Crystallographic study of red fluorescent
protein eqFP578 and its far-red variant
Katushka reveals opposite pH-induced
iIsomerization of chromophore

Nadya V. Pletneva,' Vladimir Z. Pletnev,’-2 Irina I. Shemiakina,’
Dmitriy M. Chudakov,' Igor Artemyev,' Alexander Wlodawer,>

Zbigniew Dauter,* and Sergei Pletnev

2!4*

'Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Science, Moscow 117997,

Miklukho-Maklaya 16/10, Russia

2Basic Research Program, SAIC-Frederick, Argonne, lllinois 60439
3Protein Structure Section, Macromolecular Crystallography Laboratory, National Cancer Institute at Frederick,

Frederick, Maryland 21702

“4Synchrotron Radiation Research Section, Macromolecular Crystallography Laboratory, National Cancer Institute,

Argonne, lllinois 60439

Received 28 February 2011; Revised 25 April 2011; Accepted 26 April 2011

DOI: 10.1002/pro.654
Published online 11 May 2011 proteinscience.org

Abstract: The wild type red fluorescent protein eqFP578 (from sea anemone Entacmaea
quadricolor, Lex = 552 nm, Ley = 578 nm) and its bright far-red fluorescent variant Katushka

(hex = 588 nm, L., = 635 nm) are characterized by the pronounced pH dependence of their
fluorescence. The crystal structures of eqFP578f (eqFP578 with two point mutations improving the
protein folding) and Katushka have been determined at the resolution ranging from 1.15 to 1.85 A
at two pH values, corresponding to low and high level of fluorescence. The observed extinguishing
of fluorescence upon reducing pH in eqFP578f and Katushka has been shown to be accompanied
by the opposite trans-cis and cis-trans chromophore isomerization, respectively. Asn143, Ser158,
His197 and Ser143, Leu174, and Arg197 have been shown to stabilize the respective trans and cis
fluorescent states of the chromophores in eqFP578f and Katushka at higher pH. The cis state has
been suggested as being primarily responsible for the observed far-red shift of the emission

maximum of Katushka relative to that of eqFP578f.
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Introduction

Green fluorescent proteins (GFP) and GFP-like fluo-
rescent proteins (FPs) have become important nonin-
vasive tools for visualization and monitoring of the
internal processes within cells or whole organisms,
and the range of their application is continuously
expanding. Utilization of FPs in cell biology, biotech-
nology, and biomedical studies enabled optical imag-
ing of gene expression, measuring of cellular pH and
ion concentration, monitoring of embryogenesis and
inflammatory processes, tracking of proteins, etc.'™
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In recent years FP-based biomarkers have found im-
portant applications in the studies of various aspects
of cancer.> ™!

Proteins that emit red light, and especially those
emitting in the far-red region, are of particular inter-
est.®12 The longer wavelength light is more advanta-
geous for imaging applications. Its lower energy and
the reduced absorption in tissues cause lesser damage
to cells. The most favorable “optical window” for the
visualization in living tissues is ~650-1100 nm.'?
Detection of fluorescence from proteins with emission
peaks much shorter than 650 nm encounters the
problem of interfering cellular autofluorescence. The
emission with the wavelength larger than 1100 nm is
absorbed by water. At present, the brightest red FPs
have emission maxima too far from the preferred “op-
tical window.” Besides, their excitation maxima are
found in the range of 550-560 nm, where living tis-
sues are almost opaque and the fluorescence of these
proteins cannot be effectively excited (see Table I in
Ref. 6). Far-red fluorescent variants, HcRed, mPlum,
and AQ143, crossing the 650 nm barrier, have been
developed,*~'® but these proteins are characterized
by low brightness relative to EGFP (<0.15), strongly
limiting their practical application. Lately, an opti-
mized far-red emitting variant RFP639 (A, = 639
nm), with enhanced relative brightness (0.39), has
been reported.!?

Recently, more advanced bright far-red variant
Katushka (hy = 588 nm, A, = 635 nm, and bright-
ness = 0.70) has been successfully designed.® This
FP is derived from the wild type red fluorescent pro-
genitor eqFP578 (Entacmaea quadricolor), with
spectral maxima A, = 552 nm and A., = 578 nm.
Katushka displays fast maturation and high photo-
stability. It is significantly brighter than the spec-
trally close variant RFP639'2 having identical chro-
mophore-forming sequence Met63-Tyr64-Gly65. The
fluorescence of Katushka and its progenitor
eqFP578 is pH-dependent, with emission diminish-
ing upon reducing pH. Compared with other far-red
FPs, Katushka exhibits evident superiority for visu-
alization in living tissues.

In this article, we present the results of crystal-
lographic studies of the three-dimensional structures
of eqFP578f at pH 4.0 and 5.5, as well as its far-red
variant Katushka, at pH 5.0 and 8.5. eqFP578f is
the spectrally identical variant of the wild type
eqFP578 with two peripheral substitutions, Arg32-
Gly and Leu79Phe, which increase the maturation
rate almost three times and notably improve folding
efficiency. These four crystal structures were solved
at resolution ranging from 1.15 to 1.85 A. We have
analyzed in detail the stereochemical features of
these FPs that are responsible for the observed pH
dependence of their fluorescence, and for the out-
standing spectral characteristics of Katushka.
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Results

pH dependence of spectral properties

The red wild type progenitor eqFP578f (hoy = 552 nm
and Aey = 578 nm) and its far-red variant Katushka
(Aex = 588 nm and A, = 635 nm), both characterized
by the chromophore forming triad Met63-Tyr64-
Gly65, demonstrate pronounced dependence of fluo-
rescence on pH [Fig. 1(a—c)]. The red fluorescence of
eqFP578f gradually decreases at pH below ~5.2, prac-
tically diminishing to zero at ~3.2. Katushka shows
lesser pH stability- its far-red fluorescence starts to
decrease at pH below ~8 and reaches zero at ~4.5. The
absorption spectra of eqF578f and Katushka at pH
below certain level (~4 and ~5.5, respectively) show
the decline of absorption at 552 and 588 nm and its
raise at 380 and 450 nm, respectively [Fig. 1(d,e)]. The
observed spectral variations at the extreme pH values
presumably correlate with structural changes in the
chromophore area.

Monomer and oligomer structure

The principal structural fold of the eqFP578f and
Katushka at both high and low pH is an 11-stranded
B-barrel, closed from both sides by loop caps. Chromo-
phore moiety (matured from the sequence Met63-
Tyr64-Gly65) is embedded in the middle of an internal
a-helix that is wound along the B-barrel axis. Similar
to TurboGFP and the FPs from Zoanthus,'”'® the p-
barrel frames of these proteins show the presence of a
pore, formed by the backbones of Trpl140, Glul4l,
Alal42, His/Argl197, Arg/Lys198, and Leul99, with a
chain of hydrogen bonded water molecules leading to
the chromophore area. Evdokimov et al. suggested
that this pore is essential for chromophore matura-
tion, providing access for molecular oxygen.'” Two cis
peptide bonds preceding Pro50 and Pro85 in the loop
area have been detected. The high resolution struc-
tures enabled us to detect alternate stable conforma-
tions for a number of side chains.

The asymmetric units of the crystals of eqFP578f
and Katushka grown at fluorescence-supporting
higher pH (5.5 and 8.5, respectively) each contains a
tetramer characterized by 222 point symmetry. The
asymmetric units of the crystals of eqFP578f and
Katushka at the fluorescence-quenching lower pH (4.0
and 5.0, respectively) contain only dimers which are,
however, transformed to the conventional tetramers
by the crystallographic symmetry operations. The
irregular C-terminal tail of each monomer, starting
from residue 222, is detached from the B-barrel side
surface and sticks to cylindrical surface of the interact-
ing counterpart in the tetrameric structure.

Fluorescent trans form of the eqFP578f
chromophore at pH 5.5

The chromophore of eqFP578f adopts a two-ring co-
planar structure consisting of a five-membered

Study of Red Fluorescent Protein eqFP578 and Katushka
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Figure 1. Spectroscopic data for eqFP578 and Katushka. pH dependence of the fluorescence for eqFP578 and Katushka (a).
Excitation (in green) and emission (in red) spectra of eqFP578 (kex = 552 nm and Aem = 578 nm) (b) and Katushka (Aex =
558 nm and Aem = 635 nm) (c) at pH 7.5. Absorbance at physiological and lower pH of eqFP578 (d), and Katushka (e).

imidazolone heterocycle with a p-hydroxybenzyli-
dene substituent [Fig. 2(a)]. Analogously to the ho-
mologous red fluorescent protein eqFP611 with
which it shares 76% sequence identity?° [Fig. 3], the
distinguishing structural feature of the chromophore
structure in eqFP578f at pH > 5.5 is the atypical
100% trans conformation of the Tyr64 hydroxy-
phenyl group relative to C*-N(64) bond. Similar to
the other red and far-red fluorescent proteins,2%24
the first chromophore residue, Met63, is character-
ized by formation of N-acylimine partially double
bond N = C% the sp® hybridization of the corre-
sponding C* atom, and the cis configuration of the
preceding peptide bond. An additional N-acylimine
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bond apparently extends the chromophore conju-
gated m-electronic system, resulting in a red shift in
spectra. The ¢rans chromophore with the immediate
environment of ~20 residues in eqFP578f provides
at pH > 5.5 bright red fluorescence [Figs. 1(b) and
4(a)]. This environment, including the -catalytic
Glu215 and Arg92, forms an extensive hydrogen
bond network actively interacting with chromophore.
A number of amino acids contribute strongly to sta-
bilization of the ¢rans isomer, and two hydrogen
bonds are made between Tyr64 hydroxyl and the
side chains of Asnl43 and Serl58 [Fig. 4(a)l.
Besides, the plane of the Phe64 hydroxyphenyl moi-
ety is squeezed between the aromatic ring of
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Figure 2. Front and side views of chromophores in
fluorescent state in a Fo-Fc omit electron density (cutoff p
= 3.0 o). Trans conformation in eqFP578 at pH 5.5 (a) and
cis conformation in Katushka at pH 8.5 (d). This figure was
produced with PYMOL."®

Phel74, oriented perpendicularly, and the imidazole
ring of His197, making the perfect n-stack (d ~3.5
A) with the phenolic ring.

Nonfluorescent cis form of the eqFP578f
chromophore at pH 4.0

Our data show that reducing pH causes gradual
trans-cis isomerization of the eqFP578f chromophore,
accompanied by extinguishing of fluorescence
[Fig. 1(a)].

At pH 4.0, the crystal structure exhibits the
presence of ~80% cis and ~20% trans chromophore
isomers, compared with 100% trans population at
pH 5.5. In contrast to the ¢rans form, the cis bicyclic
form is not fully planar. The deviation of the Tyr64
phenolic ring out of plane of the imidazolone ring is
characterized by a ~30° rotation around the CP-CY
bond of Phe64. This state is stabilized by two proxi-
mal water molecules mediating the H-bond interac-
tions with the Asn143 side chain and the backbones
of Leul99 and Glul41 [Fig. 4(b)]. The trans-cis chro-
mophore isomerization retains basically unchanged
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position of the chromophore imidazolone ring and
the amino acid environmental structure in the chro-
mophore area.

Similar to the close homolog eqFP611,'2 the
eqFP578f (76% of sequence identity with the former)
was shown to remain essentially unaffected by low-
ering the pH from 8.0 to 5.0. It was suggested that
the cis conformation of the red chromophore protects
the acylimine bond from immediate reduction or hy-
drolysis.'? Below pH ~4, the absorption spectra for
eqFP578f and eqFP611 show the respective raise of
the ~370 and ~380 nm bands at the expense of the
~552 and ~557 nm bands, suggesting reduction of
the chromophore acylimine bond [Fig. 1(d)]. The
1.75 A electron density of the eqFP578f at the bor-
derline pH 4 does not show any evidence of the acy-
limine bond reduction. It is also possible that the
local pH of the chromophore area might be some-
what higher than the pH in crystallization media.

Fluorescent cis form of the Katushka
chromophore at pH 8.5

In contrast to eqFP578f, exhibiting bright red fluo-
rescence at pH > 5 (Aemy, = 578 nm) represented by
the trans state of the chromophore, its engineered
variant Katushka demonstrates bright far-red fluo-
rescence at pH > 8 (Aey, = 635 nm), represented by
chromophore in the 100% cis state [Figs. 1(c) and
2(b)]. In this state, the two rings of the chromophore
are coplanar. Compared to the environment of the
chromophore in eqFP578f, only three amino acids
are different in Katushka (Ser143, Leul74, Argl97
instead of Asnl43, Phel74, His197) (Fig. 3). At
higher pH, these replacements favor of the cis state,
with the Tyr64 phenolic ring flanked from both sides
by the hydrophobic portions of the side chains of
Argl197 and Thr60/Met1l60 (d ~3.4-3.8 A). In
Katushka cis conformation of the chromophore is
stabilized by two H-bonds between Phe64 hydroxyl
and the side chain of Ser143 and a water molecule,
mediating interactions with the backbones of Glu141
and Leul99 [Fig. 4(c)].

Nonfluorescent trans form of the Katushka
chromophore at pH 5.0

In contrast to eqFP578, in Katushka the pH reduc-
tion causes the opposite cis-trans isomerization of
the chromophore, accompanied by gradual loss of
fluorescence. Below pH ~5.5, the absorption spec-
trum of Katushka shows a reduction of 588 nm and
the raise of 450 nm bands. The latter band corre-
sponds to the protonated red chromophore [Fig.
1(e)]. At pH 5.0, the crystal structure of Katushka
exhibits both trans and cis chromophore isomers in
a ratio ~80 and ~20%. The appearance of a trans
isomer at pH 5.0 correlates with the appearance of
the second alternate conformation for the side
chains of the chromophore proximal residues Ser158

Study of Red Fluorescent Protein eqFP578 and Katushka
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Figure 3. Sequence alignment displaying the residues interacting with the cis/trans chromophores. Red - direct H-bonding,
Red (highlighted in yellow) — water mediated H-bonding, Blue - (highlighted in yellow) van der Waals contacts, @ - residues
apparently responsible for the far-red shift in Katushka relative to eqFP578f and eqFP611, MYG — chromophore forming triad.

and Argl97, in addition to those observed for the cis
fluorescent state at higher pH 8.5. No other environ-
mental structural differences between cis and trans
states in the chromophore area have been found.
The chromophore in the ¢rans isomeric form exhibits
almost planar bicyclic structure. It is stabilized by
H-bonds between Phe64 hydroxyl and the side chain
of Ser158 in the second alternate conformation and
a water molecule, mediating interactions with the
side chains of Glul45 and Thr176 [Fig. 4(d)]. The
plane of the Phe64 phenolic ring resides between
two positively charged guanidinium groups of the
catalytic Arg92 side chain and the Arg197 side chain
in the second alternate orientation (d ~3.0-3.1 A).

Discussion

The red progenitor eqFP578f demonstrates some-
what higher pH stability than its far-red variant
Katushka. Its fluorescence gradually decreases at
pH below ~5.2, approaching zero at ~3.2, compared
with the corresponding values of ~8 and ~4.5 for
Katushka [Fig. 1(a)]. Interestingly, the fluorescent
states at higher pH are represented by different
chromophore isomers, trans in eqFP578f and cis in
Katushka. The fluorescent trans isomer in eqFP578f
is stabilized by H-bonds between the hydroxyl of the

Pletneva et al.

chromophore phenolic ring and the side chains of
Asnl143 and Serl58 [Fig. 4(a)]. Additional stabiliza-
tion is possibly provided by the imidazole ring of
His197, making a perfect n-stack with the chromo-
phore phenolic ring. The fluorescent cis isomer in
Katushka is fixed by hydrogen bonding of the pheno-
lic ring hydroxyl with the side chain of Ser143
(which replaced the Asn present in eqFP578f) and
the proximal water molecule, mediating interactions
with the backbones of Glul41l and Leul99 [Figs. 3
and 4(c)]. An additional indirect contribution may be
provided by Argl97 and Leul74 (replacing respec-
tive His and Phe in eqFP578f), presumably destabi-
lizing the trans chromophore state in favor of the cis
state.

The proteins studied here demonstrate an oppo-
site direction of isomerization upon decreasing pH —
trans to cis in eqFP578f and cis to trans in
Katushka. Increasing the acidity quenches charge-
charge interactions mainly due to the contribution
from protonation of the carboxylic groups, character-
ized by low pK values. Also, it presumably weakens
the stabilizing H-bonds, enhancing the role of the
electrostatic field in thermodynamic equilibrium of
the two chromophore isomers. A significant change
of the electrostatic field due to pH-induced

PROTEIN SCIENCE I VOL 20:1265-1274 1269



Glnlo06 59r511
ThrlOS TEXpS0
W .9
.. 2.8 \
2.8_ 3
> ) Phe62
/3.1/
{ Met4l
Lys67 Ser66
MYG ’@ln39
- « 7 G1u21s
Phel74
é P g _
A%
% 5 g /His197
Arg92 Thr60 - z.i .
b Sl
Met160 © % Gln213
Asnids Glu14s Ser1ss
a
GInl06 Ser61
Thrl(k Trpd0
W
.\‘27
3.2
Lys67
S 267 30
g \ ,28 Glul41
)vg g
Ser143 Leul99 Met160

Cc

Arg92

GIn106 Ser61
Thr108
Trp90
we._ 29 30 37
2.8‘\ W w
B3
Phe62
Lys67 S:;éf — %Met 41 |
Wikt j%1n39
Thr( Ginz1% is197
" 26 27 S
Arg92 oW FGIn213
Ig Mt:tléOE W
29 2.9 2.7 27
Leul99 éﬁ? : Asnl43
b
GIn106 Ser61
Thr108
Trp90
"‘3.0
\ e \ s
e
23355 g 3\_1 ‘(33
, . j P e62
Serbo A
Lys67 ' o= %I\:Ietéll
b L P
i GIn39
U f 3
l G215 € J ;iLeum |
/ < = ]
- $Gh213
&

2.8! 3 U
2.80 W g\ﬁrgw?’
Ser138 27\&\ -
W ' 2.7
Glul4: ‘ Thr176
&.J
Leul9é)<</’

d

Figure 4. A diagram illustrating the environment of chromophore in crystal structure. eqFP578: trans fluorescent state at pH
5.5 (a) and cis nonfluorescent state at pH 4.0 (b); Katushka: cis fluorescent state at pH 8.5 (c), and trans nonfluorescent state
at pH 5.0 (d). Hydrogen bonds (< 3.3 /&) are shown as blue dashed lines, waters (W) as red spheres and van der Waals
contacts (< 3.9 A) as black “eyelashes.” This Figure was produced with LIGPLOT/HBPLUS.252®

protonation of the chromophore environment is pre-
sumably the main driving force of the chromophore
isomerization.

The distinguishing feature of the fluorescent
state of eqFP578f is the perfect n-stacking interac-
tion of the trans chromophore phenolic ring with the
imidazole ring of His197. It was proposed that such
interactions with aromatic residues increase polariz-
ability of the chromophore, resulting in the red shift
of fluorescence.?” Corresponding observations on a
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number of selectively designed GFP variants support
this proposal.Z&2°

Interestingly, the wt red eqFP578 (Aox = 552 nm
and Ae,m = 578 nm) and the homologous wt far-red
eqFP611 (76% sequence identity with eqFP578; Ao,
= 559 nm, and XA, = 611 nm), having identical chro-
mophores (matured from Met63-Tyr64-Gly), residing
in an identical nearest stereochemical environment
(within ~4 A), exhibit significantly different fluores-

cence. Both structures are characterized by the

Study of Red Fluorescent Protein eqFP578 and Katushka



RMSD values for all C* atoms < 0.5 A and exhibit
strikingly similar arrangement of the side chains
proximal to the chromophore. No evident structural
reason explaining the red spectral shift of eqFP611
relative to eqFP578f has been found. Apparently, the
combined effect of the charged residues from the sec-
ond chromophore shell (d > 4 A) contributes to the
observed phenomenon. The electrostatic interactions,
having long range nature (acting within ~7 A),
might play the decisive role. Stereochemical analysis
of the second shell drew our close attention to the
residue at position 175, found next to the key
Phel74 that interacts with the chromophore. This
adjacent position, occupied by the positively charged
Argl75 in eqFP578, is occupied by the negatively
charged Glul75 in eqFP611. The side chains of these
residues are oriented away from the chromophore
area towards the intermonomer interface. However,
the introduction of a single mutation Lys175Glu in
the monomeric TagRFP; (the eqFP578 variant with
91% sequence identity and A., = 584 nm) did not
result in the expected red shift of the emission maxi-
mum (unpublished results).

At physiological pH, the
Katushka exhibits fluorescence considerably shifted
to the far-red spectral region (hoy = 588 nm, Aey =
635 nm) compared to eqFP578f and eqFP611. Our
results indicate that the most critical residues re-
sponsible for the advanced spectral properties of
Katushka (Ser143, Leul74, and Argl97) are located
in the vicinity of chromophore. Indeed, during the
process of designing Katushka from the wt eqFP578,
we observed that two replacements, Asn143Ser and
Phel74Leu, shifted the excitation maximum from

far-red variant

552 to 574 nm and the emission maximum from 578
to 602 nm. Further introduction of the His197Arg
replacement, together with a limited number of
mutations in the regions distant from the chromo-
phore (the latter to improve the folding and aggrega-
tion properties) resulted in the final far-red variant
Katushka.® Moreover, these three replacements in
TagRFP (hy = 588 nm and L., = 584 nm) were
found to be sufficient to reach the far-red spectral
characteristics similar to those in Katushka.® The
chromophore in Katushka adopts a conventional cis
conformation, stabilized by H-bond with key residue
Ser143, supported by contribution from water-medi-
ated interactions with Glul4l and Leul91 [Fig.
4(c)]. Other key residues, Leul74 and Argl97, pre-
sumably destabilize the trans chromophore form in
favor of cis. The cis conformation for the isolated
chromophore was shown to be energetically more
stable than the trans form.2° Therefore, we suggest
that the significant red shift of the fluorescence
emission from 578 nm in eqFP578f to 635 nm in
Katushka is mainly caused by transformation of the
chromophore trans form to the lower energy and
consequently less strained cis form. For its excita-
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tion, the cis chromophore requires the lower energy
(longer wavelength) light, which apparently provides
the key contribution to the observed far-red spectral
shift in the Katushka variant.

The importance of the Asnl43Ser replacement
in eqF'P578 for the observed red spectral shift is sup-
ported by results of a mutational study of the homol-
ogous eqFP611.1%%! Similar to eqFP578, its fluores-
cent state is dependent on the 100% trans
chromophore. The introduction of the Asnl43Ser
substitution in eqFP611 is accompanied by 80%
trans-cis isomerization of the chromophore, with
shift of the emission maximum from 611 nm to 630
nm. Addition of the second Ser158Cys substitution
results in the variant RFP639 with 100% of cis chro-
mophore and emission at 639 nm. Similar to
Katushka, Ser143 in RFP639 stabilizes the cis chro-
mophore state by H-bonding with the chromophore
hydroxyl. Cysl158 apparently provides additional
support by weakening the corresponding H-bond
with the ¢trans chromophore and, thereby, destabiliz-
ing that state. An analogous replacement Ser158Cys
in Katushka resulted in a variant with generally
unchanged spectral characteristics, but exhibiting a
significant portion of green fluorescence (unpub-
lished data). In this context, it is worth to mention
mKate, the monomeric far red variant of Katushka
(91% of sequence homology; hem = 635 nm).? Both
proteins are characterized by the identical amino
acid environment around their cis chromophores
and practically identical 3D structure (RMSD value
for all CA atoms < 0.5 A). The mutation Ser158Ala
in mKate left the spectral characteristics unchanged
but increased the brightness of fluorescence by
almost a factor of two.32 Here, breaking the corre-
sponding H-bond with the chromophore in the poten-
tial nonfluorescent trans form indirectly stabilizes
the fluorescent cis form.

Experimental Procedures

Expression, purification and characterization

For bacterial expression, PCR-amplified BamHI/
HindIIT fragments encoding target proteins were
cloned into the pQE30 vector (Qiagen). Proteins
fused to the N-terminal polyhistidine tag were
expressed in E. coli XL1 Blue strain (Invitrogen).
The bacterial cultures were grown overnight at
37°C, and additionally incubated for 12 h at 25°C.
No induction by IPTG was applied since promoter
leakage was sufficient for effective expression. The
cultures were centrifuged, the cell pellets resus-
pended in 20 mM Tris-HCIl, 100 mM NaCl, pH 7.4
buffer and lysed by sonication. The recombinant pro-
teins were purified using TALON metal-affinity
resin (Clontech) followed by gel filtration on Super-
dex-200 (16/60) size exclusion column (Amersham).
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Absorption spectra were recorded with a Beck-
man DU520 UV/VIS spectrophotometer. A Varian
Cary Eclipse fluorescence spectrophotometer was
used for measuring excitation-emission spectra. The
pH titrations were performed by using a series of
buffers in the range from 3.5 to 9.7. For each pH
value, an aliquot of purified protein was diluted in
the corresponding buffer solution, and the fluores-
cence brightness was estimated as a product of
molar extinction coefficient and a fluorescence quan-
tum yield 12 h incubation at room
temperature.

after

Crystallization and data collection

Before crystallization, the proteins were transferred
to 10 mM Tris-HC1 pH 7.5 100 mM NaCl 2.5 mM
EDTA buffer and concentrated to ~11 mg/mL. Initial
searches for crystallization conditions were per-
formed with Hampton Research and Emerald Bio-
systems crystallization kits using the Mosquito
robotic system (TTP LabTech). Successful hits were
further optimized manually. Crystals have been

Table I. Crystallographic Data and Refinement Statistics

obtained under four different conditions. The
eqFP578f_pH5.5 crystals have appeared from 25%
w/v PEG 3350, 0.2-M ammonium acetate, and 0.1-M
BIS-TRIS pH 5.5. The eqFP578f_pH4.0 was crystal-
lized from 2.4-M ammonium sulfate, pH 4.0. Crys-
tals of Katushka_pH8.5 were grown from 24% w/v
PEG4000, 0.16-M MgCly, 0.08 M TRIS hydrochloride
pH 8.5, and 20% v/v glycerol. The Katushka_pH5.0
was crystallized from 1.5-M ammonium sulfate, pH
5.0, 25% v/v glycerol. All crystals have been obtained
by hanging drop vapor diffusion method at 20°C.
Typically, 1 pL of protein was mixed with 1ul of res-
ervoir solution and equilibrated against 500 pL of
reservoir solution. Crystal growth time varied from
10 to 20 days.

X-ray diffraction data were collected from single
crystals flash-cooled in a 100 K nitrogen stream.
Before cooling, the crystals of eqFP578f were trans-
ferred to a cryo-protecting solution containing 20%
glycerol and 80% reservoir solution. Data were col-
lected with a MAR300 CCD detector at the SER-
CAT beamline 22-ID (Advanced Photon Source,

eqFP578f pH 5.5

Protein (PDB_ID: 3PIB)

eqFP578f pH 4.0
(PDB_ID: 3PJB)

Katushka pH 8.5
(PDB_ID: 3PJ7)

Katushka pH 5.0
(PDB_ID: 3PJ5)

Crystallographic data

Space group . 14, P6,22 14, P6,22
Cell dimensions (A, °) a, b =161.2, a, b =104.7, a,b=161.4, a, b =104.4,
c="17517 ¢ = 216.5 c="745 c=218.0
ZN7) 32 (4) 24 (2) 32 (4) 24 (2)
Estimated solvent content (%) 45 60 44 60
Temperature (K) 100 100 100 100
Wavelength (A) 1.00 1.00 1.00 1.00
Resolution range (A) 35.9-1.15 34.7-1.75 25.0-1.85 30.0-1.60
(1.19-1.15)* (1.82-1.75)* (1.93-1.85)* (1.66-1.60)*
Total reflections measured 1,761,066 793,793 390,600 645,605
Unique reflections observed 314,476 69,631 78,120 88,439
Multiplicity 5.6 (4.7)* 11.4 (11.6)* 5.0 (5.0)? 7.3 (7.2)2
/o (D 28.3 (2.4)* 28.6 (4.4)* 16.7 (2.6)* 19.6 (2.4)*
Ronerge 0.055 (0.488)? 0.062 (0.562)* 0.096 (0.655)* 0.106 (0.719)?
Completeness (%) 92.8 (59.9)% 97.8 (94.8)* 97.7 (97.1)? 97.5 (97.0)*

Refinement statistics
Non-H atoms in model

Protein 7,288 [4 x (1-230) res] 3,559 [2 x (2-226) res] 7,151 [4 x (3-227) res] 3,646 [2 x (0-225) res]
Water 721 340 463 288
SO, 15 (3 ions)
Glycerol 24 (4 mol) 12 (2 mol) 0 0
Ruor’ 0.155 (99.0% 0.177 (98.0% 0.196 (97.9% 0.187 (98.0%
data, F > 0) data, F > 0) data, F > 0) data, F > 0)
Riee” 0.177 (1.0% 0.208 (2.0% 0.252 (2.1% 0.226 (2.0%
. data, F > 0) data, F > 0) data, F > 0) data, F > 0)
Mean B factor/(RMSD)® (A%)
Protein atoms
main chain 13.6 (0.9)° 25.2 (2.0)° 33.8 (0.9° 23.9 (0.7)°
side chain 16.3 (2.0)° 29.1 (3.5)° 35.2 (2.1)° 25.6 (1.6)°
Chromophore 13.5 (3.3)¢ 24.3 (4.3)° 31.7 (1.4)° 21.0 (2.4)°
Ramachandran statistics (%)
Preferred/allowed/disallowed 98.2/1.8/0.0 98/2.0/0.0 97.0/2.5 /0.5 97.0/2.5/0.5
regions
@ Values in parentheses are given for the highest-resolution shells.

b Percent of the data reserved for working and free sets.
¢ Root mean square deviation.
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Argonne National Laboratory, Argonne, IL) and
were processed with HKL2000.%2

Structure solution and crystallographic
refinement

Crystal structures of eqFP578f and Katushka at
higher pH (5.5 and 8.5, respectively) were solved by
the molecular replacement method with MOL-
REP3*% using as a search model the coordinates of
the closely homologous mKate monomer (PDB ID:
3BXA; Ref. 32), without the chromophore. The
refined coordinates of the eqFP578f and Katushka
structures at higher pH with chromophore moiety
removed were used to solve the corresponding struc-
tures at lower pH (4.0 and 5.5, respectively).

Structure refinement of eqFP578f was per-
formed with PHENIX?® and that of Katushka with
REFMACS5,2" alternating with manual correction of
the model using COOT.3® Water molecules were
located with PHENIX and ARP/wARP.35%° The
fractions of the cis and trans isomers of the chro-
mophore were estimated from the occupancy coeffi-
cients determined with phenix.refine (within a
general crystallographic refinement procedure),
with the sum of occupancies for both isomers con-
strained to unity. Crystallographic data and refine-
ment statistics are presented in Table I. Although
the values of Ryerge Were relatively high in the
outermost shells for the Katushka data sets, the
corresponding values of I/c(I) indicated that these
data were still significant. In all cases, the use of
the complete experimental data sets for protein
refinement improved the quality of the resulting
electron density maps.

The electron density maps for all four struc-
tures were in good agreement with the correspond-
ing amino acid sequences. The final models were
characterized by clear electron density in the chro-
mophore area. With one exception, no convincing
density was observed for the N-terminal His-tag
fragments introduced into the expressed constructs
and used for protein purification. Only the
eqFP578f structure at pH 5.5 contained a well-or-
dered His-tag fragment for monomer B. Besides
the protein and water molecules, a single glycerol
molecule (a component of the cryoprotectant solu-
tion) was located near each monomer in the
eqFP578f structures at pH 5.5 and pH 4.0, whereas
three sulfate ions (components of the crystalliza-
tion solution) were located in the Katushka struc-
ture at pH 5.0. Structure validation was performed
with COOT. The figures were prepared with LIG-
PLOT/HBPLUS?*2% and PYMOL.®

The coordinates and structure factors were depos-
ited in the Protein Data Bank under accession codes
3PIB (eqFP578f pH5.5), 3PJB (eqFP578f pH4.0),
3PJ7 (Katushka_pH8.5), and 3PJ5 (Katushka_pH5.0).
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