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Chromophores absorb light in photosensitive proteins and thereby initiate fundamental biological processes such as 
photosynthesis, vision and biofluorescence. An important goal in their understanding is the provision of detailed structural 
descriptions of the ultrafast photochemical events that they undergo, in particular of the excited states that connect 
chemistry to biological function. Here we report on the structures of two excited states in the reversibly photoswitchable 
fluorescent protein rsEGFP2. We populated the states through femtosecond illumination of rsEGFP2 in its non-fluorescent 
off state and observed their build-up (within less than one picosecond) and decay (on the several picosecond 
timescale). Using an X-ray free-electron laser, we performed picosecond time-resolved crystallography and show that the 
hydroxybenzylidene imidazolinone chromophore in one of the excited states assumes a near-canonical twisted 
configuration halfway between the trans and cis isomers. This is in line with excited-state quantum mechanics/molecular 
mechanics and classical molecular dynamics simulations. Our new understanding of the structure around the twisted 
chromophore enabled the design of a mutant that displays a twofold increase in its off-to-on photoswitching quantum yield. 

Fluorescent proteins (FPs) have revolutionized cellular imaging by 
serving as genetically encoded markers1• The propensity of FPs to 
fluoresce upon visible-light absorption or, alternatively, to relax 

via non-radiative pathways is largely dictated by the excited-state 
structural dynamics of the protein-embedded chromophore2.3. In sol­
ution, the isolated chromophore of the green fluorescent protein 
(GFP4) adopts a canonical 90° twisted geometry in the excited state2 

from which it reverts back to the planar ground state solely via radia­
tionless decay5. The tight �-barrel scaffold ofFPs restricts the confor­
mational dynamics of the chromophore, which hinders radiationless 
decay and thus leads to an increase in the fluorescence quantum yield. 
Modulation of the chromophore twisting has been proposed to affect 
the photophysical properties of all FPs and has therefore been ana­
lysed by numerous theoretical and experimental studies2•3 •6-10• 

A subgroup ofFPs, the so-called reversibly photoswitchable fluor­
escent proteins (RSFPs) 11, can be toggled back and forth between a
fluorescent (on) and a non-fluorescent (off) state. This property is 
of considerable interest for advanced fluorescence imaging and bio­
technological developments12• Photoswitching in RSFPs is a two-step

process that involves radiationless decay in the form of cis-to-trans or 
trans-to-cis isomerization and a change in the protonation state of 
the chromophore, as shown for asFP595 13, Dronpa10•14• 15, Padron16 

and IrisFP17• The structural basis of ultrafast events that lead to
photoswitching and the order in which these proceed have so far 
remained elusive18 as no crystallographic structure of an FP in an 
electronic excited state has been determined. Here we report the 
structural and spectroscopic characterization of excited states in 
rsEGFP219, an efficient tag in super-resolution microscopy, by the 
combined use of ultrafast transient absorption (TA) spectroscopy, 
time-resolved crystallography using an X-ray laser and excited-state 
quantum mechanics/molecular mechanics (QM/MM) and classical 
molecular dynamics (MD) simulations. Also, based on one of the 
excited-state structures, a mutant was designed that displays a 
twofold increase in off-to-on photoswitching quantum yield. 

Results and discussion 
Femtosecond TA spectroscopy of rsEGFP2 in solution. The 
chromophore of rsEGFP2 in its fluorescent on state (anionic cis
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