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mKeima is an unusual monomeric red fluorescent protein (4™,
~620 nm) that is maximally excited in the blue (A%, ~440 nm).
The large Stokes shift suggests that the chromophore is normally
protonated. A 1.63 A resolution structure of mKeima reveals the
chromophore to be imbedded in a novel hydrogen bond network,
different than in GFP, which could support proton transfer from
the chromophore hydroxyl, via Serl42, to Aspl57. At low
temperatures the emission contains a green component (A, .x ~535
nm), enhanced by deuterium substitution, presumably resulting from
reduced proton transfer efficiency. Ultrafast pump/probe studies
reveal a rising component in the 610 nm emission with a lifetime
of ~4 ps, characterizing the rate of proton transfer. Mutation of
Aspl57 to neutral Asn changes the chromophore resting charge
state to anionic (A%, ~565 nm, A°" .. ~620 nm). Thus, excited
state proton transfer (ESPT) explains the large Stokes shift. This
work unambiguously characterizes green emission from the pro-
tonated acylimine chromophore of red fluorescent proteins.

The discovery of ESPT within a biological system was made
with wild type Green Fluorescent Protein (GFP).! Upon excitation
of the protonated neutral chromophore (A band), the pK, drops by
several units. Proton transfer from the hydroxyl group then takes
place within ~12 ps to generate an anionic intermediate I* that
subsequently emits a green photon.” > Excitation of the anionic
chromophore (B band) gives rise to instantaneous green emission.
Crystallographic studies® revealed a “proton wire” connecting the
chromophore hydroxyl group through a water molecule and Ser205
to acceptor Glu222. Glu222 was verified as a proton acceptor by
ultrafast IR spectroscopy,® but proton migration to solvent is
possible.® The rate of proton transfer is characterized by a 6-fold
deuterium isotope effect." ESPT has since been shown to form a
basis for practical applications of GFP such as ratiometric GFP
biosensors for pH’ and thiol-disulfide redox potential.®°

The tetrameric red fluorescent protein Keima, originally devel-
oped for use in dual-color fluorescence cross-correlation spectros-
copy,'® was derived by directed evolution from a nonfluorescent
chromoprotein discovered in the stony coral Montipora sp. Dimeric
and monomeric forms (mKeima, MW 25 kDa) were also produced.
mKeima and GFP are both excited in the blue, but their emission
is well separated, which is advantageous for two-color labeling
schemes in cell biology.

Fluorescent proteins that exhibit ESPT are useful for the study
of the factors controlling the rates of proton transfer. The process
can be initiated by light and observed on picosecond time scales.
The details of the proton transfer pathways can be determined at
atomic resolution and modified by mutagenesis; see for example
refs 11—15. Here we describe our structural and spectroscopic
studies of mKeima, which reveals a novel ESPT pathway from the
chromophore hydroxyl through Ser142 to acceptor Aspl157.
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Figure 1. Emission spectra of mKeima (excitation 430 nm) as a function
of temperature and solvent (H,O or D,0). Orange curve: emission of D157N
mutant (excitation 565 nm) in H,O at 281 K.

The steady state emission of mKeima has a strong dependence
on temperature and deuterium substitution (Figures 1 and S1 in
the Supporting Information). At RT, the emission maximum is broad
at ~620 nm but is shifted 25 nm to the blue at 83 K. At low
temperature, a blue shoulder with a maximum at ~535 nm is
apparent, the amplitude of which is enhanced and the curve slightly
red-shifted by deuterium substitution. We assign the blue shoulder
to the S;—S, transition of the protonated chromophore (Figure S1).
Ultrafast pump—probe measurements of I* emission reveal a
negative signal that achieves a maximum in ~20 ps (Figure S2).
40% of the signal amplitude occurs within the instrument response
time of 500 fs and is interpreted as arising from stimulated emission
from the red tail (Figure S1) of the A-band. The remainder,
attributed to stimulated emission from the growing I* state, grows
with a time constant of ~4 ps and is consistent with a proton transfer
process of lifetime ~4 ps.

The 1.63 A resolution atomic model (Table S1) is, as expected,
very similar to that determined for the nonfluorescent chromoprotein
Rtms5'® (PDB ID IMOU). Unlike in Rtms5, the acylimine
chromophore is in the cis configuration, presumably due to the
replacement of His146 in Rtms5 with Ser142 (Figure S4B) in
mKeima. In the intact, mature polypeptide, the chromophore is
identical to that found in DsRed.'” The imidazolidinone and phenyl
rings are nearly coplanar, with torsion angle deviations of ap-
proximately 5° and —13°, comparable to that seen in GFP and
consistent with the fluorescence quantum yield of 0.24. However,
30—50% hydrolysis of the acylimine linkage is observed in all
samples (Figures S3 and S4), breaking the polypeptide backbone
between Leu61 and GIn62 as found in the “kindling fluorescent
protein”."®!'” Compared to DsRed, Rtms5 and mKeima share an
unusual placement of a positively charged group adjacent to the
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Figure 2. Ball and stick figure of the proton relay of mKeima (purple),
showing the chromophore, Ser142, and Asp157. Hydrogen bonds are shown
as dashed lines with lengths given in A. The corresponding proton relay of
GFP is superimposed in green. The isolated red sphere is a tightly bound
water molecule within GFP.

chromophore and close to the linkage between the two rings. This
group is essential for formation of the red chromophore.?' However
it originates from the main chain at position 71 (Lys) in DsRed
and 194 or 197 (Arg) in mKeima or Rtms5, respectively (Figures
S5A and S5B).

The most striking feature of mKeima is the putative proton relay,
consisting of Ser142 and Asp157 (Figure 2). Mutation of charged
Aspl57 to neutral Asn changes the protonation state of the
chromophore to anionic and red-shifts the emission slightly (Figure
1). The identical arrangement is found in two other green fluorescent
proteins derived from reef organisms, KCy?° (PDB ID 2Z06,
CroOH-Ser141-Asp156) and asFP499%' (PDB ID 2C91, CroOH-
Ser143-Asp158). The excitation spectra of both proteins show clear
evidence of a mixed population of the protonated and anionic
chromophore states, both of which give rise to green fluorescence.
From an evolutionary point of view, this equilibrium is presumably
advantageous, possibly because the excitation spectrum is substan-
tially broadened by the presence of two excitable species.

The time-resolved spectroscopic measurements are consistent
with a proton transfer process of lifetime ~4 ps, whereas, in GFP,
lifetimes of ~3 and ~12 ps have been reported.'** Evidence is
accumulating that the overall process of proton transfer is
concerted.>*>>* From data collected for GFP and its mutants,'*?3
as well as from computer simulations,** the rate-limiting step for
proton transfer is proposed to be from Ser205 to Glu222. In
mKeima, the geometry of the proton transfer pathway appears to
more optimal and has fewer degrees of freedom than the case within
GFP, which may explain the difference in transfer rates.

Bonsma et al.*® reviewed spectroscopic evidence supporting the
existence a photoinduced green (G’-) emitting form of DsRed
(different from the immature green-emitting form) that absorbs and
emits to the blue of the “mature” red (R-) form. Our work provides
evidence that the photoinduced G’-form is the neutral protonated
chromophore; however, it remains to be determined whether the
photoinduced form is the cis or trans isomer.

mKeima is the only red fluorescent protein shown to employ
ESPT for emission, utilizing a novel proton relay different from
that found in GFP and provides a new framework for study. It also
provides a new system for the development of red fluorescent
biosensors, which can take advantage of the equilibrium between

the protonation states to provide a ratiometric readout of cellular
variables such as the thiol-disulfide redox potential.®2¢

During revision of this communication, Violot et al.=" recently
reported a 2.6 A resolution structure of mKeima at pH 8.0 in a
different crystal form, revealing the chromophore isomer to be trans.
Our 1.63 A resolution map clearly indicates the cis isomer at >90%
occupancy, but we cannot exclude up to 10% occupancy of trans.
Conceivably, the isomeric state is determined by crystal contacts
or differing buffer conditions.

Atomic coordinates have been deposited (PDB ID 3IRS).
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