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David von Stetten,” Marjolaine The green fluorescent protein (GFP) from the jellyfish Aequoria victoria has
Noirclerc-Savoye,b’c’d Joachim been shown to dimerize at high concentrations, which could lead to artefacts in
Goedhart,® Theodorus W. J. imaging experiments. To ensure a truly monomeric state, an A206K mutation
Gadella Jr¢ and Antoine has been introduced into most of its widely used variants, with minimal effect on
Royanta’b’c’d* the spectroscopic properties. Here, the first structure of one of these variants, the

cyan fluorescent protein mTurquoise, is presented and compared with that of its
dimeric version mTurquoise-K206A. No significant structural change is detected

Structural Biology Group, European . . A . . . . .
in the chromophore cavity, reinforcing the notion that this mutation is

Synchrotron Radiation Facility, 6 Rue Jules

Horowitz, 38043 Grenoble, France, PCNRS, spectroscopically silent and validating that the structural analysis performed
Institut de Biologie Structurale Jean-Pierre Ebel, on dimeric mutants also applies to monomeric versions. Finally, it is explained
41 Rue Jules Horowitz, 38027 Grenoble, why cyan versions of GFP containing the Y66W and N1461 mutations do not

Francef “CEA, Institut de Biologie Smfcwmle require the A206K mutation to prevent dimerization at high concentrations.
Jean-Pierre Ebel, 41 Rue Jules Horowitz,

38027 Grenoble, France, YUniversité Joseph
Fourier, Institut de Biologie Structurale
Jean-Pierre Ebel, 41 Rue Jules Horowitz, 1. Introduction

38027 Grenoble, France, and “Swammerdam . . . .
Green fluorescent protein (GFP) is a protein from the glowing

Cytology, van Leeuwenhoek Centre for jellyfish Aequorea victoria which became world-famous after it was
Advanced Microscopy, University of realised that it could serve as a genetically encoded source of fluor-
Amsterdam, Amsterdam, The Netherlands escence. Several observations, including spectroscopic changes upon
concentration increase (Ward et al., 1982), the translational diffusion
coefficient observed by fluorescence correlation microscopy (Terry et
Correspondence e-mail: antoine.royant@ibs. fr al., 1995) and the presence of a crystallographic dimer in GFP crystals
(Yang et al., 1996), suggested that the protein is monomeric at low
concentrations but dimerizes at high concentrations. This notion was
Received 22 April 2012 finally proved by analytical ultracentrifugation experiments (Phillips,
Accepted 24 June 2012 1997), resulting in a dissociation constant of ~100 pM.

The distinct properties of monomeric and dimeric GFP could
advantageously be used to image homo-oligomerization or clustering
processes of GFP-fused proteins (De Angelis et al., 1998), but it was
clear that the dimerization property could lead to artefacts in imaging
experiments by creating unwanted clustering events and that a truly
monomeric GFP was highly desirable. Zacharias and coworkers
examined the structure of dimeric GFP (Yang et al, 1996) and
identified a hydrophobic patch centred on Ala206, Leu221 and
Phe223 of each monomer. By mutating one or several of these resi-
dues to positively charged amino-acid side chains, they succeeded in
efficiently removing the interaction between monomers (Zacharias
et al., 2002). When the A206K mutation was introduced into yellow
fluorescent protein (YFP), the dissociation constant increased from
0.11 to 74 mM. From then on, the letter ‘m’ was added to the acro-
nyms of obligate-monomer versions of fluorescent proteins. The
A206K mutation gained popularity among A. victoria fluorescent
proteins and is present in the cyan variants m(E)CFP (Zacharias et
al., 2002), mTurquoise (Goedhart et al., 2010), mTurquoise2 (Goed-
hart et al., 2012) and mCerulean3 (Markwardt et al., 2011), the green
variant m(E)GFP (Kremers et al., 2011; Zacharias et al., 2002) and the
yellow variants mCitrine (Griesbeck et al., 2001; Shaner et al., 2005)
and mVenus (Nagai et al., 2002; Kremers et al., 2006). The mutation
has been shown to be spectroscopically silent (Zacharias et al., 2002;
Kremers et al., 2006), but the question of whether this would have an
effect on the environment of the chromophore remained open in the
© 2012 International Union of Crystallography absence of a structure of a fluorescent protein containing the A206K
All rights reserved mutation.

Institute for Life Sciences, Section of Molecular

PDB Reference: mTurquoise, 4ar7.
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Cyan fluorescent proteins (CFPs) contain the critical Y66W
mutation in the chromophore (replacement of the central tyrosine by
a tryptophan) that is responsible for the characteristic cyan colour of
fluorescence emission. Here, we report the high-resolution X-ray
structure of mTurquoise, a CFP with the A206K mutation, which
represents the first structure of a truly monomeric fluorescent protein
from the jellyfish A. victoria.

2. Materials and methods
2.1. Protein expression and purification

The mTurquoise coding sequence, originally present in a pRSET
vector (Goedhart er al., 2010), was transferred into pQE60-Cerulean
(Lelimousin et al., 2009) using the Ncol and BsrGI restriction sites
to replace Cerulean. The recombinant protein was expressed in
Escherichia coli BL21 CodonPlus (DE3) RIL cells (Stratagene) in
autoinduction medium at 290 K for 24 h. The cells were lysed by
sonication in the presence of 20 mM Tris pH 8.0 and 500 mM NaCl
with EDTA-free protease inhibitors (Complete, Roche). The His-
tagged protein was purified on an Ni-NTA Superflow column
(Qiagen) and eluted with 100 mM imidazole in the aforementioned
buffer. Fractions containing purified proteins were pooled, dialyzed
against 20 mM Tris pH 8.0 and concentrated to 38 mg ml™".

2.2. Crystallization, in crystallo spectroscopy, data collection and
structure determination

mTurquoise was crystallized using the hanging-drop method at
293 K at a concentration of 6 mgml™" in 15% PEG 8000, 100 mM
MgCl,, 100 mM HEPES pH 6.5. Crystals grew more slowly and were

Normalized absorbance and fluorescence
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Figure 1

Spectroscopic properties of mTurquoise crystals. UV-visible absorption and
fluorescence emission spectra recorded at 100 K for mTurquoise (black) and
mTurquoise-K206A (Goedhart er al., 2012; grey) crystals. Insets show photographs
of the crystal used for structure determination, illuminated by only the back light of
the beamline (left inset; transmitted light) and by both back and front lights (right
inset; transmitted and reflected light). The right inset shows that the front light can
generate detectable fluorescence of the outer layers of the crystal.

Table 1

Data-collection and refinement statistics.
Values in parentheses are for the highest resolution shell.

Data processing

Beamline . 1D29, ESRF
Wavelength (A) 0.984
Temperature (K) 100

Space group P2,2,2,

a=51.45,b= 6256, c=69.54

Unit-cell parameters (A)
51.5-1.23 (1.30-1.23)

Resolution range (A)

Observations 278479
Unique reflections 62924
Rierge (%) 4.8 (45.1)
(Ilo(1)) 13.5 (2.8)
Multiplicity 4.4 (4.3)
Completeness (%) 95.9 (90.3)
Refinement
Reryst/Riree (%) 14.3/16.6
No. of atoms 2039
Protein 1825
Chromophore 23
Water 191
Average B factor (Az)
Overall 18.7
Protein 17.7
Chromophore 10.6
Water 28.8
R.m.s. deviations
Bond lengths (A) 0.016
Bond angles (°) 1.9

Ramanchandran plot (No. of residues)

Preferred regions 209 [96.3%]

Allowed regions 7 [32%]
Outliers 1[0.5%]
PDB code 4ar7

smaller than those of mTurquoise-K206A (Goedhart et al., 2012);
they typically grew in 30 d (compared with 10 d for mTurquoise-
K206A) as long thin needles of maximum width 20 pm. UV-visible
absorption and fluorescence emission spectra of mTurquoise crystals
were recorded at 100 K at the ESRF Cryobench laboratory (Royant
et al, 2007) and proved to be indistinguishable from those of
mTurquoise-K206A crystals (Goedhart et al., 2012; Fig. 1). Helical
data collection (Flot et al., 2010) was performed at 100 K on beamline
ID29 (wavelength 0.984 A) of the European Synchrotron Radiation
Facility, Grenoble (de Sanctis ef al., 2012). A 1.23 A resolution data
set was integrated with XDS (Kabsch, 2010) and scaled and merged
with SCALA (Winn et al., 2011). The 1.47 A resolution structure of
mTurquoise-K206A (PDB entry 2ye0; Goedhart et al., 2012) was used
as a starting model for refinement after all anisotropic B factors had
been reset to isotropic B factors and was refined with REFMACS
(Murshudov et al., 2011) with anisotropic temperature factors. Coot
(Emsley et al., 2010) was used for model inspection and building of
the side chain of Lys206. Data-reduction and structure-refinement
statistics can be found in Table 1. The structure and structure-factor
amplitudes for mTurquoise have been deposited in the Protein Data
Bank (http://www.pdb.org/) as PDB entry 4ar7. The Fourier differ-
ence map was calculated using the programs CAD, SCALEIT and
FFT from the CCP4 suite (Winn et al., 2011). Structure figures were
prepared with PyMOL (http://www.pymol.org/).

3. Results and discussion

3.1. Comparison of the mTurquoise and mTurquoise-K206A
structures

To verify the presence of the mutated residue in the crystal
structure, we first calculated a Fourier difference map between the
published 1.47 A resolution data set of mTurquoise-K206A (PBD
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entry 2ey0; Goedhart et al., 2012) and the 1.23 A resolution data set
of mTurquoise using the calculated phases of the mTurquoise-K206A
structure. The strongest peak in the resulting map is a positive peak
located next to the C# atom of Ala206, showing the presence of C¥
of the lysine (Fig. 2a). The next strongest peaks are located at the
radiation-sensitive S atoms of Cys48 and Met218, indicating different
absorbed X-ray doses for the data collections. The difference map
suggests that structural changes between mTurquoise-K206A and
mTurquoise are very limited. The structure of mTurquoise was

®)

Figure 2

Structure of mTurquoise. (a) Cartoon representation of the mTurquoise structure
with the tryptophan-based chromophore shown in blue. A Fourier difference map
between a data set from mTurquoise-K206A (PDB entry 2ye0) and mTurquoise is
superimposed on the structure at a contour level of +60 (green, positive; orange,
negative). The strongest peak in the map is located at the C” atom of Lys206,
suggesting that there is no significant change between the two structures. (b)
Superimposition of the chromophore and surrounding residues in mTurquoise-
K206A (cyan) and mTurquoise (blue). Changes in distances to the chromophore
are well within experimental error, with the largest change being at the side chain of
Ile146, a residue observed to be significantly mobile in all CFP structures.

refined to Rerys = 14.3% and Ry = 16.6%. It superimposed very well
on the structure of mTurquoise-K206A, with a root-mean-square
deviation of only 0.107 A on the superpositioning of all C* atoms. A
close look at the active site shows that all of the residues surrounding
the chromophore are almost perfectly superimposed (Fig. 2b). The
largest distance change (0.16 A) is found between the chromophore
and Ile146, which has been shown to be significantly mobile in all
CFPs (Goedhart et al, 2012; Lelimousin et al., 2009). All other
distance changes are less than 0.06 A, which is well below the esti-
mated overall coordinate error based on maximum likelihood
(0.24 A) and strongly suggests that the environment of the chromo-
phore has not changed upon the K206 A mutation. Thus, this validates
that structural analysis of CFPs with an alanine at position 206 (Bae et
al., 2003; Lelimousin et al., 2009; Goedhart et al., 2012) is relevant to
the equivalent CFPs with a lysine at position 206.

3.2. Implications of the N1461 mutation for CFP dimer formation

The structure of the physiological dimer of GFP (Fig. 3a) can be
inferred from the first structure of wild-type GFP (PDB entry 1gfl)
obtained from crystals in space group P4,2,2 with two molecules
in the asymmetric unit (Yang et al, 1996). It has recently been
demonstrated using fluorescence anisotropy measurements that in
contrast to other A. victoria mutants the cyan fluorescent protein
ECFP does not dimerize at concentrations up to millimolar (Espagne
et al.,2011). This could be explained by the presence of one of the two
characteristic mutations of CFP, N1461, which was initially introduced
to restore a significant level of fluorescence to the Y66W mutant of
wild-type GFP (i.e. replacement of the tyrosine of the chromophore
by a tryptophan). Asnl46 is positioned on the seventh strand of the
p-barrel of GFP with its side chain exposed to the solvent, while the
neighbouring residue Tyr145 has its side chain oriented towards the
chromophore inside the protein (Fig. 3b; Yang et al., 1996). A detailed
analysis of two CFP structures, those of ECFP and Cerulean, showed
that the N1461 mutation results in the rotation of the seventh strand
of the B-barrel, exposing the side chain of Tyr145 to the solvent and
sheltering the hydrophobic side chain of Ile146 inside the protein in
the vicinity of the chromophore (Bae et al., 2003; Lelimousin et al.,
2009; Fig. 3b). As a consequence, if we build a putative CFP dimer by
aligning a monomer on each of the two GFP molecules (the blue
trace in Fig. 3b) it becomes apparent that the Tyr145 residues in each
monomer clash with each other, hindering the formation of a CFP
dimer in a GFP-like arrangement.

3.3. Implications of the A206K mutation for dimer formation in
other A. victoria fluorescent proteins

The availability of the mTurquoise structure makes it possible to
test the structural implications of the A206K mutation for dimer
formation. Fig. 3(c) shows the proximity of Lys206 in the molecules of
a putative mTurquoise dimer. Each of these lysines brings a positive
charge into the close vicinity (between 1.9 and 2.6 A) of the two
residues of the hydrophobic patch forming the core of the dimer
interface. Obviously, their presence makes formation of the dimer
impossible at any concentration. Fig. 3(d) summarizes all interactions
that occur at the dimer interface in mTurquoise and GFP. Obviously,
one should not rule out the formation of dimers at very high
concentrations through another interface elsewhere on the protein
surface. Finally, the dimer disruption by Lys206 observed in the
structure of a CFP is likely to be applicable to the structures of other
CFPs, such as ECFP, Cerulean, SCFP3A and mTurquoise2 (Goedhart
et al., 2012; Lelimousin et al., 2009), and also to those of mEGFP,
mVenus and mCitrine based on the structures of their dimeric forms
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Figure 3

Structural comparison of a wild-type GFP dimer and a putative mTurquoise dimer. (a) Cartoon representation of the crystallographic dimer observed in the first published
structure of wild-type GFP (Yang er al., 1996). (b) Ribbon representation of the GFP dimer and of a virtual mTurquoise dimer constructed by aligning the structure of
mTurquoise on each molecule of the GFP dimer. The overlap between the two side chains of Tyr145 in mTurquoise (and all other CFP mutants for which structures have
been determined to date) shows why CFP mutants which carry the N1461 mutation do not show oligomerization even at high concentration. (¢) The same view as in (b) with
residues 206 represented. The two positive charges borne by Lys206 would induce electrostatic repulsion in any dimer analogous to the GFP dimer even if the N1461

mutation were not present. (d) Close-up of the dimer interface. GFP residues are labelled in green and mTurquoise residues are labelled in blue.

(Griesbeck et al., 2001; Nagai et al., 2002; Royant & Noirclerc-Savoye,
2011).

4. Conclusion

By solving the structure of mTurquoise from A. victoria, which has
a lysine residue at position 206, we have shown that the A206K
mutation does not affect the structure of the chromophore environ-
ment. This result is likely to be applicable to other mutants of
A. victoria GFP. Additionally, we provide a structural explanation for
the different oligomerization behaviour of CFPs compared with other
fluorescent proteins from A. victoria.

We thank the ESRF Structural Biology beamline staff for assis-
tance and advice during data collection. The Partnership for Struc-
tural Biology is acknowledged for access to the RoBioMol and
Cryobench platforms.
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