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ABSTRACT: Through quantum chemical means, we inspect the 

energetics of the singlet oxygen formation with fluorescent proteins 

in their triplet excited states. By placing an oxygen molecule at 

varying distances, we discover that the energetic driving force for the 

singlet oxygen formation does not depend strongly on the 

chromophore – O2 distance. We also observe that the chromophore 

vibrations contribute much to the energy gap modulation toward the 

surface crossing. Based on our computational results, we try to draw 

a series of rationalizations of different photostabilities of different 

fluorescent proteins. Most prominently, we argue that the chance of 

encountering a surface crossing point is higher with a protein with a 

lower photostability. 

 

Fluorescent proteins (FPs) have become one of the most important 

molecular imaging tools for various biological systems.1-9 There are 

many recently developed FPs with different emission wavelengths, 

quantum yields, and fluorescence lifetimes.6-14 Indeed, one important 

issue in the applications of FPs is their photostabilities, which have 

direct relationships with their photobleaching characters.2-7 Thus, 

many researchers have struggled toward developing FP variants with 

improved photostabilities.6,7,10-12 This photostability feature will be 

the target of main discussion in this communication. 

It has been known that photobleaching of FPs is related to singlet 

oxygen generated by their chromophore.5 When singlet oxygen is 

formed, it chemically attacks the protein and induces photobleaching. 

We can assume that singlet oxygen is generated by the interaction 

between molecular oxygen and the chromophore in its triplet excited 

state,4 namely 

 

T* + 3O2 → S + 1O2     (1) 

 

However, the details of this process are not well understood yet. 

Understanding this pathway of singlet oxygen formation will thus 

help toward further developing FPs with different photobleaching 

properties. 

Reaction (1) will occur when two potential energy surfaces, T* + 3O2 

(triplet + g
; “triplet+triplet” hereafter) and S + 1O2 (singlet + g

; 

“singlet+singlet” hereafter), cross with each other. Of course, this 

surface crossing will appear along a seam in the conformation space 

and have some dependence on the oxygen – chromophore distance, 

which we will inspect first. We will then show that this surface 

crossing and the subsequent singlet oxygen formation dominantly 

depends on the chromophore configuration. Based on these, we will 

try to explain the dependence of photobleaching properties on the 

fluorophore structure. 

For this, the structures of singlet and triplet GFP model chromophore, 

p-hydroxybenzylideneimidazoline (pHBI) and molecular oxygen was 

optimized at the M06-2X15/6-311+G(d,p) level of theory. To 

investigate the dependence of energy on the position of molecular 

oxygen, we have generated chromophore geometries with diverse 

oxygen configurations. An oxygen molecule was placed in a parallel 

manner with respect to the molecular plane of pHBI with varying 

molecular distances from 3.0 Å  to 10.0 Å . For these geometries, the 

energies of adiabatic triplet+triplet and singlet+singlet states were 

calculated at the SA4-CAS(6,5)SCF16 level with the 6-31G(d) basis 

set. In addition, the role of the internal conformational motion of 

GFP, BFP, and CFP chromophores were inspected by adopting ab 

initio molecular dynamics (AIMD) and single-point multi-

configurational calculations. The energy gradients for AIMD 

simulations were calculated at the M06-2X/6-31G(d) level of theory 

with initial velocities randomly generated for 600 K temperature. The 

simulations were run for 500,000 a.u. (~12 ps) with 50 a.u. of time 

step. The snapshots for multi-configurational single-point energy 

calculations were collected at every 5000 a.u. (~120 fs). Thus, at any 

given O2–chromophore distance, there were 100 conformations from 

AIMD toward statistical treatments. All bonds involving hydrogen 

atoms were constrained with the RATTLE algorithm.17 The single-

point energies of adiabatic states were calculated at the SA4-MR-

CAS(6,5)PT218/6-31G(d) level. The geometry optimizations and 

AIMD simulations were performed using developers’ version of Q-

Chem 3.2 package.19 All other calculations were carried out with 

MOLPRO.20 

The energetics of FP model chromophores calculated with M06-

2X/6-311+G(d,p) are listed in Table 1. Indeed, the optimized 

triplet+triplet energy is higher than the singlet+singlet one, meaning 

that Reaction (1) will be thermodynamically spontaneous. 

 

Table 1. Energetics of Reaction (1), in kJ/mol units. 

  GFP BFP CFP 

Reactants 3O2 0.00  0.00  0.00  

 T1 166.64  177.98  176.94  

Products 1O2 156.43  156.43  156.43  

 S0 0.00  0.00  0.00  

Exothermicity  10.21  21.55  20.51  
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Figure 1 shows the energy averages and standard deviations in the 

two states at various chromophore to oxygen distances for the GFP 

case. For the GFP chromophore, we performed MCSCF calculations 

for the chromophore – oxygen geometries generated as described in 

the above part, and defined the inter-molecular distance as the 

shortest of all atom-to-atom distances. Two chromophore 

conformations were adopted for simulations toward generating this 

figure: Figure 1(a) is from the M06-2X optimized geometry, and 

Figure 1(b) is from the geometry with the lowest observed energy 

and with nearly-degenerate singlet+singlet and triplet+triplet states. 

In both cases, we can see that the fluctuations of state energies 

(represented by standard deviations) increase at shorter chromophore 

– O2 distances. This is natural as the orbitals of the two molecules 

interact more strongly at a closer distance. The standard deviations 

(’s) of the energies, which reflect the vibrational energy fluctuations, 

are quite similar in (a) and (b), which is again natural. However, as 

the energy gap closes in as in Figure 1(b) at distances shorter than 5.0 

Å ,  overwhelms the energy gap. In addition, the gap energy (the gap 

between the red and the blue lines) has only a weak dependence on 

the chromophore – O2 distance. From these aspects, we can infer that 

the configurational variations of the chromophore play a dominant 

role in determining the surface crossing nature and the overall 

dynamics of the systems. 

 

 

Figure 1. Average energies (lines) and standard deviations (error 

bars) of the singlet+singlet (blue) and triplet+triplet (red) states as 

functions of the chromophore to oxygen distance for GFP, obtained 

with geometry ensembles starting (a) from a ground state optimized 

geometry and (b) from a surface intersecting geometry. 

 

Now, let us investigate how frequently the two surfaces cross in 

different “real” FPs. The photobleaching time scales of EGFP, ECFP, 

and EBFP are about 150 s, 50 s and 1 s.6,7,10,11 As described in a 

previous section, we performed AIMD simulations for GFP, CFP, 

and BFP chromophore units. Based on the fact that the energy varied 

insensitively with the chromophore – O2 separation, we took 100 

snapshots from each chromophore and added O2 molecular to each 

snapshot and then performed single point CASPT2 calculations. 

Figure 2 shows the histogram of the energy gaps between the 

involved two states. One can see that the energy gap is larger with 

GFP than with CFP or with BFP. Despite their higher excitation or 

fluorescence energy (namely, the larger S0 – S1 gap) of the 

chromophore, interestingly, the energy differences between two spin-

exchanging states are smaller with bluer FPs. This feature stems from 

the fact that the gap between chromophore T1 and S1 states is also 

larger in BFP / CFP. From this, we can imagine that triple oxygen 

will cross over to singlet state more often. This is in line with the fact 

that GFP is more photostable than CFP and BFP. 

 

 

Figure 2. Histograms of the energy gaps between the triplet+triplet 

and the singlet+singlet states obtained with geometry ensembles 

from dynamics simulations. 

 

Of course, as can be easily inferred from Figure 1, this 3O2 to 1O2 

conversion will take place when the oxygen molecule is in close 

proximity with the chromophore, likely inside the protein barrel 

structure. Indeed, researchers have explained that the shielding from 

oxygen diffusion is a key factor behind high photostability.9,21 

Similarly, a reduction of the volume of the accessible space around 

the chromophore will give rise to a photostability increase by 

decreasing the number of oxygen molecules near the chromophore. 

For example, major mutation sites in azurite10 and EBFP2.0,11 the 

BFP variants with ~100-fold increases in photostability, are close to 

the chromophore and do not appear to change the barrel structure 

toward hindering oxygen diffusion. Perhaps, this fact can also be 

used for justifying the photostability difference between BFP and 

CFP. Chromophore units of both proteins showed a similar frequency 

of approaching regions of lower energy gaps (Figure 2). However, 

the CFP chromophore is bulkier than the BFP chromophore due to its 

Y66W mutation, leading to an effectively smaller cavity size. 

In conclusion, we have inspected the energetics of the singlet oxygen 

formation around triplet-excited FP chromophore with quantum 

chemical means. From our approach of scanning the oxygen 

locations, even though it was quite crude and approximate in its 

nature, we have argued that the energetic driving force for the spin-

exchange type of reaction does not depend strongly on the 

chromophore – O2 distance, and that the chromophore vibrations 

contribute much to the energy gap modulation. By performing 

CASPT2 calculations combined with AIMD simulations, we tried to 

draw a series of rationalizations of different photostabilities of 

different fluorescent proteins. The results suggested, at least weakly, 

that the chance of encountering surface crossing points is higher with 

proteins with lower photostabilities. We also note that the singlet 

oxygen formation and the related photobleaching are governed by 

many complicated factors. They are definitely affected by the 

chromophore characteristics, but at the same time by diffusion-

blocking by the tight -barrel and space-accessibility inside the 

cavity around the chromophore. Theoretical approaches with atomic 

resolutions can indeed be powerful tools toward understanding such 
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complicated physical aspects, and they will surely be helpful in 

performing related future investigations especially when they are 

carried out in a careful manner against many possible difficulties 

related to excited state treatments. 
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