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 17 

Abstract 18 

Reversibly switchable monomeric Cherry (rsCherry) is a photoswitchable variant of the red 19 
fluorescent protein mCherry. We report that this protein gradually and irreversibly loses its 20 
red fluorescence in the dark over a period of months at 4ºC and a few days at 37ºC. We 21 
also find that its ancestor, mCherry, undergoes a similar fluorescence loss but at a slower 22 
rate. X-ray crystallography and mass spectrometry reveal that this is caused by the cleavage 23 
of the p-hydroxyphenyl ring from the chromophore and the formation of two novel types of 24 
cyclic structures at the remaining chromophore moiety. Overall, our work sheds light on a 25 
new process occurring within fluorescent proteins, further adding to the chemical diversity 26 
and versatility of these molecules. 27 
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1. Introduction 31 

Fluorescent proteins (FPs) are amongst the most ubiquitously used protein tags in life 32 
science research, providing the ability to genetically label proteins with intrinsically 33 
fluorescent indicators [1]. Of particular interest are reversibly photoswitchable fluorescent 34 
proteins (RSFPs). RSFPs typically exist in a bright fluorescent state and can be reversibly 35 
and controllably switched between a fluorescent (on) and a non-fluorescent (off) state using 36 
light of specific wavelengths. This photoswitching can be repeated up to hundreds of times 37 
and forms the basis of super-resolution imaging techniques such as RESOLFT or pcSOFI 38 
[2]. 39 
Most of the available RSFPs emit green fluorescence and are characterized by a high 40 
molecular brightness, high switching contrast, and a high fatigue resistance [3–6]. RSFPs 41 
with other emission colors are also available, including cyan, yellow/orange, and red 42 
fluorescent proteins [7–10]. While the red-emitting RSFPs have advantages for low-43 
background or even in-tissue imaging, their optical and biological properties are typically 44 
inferior to those of the best green RSFPs. As a result, multi-color super-resolution 45 
microscopy based on red RSFPs remains characterized by a reduced performance [8,11–46 
13]. 47 
At present, there is comparatively little mechanistic understanding of the photochromism in 48 
red RSFPs, making design of better-performing red RSFPs challenging. High-quality 49 
structural models of the different spectroscopic states could greatly enhance this 50 
understanding, though at present, structures are only available for rsTagRFP, asFP595 and 51 
IrisFP [14–16], and only rsTagRFP was fully characterized in both the fluorescent and non-52 
fluorescent state [15]. The red-on asFP595 crystal structure could not be obtained directly 53 
due to its fast relaxation from on- to off-state, and point mutant variants had to be generated 54 
to determine the on-state structures [14]. The red-off IrisFP structures could not be clearly 55 
interpreted due to the presence of multiple chromophore conformations [16]. Based on the 56 
limited structural information and spectroscopic data of red RSFPs and analogy with green 57 
RSFPs, it has been proposed that on and off states adopt cis and trans configurations, 58 
respectively, and that the cis-trans isomerization is the molecular basis of photoswitching 59 
[17]. The spectroscopic data also proposes that the photoswitching is accompanied by 60 
protonation/deprotonation events at the chromophore tyrosine hydroxyl group [14,15,18], 61 
similar in concept to what has been determined for green RSFPs.  62 
To expand on the photoswitching mechanism of red RSFPs, we studied the structural 63 
features underlying photoswitching in rsCherry (mCherry_E144V-I161S-V177F-K178W), 64 
one of the first reported red RSFPs [7]. However, we surprisingly found that solutions of 65 
purified rsCherry protein irreversibly lost their color at 4°C in the dark after two months. We 66 
identified molecular oxygen as the source of this fluorescence loss based on spectroscopic 67 
experiments. Through X-ray crystallography and mass spectrometry, we found that 68 
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molecular oxygen reacts with the chromophore and leads to the cleavage of the 69 
chromophore p-hydroxyphenyl moiety in the process.  70 

2. Materials and methods 71 

2.1 Mutagenesis, protein expression and purification 72 

Mutagenesis was performed using a modified QuikChange protocol [6]. All primers were 73 
designed by Quikchange Primer design tool (Agilent Technologies) and ordered from 74 
Integrated DNA Technologies (IDT). Used primers are listed in table S1. The plasmid 75 
(pRSETB) containing the protein of interest was transformed into E. coli JM109(DE3). A 76 
single colony was inoculated with 1L of Lysogeny broth (LB) medium supplemented with 100 77 
µg/mL of ampicillin. The culture was shaken vigorously at 21°C (180-200 rpm) for 72 hours. 78 
The cells were then harvested and dissolved in ice-cold TN 100/300 buffer (100 mM Tris-79 
HCl pH 7.4, 300 mM NaCl) before being lysed in a French Press. The resulting cellular 80 
debris was removed by centrifuging for 20 minutes at 8500 rpm, followed by incubating the 81 
supernatant with Ni-NTA agarose (Qiagen) for 40 minutes at 4°C. His-tag purification was 82 
performed in Pierce disposable polypropylene 5mL disposable columns (Thermo Fisher 83 
Scientific) with a wash solution containing TNi 100/300/20 (100 mM Tris-HCl pH 7.4, 300mM 84 
NaCl and 20 mM imidazole) and an elution solution containing TNi 100/300/250 (100 mM 85 
Tris-HCl pH 7.4, 300mM NaCl and 250 mM imidazole). Size exclusion chromatography was 86 
then performed in a HiLoad Superdex 200 pg 16/600 column coupled to an Äkta Prime 87 
(Cytiva) using a buffer consisting of TN 10/30 (10 mM Tris-HCl pH 7.4, 30mM NaCl). The 88 
eluted protein was then concentrated to the approximate concentration of 10 mg/ml using a 89 
Vivaspin 6 3,000 MWCO PES (Sartorius) membrane ultrafiltration tube. 90 

2.2 Time-course spectroscopy in aerobic/anaerobic conditions 91 

Anaerobic samples were prepared using a vacuum line. A process of sequential steps 92 
including freezing samples with liquid nitrogen, degassing by a vacuum line and thawing, 93 
was repeated three times until the pressure remained stable (approximately 10-5 bar). After 94 
that, absorption spectra and fluorescence of degassed and non-degassed samples were 95 
recorded using a Lambda 950 spectrophotometer (from Perkin Elmer) and FLS980 96 
fluorometer (from Edinburgh), respectively.  97 

2.3 Protein crystallization 98 

The crystal of oxygen-degraded rsCherry was first grown at 21°C by the sitting drop vapor 99 
diffusion method in an aerobic environment at the Biomolecular Architecture laboratory, KU 100 
Leuven, Belgium. The mixture containing 0.75 μL of protein solutions (10 mg/mL) and 0.75 101 
μL of precipitant (25% w/v PEG 8000, 0.1 M MES pH 6.5) was placed against a 70 μL 102 
reservoir. A colorless plate-like crystal of rsCherry was obtained after two months.  103 
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Anaerobic crystallization was performed at the Laboratory of Chemistry of Biological 104 
Processes, Collège de France, France. Microbatch and microseeding techniques [19] were 105 
used to grow crystals of rsCherry in a strictly oxygen-free environment. A serial dilution of 106 
the seed stock was prepared from microcrystals obtained in oxygen-degraded rsCherry. 107 
Protein solution (1 μL, 3-5 mg/mL) was mixed with 0.5 μL precipitant and 0.5 μL seed stock, 108 
then placed under a thin layer of Al’s oil. The crystallization cocktail was optimized with the 109 
best condition containing 18% w/v PEG 8000 and 0.1M MES pH 6, resulting in a bunch of 110 
plate-like colored crystals grown after a few days. Prior to flash cooling, the crystals were 111 
transferred to a similar condition as the reservoir with the addition of 25% glycerol as a 112 
cryoprotectant. 113 

2.4 Data collection and refinement process 114 
The X-ray diffraction data were collected at the beamlines X06DA (SLS, Switzerland) and 115 
Proxima2A (Soleil synchrotron, France). Crystals were diffracted under a nitrogen 116 
cryostream of 100 K using a wavelength of 1 Å. Diffraction images were indexed and 117 
integrated with XDS [20], and data reduction was performed using Aimless and Ctruncate 118 
(CCP4 7.0.078) [21]. The structures were solved by molecular replacement with Phaser 119 
(version 2.8.2) [22] in Phenix, using mCherry (PDB: 2H5Q [23]) as the search model. Before 120 
performing molecular replacement, the model of mCherry was edited by removing the 121 
chromophore as well as alternate conformers; and converting to isotropic temperature 122 
factors (PDBtools, Phenix). The structure was then refined and modeled by Phenix.refine 123 
(version 1.19.2_4158) [24] and Coot (version 0.9.6) [25], respectively. After the first 124 
refinement, all mutations along with the chromophore were modeled based on the electron 125 
density and difference maps. Dictionary files for the modified chromophores were created 126 
using JLigand [26] and manually adjusted using bond distances and angles restraints based 127 
on structures present in the Cambridge Structural Database (CSD) [27]. Waters were 128 
automatically added to the model using the “Update waters” option and were carefully 129 
double-checked (B-factors smaller than 80 Å2 and reasonably hydrogen bond distances 130 
ranging from 2.3-3.5 Å). Data collection and refinement statistics are listed in Table 1. 131 

The structures of rsCherry crystallized in anaerobic and aerobic conditions were deposited 132 
in the PDB with accession codes of 8B65 and 8B7G, respectively. Images were generated 133 
using the PyMOL Molecular Graphics System (version 2.5.2); Schrödinger, LLC. 134 

2.5 Calculation of oxygen diffusion pathways by CAVER3 135 
The potential tunnels in rsCherry and mCherry were calculated by using the CAVER 3.0 [28] 136 
as a PyMOL plugin. Before running calculations, the crystal structures of anaerobically-137 
crystallized rsCherry (PDB: 8B65) and mCherry (PDB: 2H5Q) were prepared by removing 138 
all ligands and waters (except the chromophore); and only the alternative conformations with 139 
higher occupancies were retained. The analysis was performed for mCherry and rsCherry 140 
with the same default parameters (minimum probe radius: 0.9 Å; shell depth: 4 Å; shell 141 
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radius: 3 Å and clustering threshold: 3.5). The chromophore 1 (PDB ligand ID: QYX  and 142 
CH6  in rsCherry and mCherry respectively) was chosen as the starting point. 143 
2.6 Native mass spectrometry 144 
Freshly-purified and oxygen-degraded rsCherry was buffer exchanged with 50 mM 145 
ammonium acetate using spin columns and data was acquired using electrospray ionization 146 
(ESI) with a Q-TOF mass analyzer (Synapt G2 HDMS, Waters). Calibration of the system 147 
was performed using sodium iodide (2 mg/mL) with a mass range of 400-9000 m/z. The 148 
operating parameters for the spectral acquisition were as follows: capillary voltage, 1.8 kV; 149 
sample cone voltage, 60 V; extraction cone voltage, 2 V; source temperature, 37°C; 150 
desolvation temperature, 150°C; backing pressure, 5.26 mbar; source pressure, 2.08 e-3 151 
mbar; Trap, 1.44 e-3 mbar. Spectra were acquired in the range of 900−8000 m/z in positive-152 
ion V mode. The molecular mass of the recorded spectra was calculated using MassLynx 153 
software (MassLynx version 4.1) and deconvolution of the mass spectra was performed 154 
through MaxEnt 1. All the data were acquired in technical duplicates.  155 

3. Results  156 

3.1. rsCherry loses color in the presence of oxygen 157 

We purified rsCherry after recombinant bacterial expression, obtaining bright red solutions. 158 
Full chromophore maturation was achieved after storing rsCherry for three additional days 159 
at 4°C in the dark (Fig. 1A, B). After that, the purified protein lost its color upon further storage 160 
under these conditions, with a clear decrease of both the absorbance at ~570 nm and the 161 
fluorescence at ~610 nm (Fig. 1A, B). The rsCherry absorbance and fluorescence loss was 162 
accelerated when incubating the sample at 37°C, following a single exponential decay rate 163 
(t1/2 abs rsCherry=30.42 h, t1/2 fluo rsCherry=28.33 h) (Fig. 1C, D). Based on our previous experience 164 
of mCherry fluorescence being quenched through chromophore modification by the reducing 165 
reagent β-mercaptoethanol (βME) [29], we reasoned that the fluorescence disappearance 166 
in rsCherry might have been caused by a compound present in the storage buffer that is 167 
able to modify the rsCherry chromophore. This compound turned out to be dissolved oxygen. 168 
While >90% of rsCherry fluorescence was lost after 6 days of incubation at 37°C, degassing 169 
the storage buffer prevented most of the fluorescence loss (Fig. 1C, D). Under the same 170 
conditions, the ancestor protein mCherry also showed an oxygen-dependent fluorescence 171 
decrease, but this process was markedly slower compared to rsCherry (t1/2 fluo rsCherry =28.33 172 
h, t1/2 fluo mCherry=83.94 h) (Fig. 1C, D).  173 

Given this difference in the fluorescence loss kinetics, it is likely that the mutations that were 174 
introduced while generating rsCherry from mCherry (E144V, I161S, V177F, K178W) lead to 175 
the enhanced oxygen-dependent loss of color. In mCherry single mutants, we observed that 176 
the I161S variant was even more oxygen sensitive than rsCherry (t1/2 fluo mCherryI161S=18.63 h) 177 
(Fig. 1E, F). Introducing the V177F mutation in mCherry also increased its susceptibility to 178 
oxygen-mediated degradation, but to a lesser extent than the I161S variant (t1/2 fluo  179 
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mCherryV177F=49.83 h) (Fig. 1E, F). On the other hand, the E144V or K178W variants of 180 
mCherry, containing a single mutation located in the outer part of the protein, displayed no 181 
increase in the oxygen-induced degradation rate compared to mCherry (Fig. 1E, F). 182 
Conversely, we tested whether mutating S161I in rsCherry would cause a delay of its 183 
degradation by oxygen, but this effect was relatively small (t1/2 fluo rsCherryS161I=41.61 h) (Fig. 184 
S1), suggesting that the fast oxygen-mediated degradation in rsCherry requires the 185 
combination of two inner residues in the chromophore vicinity (I161S and V177F). 186 

3.2. The observed degradation involves the loss of the p-hydroxyphenyl ring in the 187 
chromophore 188 

To understand the molecular basis underlying the rsCherry fluorescence loss, we solved the 189 
X-ray structures of rsCherry crystallized under aerobic (PDB ID: 8B65) and anaerobic (PDB 190 
ID: 8B7G) conditions, at resolutions of 1.3 Å and 1.55 Å, respectively (Table 1). The 191 
anaerobically-crystallized rsCherry crystal displayed a noticeable red color, while the 192 
aerobically-crystallized rsCherry crystal was colorless (Fig. 2A, B). Both proteins crystallized 193 
in the same space group I121 with almost identical unit cell parameters and one molecule 194 
in the asymmetric unit. In addition, the overall structures are very similar to that of mCherry 195 
(PDB: 2H5Q) [23] with root mean square deviation (r.m.s.d) values of 0.27 Å (aerobically-196 
crystallized rsCherry) and 0.26 Å (anaerobically-crystallized rsCherry) when fitting 212 Cα 197 
atoms from residues 6 to 220.  198 

We found that the chromophore of the anaerobically-crystallized rsCherry adopts a trans 199 
configuration, unlike the cis configuration that is observed in mCherry [7] (Fig. 2C, D). In 200 
aerobically-crystallized rsCherry, on the other hand, the chromophore lacks electron density 201 
where the p-hydroxyphenyl ring is expected to be (Fig. 2E), indicating that the p-202 
hydroxyphenyl ring is cleaved during the oxygen-dependent process.  203 

To confirm the oxygen-mediated loss of the chromophore p-hydroxyphenyl ring, we 204 
performed native mass spectrometry (MS) on freshly purified rsCherry and on rsCherry that 205 
had undergone oxygen-dependent degradation over three months. Freshly purified rsCherry 206 
displays a major peak at 30677 Da, which is the protein with the intact chromophore, and a 207 
second most abundant peak at 30697 Da which matches the expected mass for rsCherry 208 
with incomplete chromophore maturation (Fig. 3A, S2). In the case of aerobically-degraded 209 
rsCherry, two peaks of similar intensity are found: one at 30587 Da, also present as a minor 210 
peak in freshly purified rsCherry, and a unique one at 30605 Da (Fig. 3A, S2). 211 

The combination of the X-ray crystallography and native MS data suggests the following 212 
mechanism of rsCherry chromophore destruction by oxygen: upon exposure to air, oxidative 213 
cleavage of the methylene bond linking the 4-imidazolinone to the p-hydroxyphenyl ring 214 
results in an imidazole-4,5-dione ring (Fig. 3B, structures 1, 2). This degradation product 215 
has a 90 Da mass decrease compared to the original chromophore, matching with the 30587 216 
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Da peak observed in both freshly purified and oxygen-degraded rsCherry (Fig. 3A). We 217 
interpret the presence of the minor 30587 Da peak in the freshly purified sample as arising 218 
through degradation that already occurred during protein expression and/or purification. We 219 
included structures 1 and 2 into our X-ray analysis of the anaerobically-crystallized rsCherry 220 
model, resulting in a model with occupancies of 0.67 and 0.33 for structures 1 and 2, 221 
respectively (PDB ID: 8B65, Fig. 3C). We then tried to model the structure of aerobically-222 
crystallized rsCherry with only structure 2, resulting in a good fit to the observed electron 223 
density, though this resulted in an incomplete occupancy (0.78) of this structure. This 224 
indicated that additional structures are present in the chromophore region (Fig. S3).  225 

One of the remaining structures is related to the 30605 Da peak of oxygen-degraded 226 
rsCherry, which has an 18 Da mass increase as compared to the protein with chromophore 227 
structure 2. Looking at the electron density map in chromophore region, there is an 228 
unmodelled density with a cyclic shape at S69 which suggests that another five-membered 229 
ring is present in the degraded chromophore (structure 4, Fig. 3B,D, S3B). Therefore, we 230 
propose that, upon formation of structure 2, a nucleophilic addition of a water molecule to 231 
the C=N bond of the imidazole-4,5-dione of structure 2 results in a ring opening to form 232 
structure 3 [30,31] (Fig. 3B). The presence of electron-withdrawing imine groups in 3 can 233 
make the newly formed carbonyl carbon atom more partially positive and susceptible to an 234 
intramolecular nucleophilic attack by the amide nitrogen atom of S69, resulting in the 235 
formation of structure 4 (Fig. 3B). However, structure refinement with chromophore 236 
structures 2, 3 and 4 leads to an occupancy of only 0.14 for structure 3, suggesting that it 237 
quickly reacts to form 4 (Fig. S4). Therefore, we finally refined the model of aerobically-238 
crystallized rsCherry with structures 2 and 4, obtaining occupancies of 0.68 and 0.32, 239 
respectively (PDB ID: 8B7G). Despite improvement in the map, the resulting Fo-Fc map still 240 
contains some residual difference density, suggesting further or alternative modifications in 241 
the chromophore area which cannot be interpreted clearly in the X-ray structure (Fig. S5, 242 
S6). 243 

3.3. Additional oxygen accessibility to the chromophore could explain the differences 244 
in degradation between mCherry and rsCherry 245 

rsCherry (mCherry_E144V-I161S-V177F-K178W) and mCherry are closely related yet show 246 
pronounced differences in their resistance to oxygen-induced degradation. We hypothesized 247 
that this contrast likely arises from the different accessibility of the chromophore to oxygen. 248 
To examine this more systematically, we used CAVER 3.0 [28] to predict potential transport 249 
tunnels for small molecules in each protein (Fig. 4A, B). This analysis found that mCherry 250 
and anaerobically-crystallized rsCherry structures have two similar tunnels, but rsCherry 251 
also has two additional tunnels (Fig. 4A, B; Table S2, S3). The presence of the extra tunnels 252 
in rsCherry could be explained by the structural differences that are induced by the I161S 253 
and V177F mutations. The I161S mutation favors the presence of the trans-chromophore in 254 
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rsCherry by hydrogen bonding between S161 and the chromophore hydroxyl groups. The 255 
V177F mutation introduces a bulky residue in the chromophore pocket that forces the 256 
movement of several residues to avoid steric clashes. Combined, these two mutations lead 257 
to several conformational changes of residue side chains in the chromophore pocket, such 258 
as S146, E148, Q163 and K70, resulting in an altered hydrogen bond network (Fig. 4C, D). 259 
In particular, the movement of K70 side chain is crucial regarding oxygen accessibility 260 
towards its attack at the chromophore methylene bridge. Due to the presence of the trans-261 
chromophore observed in rsCherry, K70 moves approximately 3.0 Å away from the 262 
imidazolinone ring in comparison to the same residue in mCherry (Fig. 4E). This creates an 263 
extra space where an oxygen molecule could reside, increasing the chances of oxygen-264 
mediated chromophore degradation at the chromophore methylene bridge. On the other 265 
hand, the chromophore of mCherry is in the cis configuration and K70 is closer to the 266 
chromophore, which protects the chromophore from direct oxygen accessibility (Fig. 4E). A 267 
similar K70 side chain displacement has only been observed upon the thio-adduct formation 268 
between the mCherry chromophore methylene bridge and β-mercaptoethanol (βME) after 269 
this protein was treated with βME [29].    270 

Remarkably, we observed the presence of a glycerol molecule (PDB ligand ID: GOL) close 271 
to the chromophore in the aerobically-crystallized rsCherry structure with an occupancy of 272 
0.36 (Fig. 3D). This glycerol originates from the cryoprotectant solution that only contacted 273 
the rsCherry crystal very quickly (less than a minute) before flash freezing, confirming 274 
transport pathways for small molecules to access the rsCherry chromophore and release 275 
reaction products to the surrounding buffer solution (Fig. S7). 276 

4. Discussion 277 

Oxygen is a required molecule for the chromophore maturation in fluorescent proteins. In 278 
the case of rsCherry, however, we observed that oxygen causes the degradation of the 279 
mature chromophore, leading to a loss of absorption and fluorescence. While the structural 280 
features in rsCherry chromophore region make it particularly prone to oxygen-mediated 281 
degradation, oxygen also caused mCherry fluorescence loss over time, albeit to a lesser 282 
extent. This result suggests that other FPs could be subject to this oxygen-mediated 283 
fluorescence decrease, with one key parameter being the accessibility of the methylene 284 
bridge to molecular oxygen. 285 

Compared to other modifications in other fluorescent protein chromophores [31–34], three 286 
aspects make this chemical modification in rsCherry special: 287 

First, the degradation in rsCherry is an oxygen-mediated process that is light-independent. 288 
Our study shows that the freshly purified rsCherry loses its absorbance and fluorescence 289 
spontaneously in the dark, and that removing oxygen from the buffer greatly delays its 290 
degradation. The involvement of molecular oxygen in FP bleaching has been previously 291 
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observed in IrisFP at low light intensity [35]. However, the degradation in rsCherry is likely 292 
to proceed differently from the low-intensity photobleaching in IrisFP, as the IrisFP 293 
chromophore was intact and showed no modifications [35]. This type of bleaching in IrisFP 294 
was presumably caused by the sulfur oxidation of M159 and C171 side chains, raising the 295 
pKa of the chromophore and trapping the IrisFP chromophore in the dark protonated state 296 
[35]. 297 

Second, the initial cleavage position at the bond C⍺-Cβ leading to the removal of the p-298 
hydroxyphenyl ring in the chromophore, is very uncommon. Most chromophore 299 
modifications in GFP or RFP homologs happen at the imidazolinone ring and/or at the 300 
acylimine link of the red chromophore [31,32,36]. There are also a few examples of chemical 301 
reactions occurring at the bond C⍺-Cβ	bridging two cyclic moieties of the chromophore but 302 
via completely different pathways. For instance, the C⍺-Cβ bond in the phenol side chain of 303 
mTagBFP can be oxidized from a single bond to a double bond, generating TagRFP [37], 304 
but the p-hydroxyphenyl ring cleavage does not occur. Another example of chemical 305 
modification at the same location is the reaction of mCherry and βME through a Michael 306 
addition reaction that forms a thio-adduct at the Cβ	atom of the mCherry chromophore [29], 307 
leading to a loss of absorbance and fluorescence. However, in contrast to the oxidation of 308 
rsCherry by molecular oxygen, the reaction of mCherry with βME is reversible, without p-309 
hydroxyphenyl ring cleavage, and there is an additional absorbance peak arising at 410 nm. 310 
Compared to the chromophores of mTagBFP and mCherry-βME, the resulting products after 311 
chromophore degradation in rsCherry, structures 2 and 4, do not absorb at ~410 nm, and 312 
only a ~320nm absorbance peak is observed. Structure 4 has no longer a conjugation 313 
system and thus is not supposed to absorb light at 320 nm. In structure 2, which still retains 314 
a conjugation system and thus can presumably absorb UV light, the loss of the p-315 
hydroxyphenyl moiety could explain the shorter wavelength absorption maxima compared 316 
to the chromophores of TagBFP or mCherry-βME, where the p-hydroxyphenyl moiety is still 317 
present. An absorbance shift to shorter wavelengths has also been observed in a special 318 
GFP variant with an engineered ASG chromophore forming tripeptide. This nonfluorescent 319 
variant absorbs at ~385nm, but upon heat treatment, the protein backbone breaks at the 320 
bond between the imidazolinone ring of the chromophore and the N-terminal leading amino 321 
acid residue, resulting in an absorbance shift to ~340nm [32].  322 

Third, our obtained results demonstrated that the degradation of the rsCherry chromophore 323 
is not a side reaction of the maturation process but occurs after the full formation of the red 324 
chromophore, strikingly with only a cofactor - oxygen - that is indispensable for chromophore 325 
maturation. This post-maturation modification is distinct from the other reported modified 326 
structures of FPs chromophores. While some red chromophores of RFPs also undergo 327 
chemical modifications after maturation, such as a backbone cleavage at the acylimine bond 328 
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in DsRed [38] or chromophore damage in KillerRed [39] and IrisFP [35], these modifications 329 
only occur upon heating or upon irradiation with green or cyan light. 330 

5. Conclusion 331 

This study demonstrates a new chemical reactivity in fluorescent proteins, where molecular 332 
oxygen - a cofactor needed for FP chromophore maturation - is the causative agent that 333 
degrades the chromophore of rsCherry (mCherry_E144V-I161S-V177F-K178W). The two 334 
inner mutations (I161S and V177F) lead to a series of structural rearrangements that 335 
increase the rate of oxygen-induced chromophore degradation in rsCherry. Among these 336 
mutations, the I161S mutation plays the most crucial role in promoting the oxygen-337 
dependent degradation, as it probably induces the chromophore trans configuration and the 338 
K70-related displacement which allows oxygen to easily access the chromophore moiety 339 
and degrade it. While the structural features in the rsCherry chromophore region make it 340 
particularly prone to oxygen-mediated degradation, oxygen also causes mCherry 341 
fluorescence loss over time, albeit to a lesser extent. These results raise the possibility of 342 
other FPs being equally subject to this oxygen-mediated fluorescence loss once purified and 343 
stored under oxygen-containing conditions.  344 
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Tables 380 
 381 
Table 1. Data collection and Refinement statistics: 382 

 Structure of anaerobically-
crystallized rsCherry 

Structure of aerobically-
crystallized rsCherry 

PDB ID 8B65 8B7G 
Beamline Soleil, Proxima2A SLS, X06DA 
Wavelength (Å) 0.98 1.00 
Space group I121 I121 
Unit cell parameters 
     a, b, c (Å) 
							𝛼, 𝛽, 𝛾 (°) 

 
61.17  42.90  108.57 
90.00  105.76  90.00 

 
61.21  43.18  108.53   
90.00  106.06  90.00 

Resolution range (Å) 
 

46.20-1.55 
(1.58-1.55)* 

46.07-1.30 
(1.32-1.30)* 

Rmerge (%) 6.0 (68.7) 3.6 (61.6) 
Rmeas (%) 6.5 (74.2) 4.1 (69.7) 
CC1/2 (%) 99.9 (84.9) 100.0 (81.2) 
<I/𝜎(I)> 16.8 (2.6) 15.0 (1.8) 
No. of reflections 267195 (13501) 308117 (14441) 
No. of unique reflections  39472 (1944) 66652 (3210) 
Completeness (%) 99.6 (99.0) 99.2 (98.1) 
Multiplicity 6.8 (6.9) 4.6 (4.5) 
Rwork/Rfree

§ (%) 15.12/17.86 12.49/14.61 
r.m.s.d. from ideal   
     Bond length (Å) 0.013 0.012 
     Bond angle (°) 1.474 1.432 
B-factors (Å2) 
     Overall 

 
22.6 

 
19.0 

     Protein 20.7 16.0 
     Water molecules 34.1 33.6 
     Ligands 26.8 24.0 
Ramachandran plot# (%)   
     Favored 98.6 98.60 
     Allowed 1.4 1.40 
     Outliers 0.0 0.0 
Rotamer outlier# (%)  0.0 0.5 

 383 
* Values in parentheses are for the highest resolution shell.  384 
§ Rfree was calculated using approximately random 5% of data excluded from the refinement.  385 
# Ramachandran and rotamer analysis were carried out using MolProbity [40]. 386 
  387 
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Figure captions 388 

Fig 1. The loss of absorbance and fluorescence of rsCherry occurs spontaneously in aerobic conditions, and 389 
it is mainly caused by the I161S mutation. (A, B) Time-course of absorbance and fluorescence spectra of 390 
purified rsCherry at 4°C. (C, D) Time-course of normalized integrated absorption 510-630nm (C) and relative 391 
integrated fluorescence emission (D) of purified rsCherry and mCherry incubated at 37°C. The lines 392 
correspond to single exponential fittings of the absorbance/fluorescence decay. (E, F) Time-course of 393 
normalized integrated absorption 510-630nm (E) and relative integrated fluorescence emission (F) of purified 394 
mCherry and its single mutants mCherry_E144V/I161S/V177F/K178W incubated at 37°C. The lines 395 
correspond to single exponential fittings of the absorbance/fluorescence decay.  396 
 397 
Fig. 2.  The crystal structures of rsCherry crystallized in anaerobic or aerobic conditions. Photographs of 398 
anaerobically-crystallized (A) and aerobically-crystallized (B) rsCherry crystals used for X-ray data collection, 399 
with their length being approximately 0.2 mm and 0.3 mm, respectively. (C-E) Comparison of 2Fo-Fc electron 400 
density maps contoured at 1 r.m.s.d of aerobically. and anaerobically-crystallized rsCherry structures.  The 401 
chromophore 1 is depicted in ball-and-stick mode. (C) 2Fo-Fc map and model of the chromophore 1 (cis 402 
configuration) of mCherry (PDB ID: 2H5Q [23]). (D) 2Fo-Fc map and model of the chromophore 1 (trans 403 
configuration) of anaerobically-crystallized rsCherry (PDB ID: 8B65). (E) 2Fo-Fc map of the aerobically-404 
crystallized rsCherry (PDB ID: 8B7G) superposed on the chromophore 1 (trans configuration) of anaerobically-405 
crystallized rsCherry, showing the missing electron density for the p-hydroxyphenyl ring, indicated by an arrow.  406 
 407 
Fig. 3. (A) Deconvoluted mass spectra of the freshly purified and oxygen-degraded rsCherry obtained by native 408 
mass spectrometry. (B) Proposed mechanism for the multi-step oxygen-mediated degradation in rsCherry. 409 
Freshly purified rsCherry chromophore structure 1 (Mw = 30677 Da) is first oxidized by oxygen dissolved in 410 
the buffer, gradually forming 2, leading to a mass loss of 90 Da which corresponds to the missing p-411 
hydroxyphenyl ring (the degraded species Mw = 30587 Da). Due to its high reactivity, 2 is assumed to be 412 
further hydrolyzed to form 3. Compound 3 possibly undergoes an intramolecular nucleophilic attack by the 413 
nitrogen atom of the adjacent residue S69, resulting in 4. The structure 4 is expected to have a mass of 30605 414 
Da, matching with the peak at 30605 Da in the spectrum. (C, D) The models and electron density maps of the 415 
anaerobically-crystallized (PDB: 8B65) and aerobically-crystallized rsCherry (PDB: 8B7G), respectively. 416 
Chromophore structures 1, 2, 4 are represented in ball-and-sticks; and colored orange, yellow and cyan, 417 
respectively. Protein backbones of the anaerobically and aerobically-crystallized rsCherry are colored green 418 
and light orange respectively (C) The final model and 2Fo-Fc maps contoured at 1 r.m.s.d of anaerobically-419 
crystallized rsCherry. The occupancies of 1 and 2 at the chromophore position converged towards 0.33 and 420 
0.67, respectively. (D) The final model and 2Fo-Fc maps contoured at 0.5 r.m.s.d. of all (left) and individual 421 
(middle and right) structures of 2 and 4 in aerobically-crystallized rsCherry. Structure refinement with structures 422 
2 and 4 led to occupancies of 0.68 and 0.32, respectively. PDB ligand IDs of 1, 2 and 4 in the structures of 423 
rsCherry are QYX, Q2K and QIP respectively. 424 
 425 
Fig. 4. Comparison of oxygen accessibility and structures of anaerobically-crystallized rsCherry (green) and 426 
mCherry (magenta). (A,B) The structures of rsCherry (A) and mCherry (B) are shown as cartoons and tunnels 427 
predicted by CAVER 3.0 are visualized as surface. The tunnels are numbered according to their priority 428 
estimated by CAVER 3.0. Compared to mCherry, two additional tunnels (1 and 2) are identified in rsCherry. 429 
(C, D) Hydrogen bond network in the chromophore pocket of mCherry and rsCherry. The combination of I161S 430 
and V177F mutations in rsCherry causes movements of E148, S146, Q163 and K70 side chains, resulting in 431 
chromophore microenvironment differences between mCherry and rsCherry. (E) The crucial role of K70 in 432 
oxygen accessibility for degradation. In rsCherry, K70 displays a shift of 3.0 Å compared to mCherry, creating 433 
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sufficient space for oxygen attack at the methylene bridge of the chromophore. The conformation of K70 in 434 
mCherry does not support the presence of similar tunnels as in rsCherry. The chromophores are depicted in 435 
ball-and-stick and tunnels are represented as isomesh. Tunnels of mCherry and rsCherry are colored pink and 436 
green, respectively. The arrow indicates the position where oxygen attacks the rsCherry chromophore.  437 

  438 
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