reserved.

Protein—protein interactions are crucial for all biologic process.
Therefore, defining how each protein interacts with all possible
partners in cells provides new insight into cellular functions of
individual proteins. BiFC assay enables direct visualization of
protein-protein interactions in living cells.!* The basic principle
of this technique is the formation of the fluorescent complex
through the association of two non-fluorescent N- and C-terminal
fragments of the fluorescent protein when they are brought to-
gether by an interaction between two proteins fused to the frag-
ments. A number of fluorescent proteins have been also utilized
to study post translational modifications, protein folding, protein
aggregation, protein conformational change, and protein topol-
ogy.>* In particular, Venus generated from EYFP has been recently
used in the BiFC assay, because of its fast chromophore maturation
rate and bright yellow fluorescence that is relatively insensitive to
changes in pH and ion concentrations.>®

The crystal structure of Venus (whole Venus) was determined
by X-ray crystallography at a resolusion of 2.2 A.” The structure
of whole Venus shows an 11-stranded B-barrel, typical of GFP-de-
rived fluorescent proteins. Although the Venus-based BiFC assay
provides information regarding when and where protein-protein
interactions occur in the cell, background from spontaneous
assembly of the fragments compromises their utility for detecting
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the interactions. The decrease of the affinity between the N- and
C-terminal fragments may increases the signal-to-noise (S/N) ratio
by suppressing the association with each other independent of an
interaction between proteins fused to the fragments. Recently, it
has been reported that a mutation in the Venus N-terminal frag-
ment reduces the spontaneous self-assembly of the two nonfluo-
rescent fragments and decreases background fluorescence in the
Venus-based BiFC assay.?

There is no report for the structure and characteristics of reas-
sembled Venus formed by the complementation between the
N- and C-terminal fragments, nevertheless they should provide
important information on the strategies to decrease background
fluorescence in the BiFC assay. Thus, in order to facilitate the appli-
cation of BiFC to research of protein-protein interactions, we have
attempted to elucidate the structure and the physicochemical
properties of reassembled Venus and its mutants. It was difficult
to obtain the fragment of split fluorescent proteins expressed in
Escherichia coli separately due to intrinsic folding problems and
low solubility of these fragments in aqueous solutions (own
unpublished results). Recombinant expression of fragment of split
fluorescent proteins often results in low sample yield or most of
them express in insolubility form. in E. coli cells.® Thus, we at-
tempted to co-express two fragments of split fluorescent protein
in E. coli and successfully overexpressed reassembled Venus in sol-
uble form. Here, we describe the X-ray crystal structure of
reassembled Venus at a resolusion of 2.1 A and its characteristics
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assessed by chromatography, MALDI-TOF MS (mass spectrometry),
CD (circular dichroism) spectra. Thermal stability of reassembled
Venus including three mutants, Y143F, Y145F, H148G, were
evaluated by DSC (differential scanning calorimetry) analysis.

Reassembled Venus was expressed in E. coli as a polyhistidine
fusion protein. The fluorescent fraction isolated by a Ni affinity col-
umn chromatography was separated into three peaks on the anion
exchange chromatography'® (Fig. 1a). The profiles of fluorescent
spectra of these three peaks were identical to that of whole Ve-
nus.!! The N- and C-terminal fragments of split fluorescent protein
do not exhibit the absorption or fluorescence characteristics unless
two fragments of split fluorescent protein completely associate to
form a fluorescent complex having a p-barrel conformation.!*!3
Thus, three peaks should contain the fluorescent complex formed
through the association of two non-fluorescent fragments at least
as a parent compound.

Each peak was further purified by a size exclusion chromatogra-
phy. The size exclusion chromatograms of peaks 1 and 2, respec-
tively, showed a single peak. Based on its retention volume and
MALDI-TOF MS data'# (Table 1), peak 1 was elucidated to be a
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Figure 1. Chromatogram of reassembled Venus. (a) Anion exchange chromatogram
of reassembled Venus. The elution points of three components of reassembled
Venus are shown along the top. (b) Size exclusion chromatogram of peak 3 of
reassembled Venus. The chromatogram of peak 3 incubated for 1 day at 4°C is
present in gray, and that of peak3 incubated for 3 days at 37 °C is present in black.
For comparison, the absorbance is normalized by the maximum absorbance. The
elution points of peak 3a and peak 3b are shown along the top.

monomer of reassembled Venus. The structure of the species cor-
responding to peak 1 was confirmed by X-ray structure analysis.
The retention volume indicated that peak 2 was also a monomer
of reassembled Venus. However, the molecular weight of VN155
found in MS is approximately 180 Da larger than the calculated va-
lue (Table 1). These findings suggested that a part of reassembled
Venus might be modified during incubating in E. coli.

The size exclusion chromatogram of peak 3 yielded two peaks
after incubation for 1 day at 4 °C (Fig. 1b). Both peaks were fluores-
cent. MALDI-TOF MS analysis showed that the main components of
peak 3 were VN155 and VC155 fragments of Venus. Thus, peak 3a
emerged earlier and peak 3b emerged later were estimated to be
an oligomer (octamer to decamer) and a monomer of reassembled
Venus based on their retention volumes, respectively. This view
was supported by CD spectrum!® of peak 3b which was identical
with that of peak 1. After incubation for 3 days at 37 °C, the area
of peak 3a further decreased and that of peak 3b increased
(Fig. 1b). On the other hand, the size exclusion chromatography
of peak 1, after incubation for 3 days at 37 °C, did not give any
other peaks except original peak. These findings suggest that the
oligomer is converted to the monomer in an irreversible manner
or the rate of conversion from the monomer to the oligomer is ex-
tremely slow.

The crystal structure of monomeric reassembled Venus was
determined at 2.1 A resolution.!® There are four reassembled
Venus molecules formed through the association of two VN155
and VC155 fragments in an asymmetric unit. Each molecule has
an 11-stranded B-barrel fold including a chromophore in the mid-
dle, typical of GFP-derived fluorescent proteins (Fig. 2). The four
molecules form two antiparallel dimers which have the same con-
formation. The dimer structure of reassembled Venus is quite sim-
ilar to that found in the crystal structure of whole Venus’, as
indicated by the low rmsd value of 0.54 A for the main chain
atoms. GFPs are capable of forming antiparallel dimers; dimeriza-
tion is facilitated at high concentration of protein and in high-salt
concentration. The dimer structure may be stabilized in crystals.
There is a slight but significant difference in the B-barrel fold be-
tween reassembled Venus and whole Venus. As compared with
whole Venus, the seventh B-strand (B7) of reassembled Venus is
shortened. Unlike whole Venus, two amino acid residues, Asn146
and Ser147, did not contribute to form B7. This means that the loop
(amino acid residues from 138 to 147) was expanded and the for-
mation of the B-barrel structure of reassembled Venus is partially
insufficient. Based on this structural features, mutations in p7 of
VN155, Y143F, Y145F and H148G (Fig. 3), were introduced to see
if any change in the thermal stability of reassembled fluorescent
complex is observed.!”

DSC studies were carried out on whole Venus, reassembled
Venus and mutants'® (Fig. 4). The profiles were analyzed mainly
in terms of the peak temperatures, because all of the samples
showed irreversible transition. The thermogram of whole Venus
shows a peak at 89.0 °C (T,). On the other hand, the thermogram
of monomeric reassembled Venus shows a peak at a lower temper-
ature of 77.5 °C. The T, value of the monomeric reassembled Ve-
nus did not fall at a lower concentration. It can therefore be

Table 1
TOF-MS of reassembled Venus
Found Calculated
VN155 VC155 VN155 VC155
Peak1 19920 10558 19925 10552
Peak2 20104 10553
Peak3 19917 10552

Comparison between the found and calculated masses of proteins.
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Figure 2. Comparison of reassembled Venus and whole Venus. Whole Venus is
represented in cyan, VN155 and VC155 of reassembled Venus in orange and yellow,
respectively.
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Figure 3. Close-up views of three amino acids around B7. Hydrogen bonds are
indicated by dashed lines. Water molecules are drawn with pink spheres. (a)
Tyr143. (b) Tyr145. (c¢) His148.
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Figure 4. DSC of whole and reassembled Venus and its mutants. Heat capacity
curves for whole Venus (black), peak 1 of reassembled Venus (red), peak 3 of
reassembled Venus (cyan), Y143F (green), Y145F (pink), H148G (blue).

presumed that the dissociation and the thermal denaturation of
monomeric reassembled Venus occur simultaneously at around
T value.

The thermograms of three mutants of reassembled Venus,
rV-Y143F, rV-Y145F and rV-H148G, showed T, values of 77.1,

83.8 and 72.1 °C, respectively. The OH group of Tyr143 forms a
hydrogen bond with the carbonyl O atom of Ser208 (Fig. 3a).
Despite the hydrogen bond is lacking, T, value of the rV-Y143F
mutant was only slightly lower than that of reassembled Venus.
Surprisingly, the substitution of Tyr145 with phenylalanine en-
hanced the thermal stability compared with monomeric reassem-
bled Venus. Tyr145 and His169 are linked by the hydrogen bond
network through two water molecules (Fig. 3b). The substitution
seems to cause the release of one water molecule and increase
the hydrophobic core with juxtaposed hydrophobic amino acids,
Val61 and Ile167, or cause the rearrangement of those amino acids
into alternative dense-packing structure. In contrast, the signifi-
cant decrease in thermal stability was observed when His148
was substituted with glycine. This mutant seems to be useful for
BiFC assay, because the lacking of the hydrogen bonds (Fig. 3c)
may weaken the binding force between N- and C-fragments of
Venus.

DSC measurement for the oligomer of reassembled Venus
showed two peaks; one peak is identical to that for the monomer
of reassembled Venus and has a maximum at 77.6 °C, and the other
peak spreads through the range from 40 to 65°C (Fig. 4 and
Supplementary data Fig. S1). The size exclusion chromatography
indicated that the oligomer was readily converted to the monomer.
Thus, it can be considered that the conversion from the oligomer to
the monomer occurs while temperature rises to ~65 °C.

In the coexpression of N- and C-fragments of fluorescent protein
Venus using E. coli, there were two distinct thermodynamically sta-
ble and metastable forms, monomer and oligomer of reassembled
Venus. Despite the overall structure of monomeric reassembled Ve-
nus was quite similar to that of whole Venus, the formation of oligo-
mer could not be observed in the expression of whole Venus using
E. coli. Oligomerization is a peculiar phenomenon found in only reas-
sembled Venus. These findings indicate that oligomerization accom-
pany a conformational change such as a B-strand swapping which
has been reported in organization of dUTPase oligomers'® Protein
aggregation including oligomerization is said to occur by specific
intramolecular associations involving the recognition of a sequence
partner in another molecule rather than in the same molecule during
the folding process. BiFC assay utilizes the formation of the fluores-
cent complex through the association of two non-fluorescent N- and
C-terminal fragments of the fluorescent protein when they are
brought together by an interaction between two target proteins
fused to the fragments. The oligomerization seems not to be prefer-
able for BiFC assay, because it will prevent the interaction between
two target proteins and consequently increase background. The
interface plays an important role in the complementary association
of two non-fluorescent N- and C-terminal fragments. Our results
have clearly showed that the mutation in 7 was susceptible to ther-
mal stability of reassembled fluorescent complex. Thus, the substi-
tution of amino acids in four p-strands (B8, 89, 10 and B11) of the
C-fragment and three B-strands (B3, B4 and f7) of N-fragment is also
expected to facilitate the application of BiFC to research of protein-
protein interactions. The crystal structure of the monomer of reas-
sembled Venus including water molecules provides new insights
into decreasing background fluorescence in the BiFC assay.
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