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Abstract

The fluorescent protein Dronpa undergoes reversible photoswitching reactions between the bright 

‘on’ and dark ‘off’ states via photoisomerisation and proton transfer reactions. We report the room 

temperature crystal structure of the fast switching Met159Thr mutant of Dronpa at 2.0 Å 

resolution in the bright on state. Structural differences with the wild type include shifted backbone 

positions of strand β8 containing Thr159 as well as an altered A-C dimer interface involving 

strands β7, β8, β10, and β11. The Met159Thr mutation increases the cavity volume for the p-

hydroxybenzylidene-imidazolinone chromophore as a result of both the side chain difference and 

the backbone positional differences.
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Introduction

Photochromic fluorescent proteins have important applications in super-resolution 

fluorescence microscopy. Particularly, the class of Reversibly Photoswitchable Fluorescent 

Proteins (RPFP's) allow repeated cycles of forward and reverse photoconversion 1-345. The 

reversibly photoswitchable fluorescent protein Dronpa is a genetically modified form of the 

‘22G’ wild type isolated from the coral Pectiniidae 6. The reversible photoswitching 

reactions of Dronpa involve cis-trans/trans-cis photoisomerisation as well as thermal proton 

transfer reactions 7,8. While the ‘22G’ wild type form is oligomeric, random and directed 

mutations created a monomeric form, ‘22Gm3’, designated ‘Dronpa’. Six mutations were 

introduced : I101N (β5), F114Y (β6), L162S (β8), R194H (β10), N205S (loop β10-β11) and 
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G218E (β11-loop) 9. Subsequent crystallization of the monomeric Dronpa revealed a 

tetrameric arrangement, seen in P212121, P21212 and P21 crystal forms, which rationalized 

the effects of the mutations introduced in Dronpa on the dissociation constant and 

prevalence of monomeric form in dilute solution 10. Stiel et al 11 and Wilmann et al 12 

reported similar crystal structures for the on state of Dronpa. Solution NMR measurements 

identified chemical shift differences between the on and off states for seven residues: Gly36 

(β3), Cys62(β3), Met93(central helix), Ala160(β8), Cys171(β9), Asp172(β9), Phe173(β9) 

from 1H-15N heteronuclear single-quantum coherence (HSQC) spectra 10. In addition, 

exchange broadening was seen in the off state for a number of residues: 62 (central helix), 

65-69 (central helix), 90-91(β4), 132, 140, 142-145(β7), 156-160(β8), 191-195(β10), and 

212-214(β11). These results implicate primarily the A-C dimer interface, which undergoes 

photo-induced changes of both equilibrium geometry as well as changes in the flexibility of 

the backbone, detected as chemical exchange broadening 10. The on-to-off photoswitching 

efficiency of Dronpa is relatively low, with an estimated quantum yield of 3.2*10−4 reported 

for the wild type 6,13. Several fast-switching mutants of Dronpa have been reported. One of 

these, Dronpa-M159T, was selected in particular for showing an increased quantum yield 

for on-off photoswitching, but also an improved quantum yield for the off-to-on reaction 

was reported 11. Specifically, Stiel et al report a 1143-fold increase of the rate of the onoff 

reaction at room temperature for the M159T mutant, implying an absolute quantum yield of 

0.3711, whereas a more recent study of monomeric species in vitro recently reported a ~65 

fold increase 14. The off-to-on reaction was found to have increased 2-fold, suggesting a 

quantum yield of 0.72 relative to the 0.36 value estimated for the wild type 13 whereas a 

more recent study of monomeric species in vitro recently reported no significant 

difference 14. Stiel et al argue that the steric repulsion of the Met159 group is the primary 

reason for the three orders of magnitude acceleration of the M159T mutant. This view 

appears to be supported when considering the Phe-173-Ser mutant of the tetrameric variant 

of the EosFP fluorescent protein, named ‘IrisFP’15. This reported mutation indirectly affects 

the position of the equivalent Met159 side chain, which subsequently allows cis-trans 

photoisomerisation not seen in the wild type 15. However, oligomerisation also affects the 

photoswitching efficiencies. The monomeric Dronpa has increased on-to-off rate relative to 

the ‘22G’ tetrameric parent molecule. In addition, a single point mutation Lys154Asn of 

Dronpa created a variant which showed a photoconversion rate intermediate between 22G 

and Dronpa 16. The crystal structure of the Lys154Asn-Dronpa mutant rationalized the 

effect on the A-C interface in particular 16.

Materials and Methods

1. Protein production and crystallisation

The M159T mutation was introduced into the original expression construct pRESTb-

Dronpa, and was expressed in E.coli BL21(DE3), purified by Ni-NTA affinity 

chromatography and gel filtration chromatography as previously described 8. The extinction 

coefficient for Dronpa-M159T was taken as 61,732 M−1cm−1 at 489 nm 11. Protein was 

concentrated to 20 mg/ml and taken up in 50 mM Tris/HCl (pH 7.8) and 120 mM NaCl. 

Crystals were grown at 22°C in sitting drops with siliconised glass plates (Hampton 

Research) using 20 % (w/v) PEG (poly[ethylene glycol] monoethyl ether 3350 (Sigma-
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Aldrich) and 0.14 M Mg(NO3)2. Crystals were mounted in quartz capillaries (Hampton 

Research).

2. Data collection and processing

Crystals were mounted at room temperature and monochromatic 1° rotation images were 

collected at the Advanced Photon Source (APS, Argonne, USA), BioCARS, beamline 14 

BM-C to 2.0 Å resolution with a 300 mm distance. The wavelength was 0.9787 Å (12.668 

keV energy and band pass ΔE/E: 3.1 × 10−4). The detector was ADSC Quantum-315 CCD 

(315 × 315 mm). The data was indexed and integrated in space group P222 (point group 

222) with MOSFLM 17 and scaled and merged in primitive orthorhombic spacegroup 

P212121 with Scala 18using CCP4 19.

3. Molecular replacement, refinement and validation

The structure was solved by molecular replacement using coordinates from 2Z1O 10, using 

Molrep 20. The structure was refined with rigid body and restraint refinement using 

REFMAC5, not applying Non Crystallographic Symmetry restraints 21. Manual refinement 

and building waters were done using coot 22. The structure was validated using the wwPDB 

(http://wwpdb-validation.wwpdb.org) server. Structure factors and coordinates with up to 

2.04 Å resolution were deposited to the Protein Data Bank (http://www.wwpdb.org) with 

deposition code 4uts.

4. Molecular dynamics simulations

Molecular Dynamics simulations were performed using Gromacs 23 for the monomer and 

tetramer structures of the Wild Type Dronpa and the M159T mutant in order to assess the 

cavity volumes at room temperature. Full Methods are given in the SI.

Results and Discussion

A total number of 195 1° rotation images were collected at room temperature from 4 crystals 

in 12 wedges and were integrated, merged and scaled together to achieve best completeness 

and multiplicity (Table 1). Inclusion of selected weaker images which did show radiation 

damage and had reduced I/σI was acceptable based on R-factor criteria (Table 1). The Laue 

group probability was 0.958 and a systematic absence probability of 0.893 to give a P212121 

Space group with confidence of 0.83. The Dronpa-M159T mutant crystallized under 

conditions identical to those reported for the wild type Dronpa 11. However, the space group 

for the reported wild type crystals was orthorhombic body centered I222, and having unit 

cell dimensions a=75.292 Å, b= 109.627Å, c=275.232Å (2IOV pdb11. The Dronpa-M159T 

mutant however crystallized in primitive orthorhombic spacegroup P212121 a=75.655 Å, 

=111.140 Å, c=117.572 Å. Molecular replacement was successful using the coordinates of 

the on state of the wild type Dronpa including side chains, from coordinates 2Z1O 10. 

Following rigid body refinement, and cycles of restraint refinement and manual refinement 

and water building, a tetrameric arrangement of Dronpa-M159T was revealed which does 

not match previously reported tetrameric arrangements. Table 1 shows the data collection 

and refinement statistics for the asymmetric unit containing four individually refined chains. 

It was noted that restraint refinement applying non crystallographic symmetry restraints 
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reduced the Rfree from 21.3% to 20.4% while the Rcryst was almost unaffected at 17.2 % 

(Table 1). Coordinates submitted to the Protein Data Bank (code 4UTS) were those without 

NCS restraints, supported by the I/σI value, multiplicity and crystallographic R factors. A 

comparison with the P212121 wild type structure 2Z1O (unit cell dimensions a=73.492 Å, 

b=103.516 Å, c=122.866 Å) 10 reveals that the A-B interface is in essence conserved but the 

A-C interface is significantly altered (Figure 1, Table S1). A structural alignment of the A 

chains of Dronpa-M159T and Dronpa (2Z1O) resulted in an RMS of 0.251 Å. An analysis 

of the Debye-Waller factors of the individual chains in the M159T-Dronpa and Dronpa 10 

tetramers showed similar distributions for A and D chains, and the B and C chains for both 

structures (Figure S2). Analysis of the interface surfaces using PISA 24 showed that the 

buried surface areas are significantly smaller in the M159T mutant (Table S1). Thus, while 

the M159T has only minimal effects on the structure and fold of the monomer, the 

interaction between the A and C chains involves fewer interactions and is shifted by ~ 20 Å 

rotation, or hinging (Figure 1). Figure 1 furthermore locates residues which undergo either 

chemical shift modification or become exchange broadened in the off state, as reported from 

HSQC NMR measurements10. This indicates that also in the P212121 Dronpa-M159T 

structure reported here, the A-C interface concentrates most of the perturbed residues.

Further comparison between the local structures near the cis- p-

hydroxybenzylideneimidazolinone chromophore structures of both Dronpa-M159T and 

Dronpa shows an enlargement of the chromophore cavity in the case of the Met159T mutant 

(Figure 2). This is primarily due to the removal of the bulky side chain of Met159, but in 

addition, a 1.4 Å ‘outward’ shift of the backbone coordinates is clearly observed. 

Calculation of the cavity volumes using the trj_cavity program 25 of the X-ray structure 

coordinates resulted in values of 49 and 55 Å3 for Dronpa and the M159T mutant, 

respectively. We note however that the M159T structure is collected at room temperature, 

whereas the Dronpa structure was collected at cryogenic temperature. To investigate 

whether the increase in cavity volume observed in the M159T X-ray structure as compared 

to Dronpa, is maintained in solution for both the monomer and the tetramer, we determined 

the volume of the chromophore pocket in our trajectories.

Figure S4 shows the volumes of the cavity for monomeric Dronpa, monomeric M159T and 

tetrameric M159T as a function of simulation time. Focusing on the 100-point running 

average, we see that the volume of the cavity in M159T monomer (55 (+/− 19) Å3) is indeed 

larger in solution than Dronpa (37 (+/− 10) Å3). Furthermore, we also notice a small, but 

consistent difference in the cavity volume between the M159T monomer and tetramer, with 

the cavities in the tetramer on average being slightly smaller (47 (+/− 14) Å3) than the cavity 

in the monomer (55 (+/− 2.3) Å3). This result suggests that without the protein-protein 

contacts, the cavity can relax and increase its volume. We speculate furthermore that this 

volume increase, albeit very small, may also help reducing the steric hindrance for the 

isomerization of the chromophore and increase the kinetics of this process. It is stressed that 

a 65-fold enhancement of the on-off kinetics at room temperature corresponds to a small ~10 

kJ/mol activation energy difference. The small but reproducible cavity volume differences 

found in this study may therefore be in line with the significant rate enhancement. By 

comparing the isomerization rates in the monomer and the oligomeric states, we indeed 

found that the reactions occurs more efficiently in the monomer 14.
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Experimentally it was observed from time resolved UV-VIS spectroscopy measurements 

that in dilute solution, the relative on-to-off photoswitching rate constant with continuous 

473 nm illumination increased 65-fold relative to the unmodified Dronpa samples, at pH 7.8 

and 3 × 10−6 M concentration, favoring monomeric forms 14. We further noted distinctly 

reduced on-off phototransformation kinetics with increased protein concentration for both 

the wild type and mutant samples, in approximately the same concentration ranges. While 

the oligomerisation constant is not yet well determined for Dronpa-M159T, Mizuno et al 

found a value of 1.3 × 10−4 M for Dronpa 26. In general agreement with similar conclusion 

by Nguyen Bich, et al (2012)16 and Mizuno, et al (2010) 26, self-association strongly affects 

the on-to-off photoswitching kinetics of the Dronpa-M159T mutant as well. Mizuno et al 

(2008) already noted that Gly218Glu mutation of 22G, affecting the A-C interface, also 

yielded photochromic behavior 26. A Lys145Asn mutation of Dronpa was shown to have a 

self-association constant which was lower than Dronpa in the on state 16. Zhou et al 

subsequently reported Lys145Asn-Dronpa was tetrameric at concentrations from 10 to 100 

μM in the on state, but converted to monomeric species in the off state after illumination 

with 500 nm light 27. The importance of mutation in the β7 strand was also in agreement 

with the observation of exchange broadening seen for 142-145 region of strand β7 in the off 

state of Dronpa 10. The light-induced reversible association/dissociation of Lys145Asn-

Dronpa was exploited for optogenetics control in a series of chimeric constructs in cells27. 

Furthermore, Kao et al28 found that increased viscosity of the medium decreases the on-to-

off photoswitching kinetics of Dronpa and even more pronounced in double mutant 

Met159Ala/Val157Ile-Dronpa. It was proposed that structural flexibility, increased in either 

monomeric form or low viscosity media, aid the cis-trans photoisomerisation efficiency, 

from a kinetic model that assumes parallel, competing pathways for radiative decay, 

photoswitching and nonradiative decay28.

A significant reduction of the on-to-off photoswitching kinetics were seen in crystals of 

Dronpa-M159T relative to solutions, although optical measurements of crystals involved 

conversion of larger optical density. Estimates to extrapolate to reduced optical density still 

yielded reduced switching kinetics by approximately order of magnitude. Specifically, time 

resolved micro-spectroscopy showed full conversion in less than 5 seconds of optically thick 

crystalline samples, having an optical density in excess of 6 at the maximum wavelength 

489nm, with continuous illumination at 473nm and 7.6 mW power in a 500 μm 1/e2 width 

spot while maintaining the temperature at 18° C with a cryo-stream. These conditions 

correspond to full conversion approximately 50 μm optical depth of the P212121 crystal form 

of Dronpa-M159T.

In conclusion, the altered A-C interface contact of the Met159Thr mutant compared to 

Dronpa can be reconciled with its increased photoswitching efficiency in the framework of 

photo-induced structural flexibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The Dronpa-M159T tetrameric structure (green) is overlaid with the tetrameric wild type 

coordinates from 2Z1O (grey) using all atoms in chain A only. The corresponding B chains 

are aligned whereas the C chains do not. The Thr159 (yellow) is positioned in the A-C 

interface. In addition, residues 36, 62, 93, 160, 171, 172 and 173 showed chemical shift 

differences in the off state (red) and residues 62, 65-69, 90, 91, 132, 140, 142-145, 156-160, 

191-195 and 212-214 underwent exchange broadening (pink) in HSQC spectroscopy 10 and 

are also concentrated in the A-C interface.
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Figure 2. 
The cavity available to the cis anionic chromophore in the M159T structure (yellow surface) 

is enlarged relative to Dronpa (white surface) as a result of the reduced side chain as well as 

a 1.4 Å ‘outward retraction’ of the side chain (Dronpa-M159T: yellow scheme / Dronpa: 

green scheme 2Z1O 10). The cavity volume shown does not include crystal waters. 2Fo-Fc 

electron density is contoured at the 2.0 sigma level for chromophore and residues 156-171 

for the Dronpa-M159T structure.
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Table 1

Data collection refinement and geometry

Data Collection

Space Group P212121

Unit Cell (Å) a=75.655, b=111.140, c=117.572

Resolution range (Å) 55.815 - 2.038

Highest resolution shell (Å) 2.15 – 2.038

Number of observations 810,104

Number of Unique reflections 64,823

Completeness (%) 98.5 (91.0)

Mean I/σ(I) 8.4 (3.9)

Multiplicity 7.4 (7.0)

Rmerge (%)1 14.9 (43.8)

Rmeas (%)2 16.1 (47.0)

Rp.i.m. (%)3 5.9 (16.7)

Model and Refinement Statistics

Resolution range (Å) 55,632 - 2,029

No. of reflections (total) 64,823

No. of reflections (test) 3287

Rcryst (%) /NCS
4 17.2 / 17.4

Rfree (%) /NCS
4 21.3 / 20.4

Stereochemical parameters

Restraints (RMSD observed)

Bond angle (°) 2.216

Bond Length (Å) 0.0194

Av. Isotropic B value (Å2) / Wilson plot B value (Å2) 29.785 / 26.6

DPI based on Rfree (%) 15.1

No. Protein residues / atoms 852 / 6,904

No. Water molecules 242

Ramachandran plot: residues (%) in favored/allowed 98.1 / 99.8

Values in parentheses are for the highest resolution shell

4
R-factors without and with applying NCS restraints.
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