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Abstract: Energy transfer (ET) complex is not rare in 

bioluminescence. Usually, the ET occurs from the donor with 

higher emission energy to the acceptor with lower absorption 

energy. However, a blue-shifted ET is observed in the 

bioluminescence (BL) of Photobacterium phosphoreum (PP). The 

luminophore, 4a-hydroxy-5-hydro-flavin mononucleotide at the 

first singlet excited state (S1-HFOH), in solitary PP luciferase 

(PPLuc) emits light at 495 nm.  When a proportional concentration 

of lumazine protein (LumP) with a substrate of 6,7-dimethyl-8-

ribityllumazine (DLZ) is introduced, the emission wavelength changes to 475 nm, accompanied by a 2.1-fold enhancement 

in intensity. The blueshift is only an observation, whose ET mechanism has not been uncovered over fifty years of research. 

In the present article, we evidenced that the ET process occurs via a Förster resonance energy transfer (FRET) mechanism 

by protein-protein docking and molecular dynamics (MD) simulations. Moreover, utilizing the combined quantum 

mechanics and molecular mechanics (QM/MM) method, we calculated the FRET rate and fluorescence quantum yield. The 

small Stokes shift of DLZ as well as the strong vibronic couplings of HFOH allow the blue-shifted FRET process. The 

calculated FRET rate is larger than the radiative and non-radiative decay ones of S1-HFOH, and the fluorescence quantum 

yield of S1-DLZ is higher than the one of S1-HFOH, which clearly explains the experimentally observed enhancement of 

the emission intensity. Simultaneously, the blue-shifted FRET mechanism firstly interpreted that the wild-type PP emits 

475 nm BL rather than 490 nm one as the other species of bioluminescent bacteria do. This first-time deep investigation 

establishes a theoretical research paradigm for the theoretical study of ET and holds significance in color regulation in the 

BL field.    
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1. Introduction 

The phenomenon of bioluminescence (BL) is widespread in 
marine and terrestrial organisms [1], and has been applied in 
fluorescent probes, medical research, environmental monitoring 
and so on [2-5]. Among them, the bacterial BL is specially used 
for real-time in vivo imaging due to the low cost and simple 
operation [6]. It was widely accepted that all bioluminescent 
bacteria emit BL through the same mechanism in the bacterial 
luciferase [7-9]. As described in Scheme 1a, the reaction process 
includes five stages: the reduced flavin mononucleotide anion 
(FMNH-) reacts with oxygen to produce 4a-hydroperoxy-5-
hydro-FMN (HFOOH); HFOOH reacts with the long-chain 
aliphatic aldehyde (RCHO) to yield 4a-peroxyhemiacetal-5-
hydro-FMN [HFOOCH(OH)R]; HFOOCH(OH)R dissociates to 
generate the first singlet excited state (S1-state) 4a-hydroxy-5-
hydro-FMN (S1-HFOH) and carboxylic acid (RCOOH); the 
bioluminophore S1-HFOH deexcites to HFOH and emits light [10, 
11]; HFOH dehydrates and transforms into flavin 
mononucleotide (FMN). Most of the known over 30 species of 
bioluminescent bacteria emit BL of wavelength around 490 nm 
[12,13]. However, the BL wavelength of Photobacterium 
phosphoreum (PP) is 475 nm [9,10]. The BL of 475 nm 
wavelength is not emitted by the S1-HFOH in the PP luciferase 
(PPLuc), but by the S1-state 6,7-dimethyl-8-ribityllumazine 
(DLZ) [14] [see Scheme 1(b)] in an antenna protein, Lumazine 
Protein (PPLumP) [15-17]. The experiments found that S1-
HFOH in solitary PPLuc has a maximum BL wavelength at 495 
nm [9, 18]. When PPLumP is added, the maximum emission 
wavelength changes to 475 nm [19] accompanied by an enhanced 
intensity [18]. The extent of intensity enhancement is related to 
the concentration of the added PPLumP. Specifically, when the 
concentration of the added PPLumP is equal to that of PPLuc, 
the BL intensity increases by approximately 2.1-fold (as shown 
in Table 3 of ref 16) [16]. Lee et al. believed that the 20 nm 
blueshift is caused by an energy transfer (ET) taking place from 
HFOH in PPLuc to DLZ in PPLumP [20]. After more than fifty 
years of research, the ET mechanism is still unclear. It is difficult 
to obtain the complex structure of PPLuc and PPLumP by using 
the X-ray diffraction or nuclear magnetic resonance (NMR) 
spectroscopy [10], since the interaction time between energy 
donor protein (PPLuc) and energy acceptor protein (PPLumP) is 
very short. 

The purpose of the present study is to investigate the blue-
shifted ET mechanism with the aid of computational chemistry. 
We comprehensively applied the protein-protein docking, 
molecular dynamics (MD) simulations and combined quantum 
mechanics and molecular mechanics (QM/MM) calculations to 
thoroughly understand the ET mechanism. By reason of 
mechanistic similarity, the current research is helpful to 
understand the photosynthesis process of plant [21] and apply the 
technology of bioluminescence resonance ET (BRET) [22].  
 
2. Theoretical Method  

2.1 Computational systems 

Originally, we intended to study the ET from HFOH in PPLuc to 
DLZ in PPLumP. However, both the crystal structures of PPLuc and 
PPLumP have not yet been obtained experimentally. The amino acid 
sequence of Photobacterium kishitanii LumP (PKLump, PDB: 3A3G) 

 

 
 
Scheme 1. (a) The rough reaction process in bacterial BL. R and 
R′ represent long-chain aliphatic hydrocarbons and 
CH2(CHOH)3OPO3H2 respectively. (b) The structure of 6,7-
dimethyl-8-ribityllumazine (DLZ). R′′ represents 
CH2(CHOH)3CH2OH. 
 

[23] is identical to that of PPLumP (Figure S1). The amino acid 
sequence of α subunit of Vibrio harveyi luciferase (VHLuc, PDB: 
3FGC) [24] has 59.6% identity and 74.1% similarity with that of 
PPLuc [Figure S2 (a)]. For β subunit, the amino acid sequence of 
VHLuc has 47.6% identity and 67.5% similarity with that of PPLuc 
(Figure S2 (b)). Additionally, the predicted structure of PPLuc using 
the SWISS MODEL server [25-27] is found to closely resemble the 
structure of VHLuc [Figure S2 (c)]. As experiments evidenced, 
PPLumP forms 1:1 complex with VHLuc [28]. The addition of 
PPLumP shifts the BL in VHLuc at 485 nm to 475 nm [29]. Therefore, 
it is reasonable to replace PPLuc by VHLuc (3FGC) and PPLumP by 
PKLumP (3A3G). In other words, in this article, to uncover the ET 
mechanism in PP BL, we should study the ET from HFOH in PPLuc 
to DLZ in PKLumP, but for computational convenience, we 
reasonably replace the study on this ET by the study on the ET from 
HFOH in VHLuc to DLZ in PKLumP.  
 

2.2 VHLuc-PKLumP docking and MD simulations 

Before MD simulations, we used the ModLoop server to model the 
missing loop residues 284-289 in VHLuc and 87-93 in PKLumP [30, 
31]. Subsequently, 10 ns MD simulations were performed for HFOH-
VHLuc and DLZ-PKLumP, respectively. Finally, in the equilibrated 
region of the MD trajectories, the equilibrated HFOH-VHLuc and 
DLZ-PKLumP structures were used to perform protein-protein 
docking by the PatchDock [32]. The FireDock was used to refine the 
docked models [33]. Among the top ten protein-protein complex, one 
with the closest distance between DLZ and HFOH (about 18 Å) was 
selected for subsequent 100 ns MD simulation. For convenience, we 
refer to the obtained protein-protein complex as the VHLuc-PKLumP. 
The RMS derivation analyses were presented in Figures S3, S4 and 
S5. The MD simulation is in the periodic boundary conditions at 
constant temperature of 300 K and pressure of 1 atm via the Amber16 
package [34]. The time step was 2 fs. For the details of protein-protein 
docking and MD simulation, see SI. 
 

2.3 QM calculations   
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In bacterial BL, S1-HFOH is obtained by the dissociation of the 
peroxide HFOOCH(OH)R [see Scheme 1(a)]. Our previous 
theoretical calculations suggested that this dissociation process takes 
place through charge transfer initialed luminous (CTIL) mechanism 
[35]. To better explore the ET mechanism, we calculated the potential 
energy curves (PECs) of S0, S1, second excited singlet (S2), first 
excited triplet (T1) and second excited triplet (T2) states in the 
decomposition process of HFOOCH(OH)R. Along the PECs, the 
geometries at the S0 state were obtained at the CAM-B3LYP/6-
31+G** level [35] and the solvation effects of buried active sites of 
VHLuc were considered by using polarized continuum model (PCM) 
[36,37] with a dielectric of 4 [38,39]. Based on the previous 
theoretical calculations [35], in this study, the spin-flip time-
dependent density functional theory (SF-TDDFT) method was used 
to calculate the PECs of S0, S1, S2, T1 and T2 states in the 
decomposition process of HFOOCH(OH)R via the GAMESS US 
package [40]. The BHHLYP functional with 6-31G** basis set was 
applied in the SF-TDDFT calculations, this computational level 
showed good performances in the previous SF-TDDFT benchmark 
work [41], see the SI for details. 
 

2.4 QM/MM calculations   

In this paper, the vertical absorption wavelength (λA, nm) of ground 
state (S0)-DLZ and the vertical emission wavelength (λF, nm) of S1-
DLZ in PKLumP were calculated by using the high-level QM/MM 
method. The DLZ was involved in the QM region, while the 
remaining atoms were involved in the MM region. An active space of 
14-in-12 was used (see Figure S6) for S0- and S1-DLZ to perform 
complete active space self-consistent field (CASSCF) [42] and 
complete active space second-order perturbation theory (CASPT2) 
[43] calculations. The structures of S0- and S1-DLZ were optimized 
at the CASSCF/ANO-RCC-VDZP/MM level. The oscillator strength 
(f), λA and λF were calculated at the CASPT2/ANO-RCC-VDZP/MM 
level. As for calculating the λF of S1-HFOH in VHLuc, the C-C single 
bond connecting with N10 was cut off in R′ group and an H link atom 
was added. The HFOH was involved in the QM region, while the 
remaining atoms were involved in the MM region. An activation 
space of 14-in-12 was used (see Figure S7) for HFOH and the 
calculation level was consistent with that for DLZ. For the MM region 
in QM/MM calculations, the side chains of residues and the water 
molecules within 5 Å of QM region were allowed to relax during the 
optimizations. To consider the effect of the protein fluctuation on the 
absorption and emission spectra [44,45], we selected five snapshots 
at 5, 5.5, 6, 6.5 and 7 ns in the production region from the MD 
trajectories, and used the geometry of these snapshots as the initial 
geometry of the QM/MM calculations to calculate λA and λF. The QM 
region employed CASPT2 method due to its well performance in the 
description of the properties of excited-state molecules [46]. The 
calculated λA and λF values at the other five different snapshots are 
similar (see Tables S1 and S2 in SI). The combination of Molcas [47] 
and Tinker [48] packages were used for the above QM/MM 
calculations. The electrostatic potential fitted (ESPF) method was 
used to achieve the electrostatic coupling between the QM and MM 
region [49].  
 

2.5 Föster Resonance Energy Transfer (FRET) calculations   

ET occurs between an energy donor at the excited state (D∗) and an 
energy acceptor at the ground state (A). In the system we studied, S1-
HFOH is the donor (D∗) and S0-DLZ is the acceptor (A). The rate of 
FRET from a donor to an acceptor can be calculated by formula (1)  
[50-52] 
 

 
𝑘"# = (ℏ$𝑐)%&|𝑉'(|$𝐽 (1) 

where ℏ is the reduced Planck constant and 𝑐 is the light speed. 𝑉)* 
represents the electrostatic interaction between the initial state D∗A 
and the final state DA∗. Considering point dipole approximation and 
the influence of the solvent environment, 𝑉'( can be expressed as: 
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Here, 𝜇⃗'(() denotes the transition dipole moment (TDM) vector of 
donor (acceptor), while 𝑟  represents the distance vector between 
them. 𝜀+  is the vacuum permittivity and 	𝜂  corresponds to the 
refractive index of the solvent environment, which is set to 1.33 (for 
water) in this study. The orientation factor, κ2, which describes the 
relative orientation of the donor and acceptor TDMs, is given by 
formula (3). 
 

 κ$ = (cos θ# − 3cos θ' cos θ()$ (3) 

 
θ# represents the angle between 𝜇⃗' and 𝜇⃗(, while θ' and θ( denote 
the angle between 𝜇' and 𝑟, and between 𝜇⃗( and 𝑟, respectively. J in 
formula (1) corresponds to the overlap integral of the donor's 
normalized emission spectrum [𝐹'(𝜈B)] and the acceptor's normalized 
absorption spectrum [𝐴((𝜈B) ]. The integral J is mathematically 
defined in formula (4). In the spectral overlap region, the emission 
energy of the donor matches the absorption energy of the acceptor, 
this resonance condition makes it possible for the occurrence of 
energy transfer process, where the total system transits from the initial 
state D∗A to the final state DA∗ . The size of the overlap region is 
related to the broadening of spectrum, which is usually caused by the 
coupling between electronical states and vibrational states (vibronic 
coupling).  
 

𝐽 = D 𝐹'(𝜈B)𝐴((𝜈B)
1

+
𝑑𝜈B (4) 

 
𝐹'(𝜈B) and 𝐴((𝜈B) can be obtained from the emission spectrum [𝑓'(𝜈B)] 
and absorption spectrum [𝜀((𝜈B)] by formula (5) and (6). 𝜈B  is the 
wavenumber in cm-1. 
 

 𝐹'(𝜈B) =
𝑓'(𝜈B) 𝜈B,⁄

∫ 𝑑(𝜈B) 𝑓'(𝜈B) 𝜈B,⁄1
+

 (5) 

 𝐴((𝜈B) =
𝜀((𝜈B) 𝜈B⁄

∫ 𝑑(𝜈B) 𝜀((𝜈B) 𝜈B⁄
1
+

 (6) 

 
The values of |𝜇'|$  and |𝜇(|$  can be obtained from the QM/MM 
calculations. A detailed explanation of the formula derivations can be 



Shuangqi Pi et al./ Commun. Comput. Chem., (2025), pp. 61-70 64 

found in the Supporting Information (SI). Based on the concepts 
introduced above, the calculation process is presented in Scheme 2. 
 
2.6 The calculation of spectrum, radiative and non-radiative rates 

The simulations of the absorption spectrum (acceptor), the emission 
spectrum (donor), and the calculations of the radiative (kR) and non-
radiative (kNR) decay rates of donor and acceptor at 300K were 
performed by using the thermal vibration correlation function (TVCF) 
formalism in the MOMAP package [53-56], see SI for details. The 
quantum yield of the radiative process was calculated by formula (7). 
 
 

 
 

Scheme 2. Workflow of the FRET rate calculation approaches. 
 
 

 𝛷 =
𝑘2

𝑘2 + 𝑘32
 (7) 

 
In TVCF calculations, it is crucial to determine the geometries and 
vibrational frequencies of S₀- and S₁-HFOH in VHLuc, as well as 
those of S₀- and S₁-DLZ in PKLumP. Additionally, the TDMs, 
adiabatic energies and non-adiabatic couplings (NACs) between the 
S₀ and S₁ states are also required. In this study, the adiabatic energies 
of HFOH and DLZ between S0 and S1 states, along with their TDMs, 
were computed at the CASPT2//CASSCF/ANO-RCC-VDZP/MM 
level. Meanwhile, the vibrational frequencies of HFOH and DLZ at 
the S0 and S1 states, as well as the NACs between them, were 
determined using the ONIOM methodology at the (TD) CAM-
B3LYP/6-31G**/MM level, implemented in the Gaussian 16 
package. 
 

3. Results and discussion  

3.1 Analysis of the VHLuc-PKLumP complex interface 

In order to investigate the mechanism of ET between HFOH and 
DLZ, we first analyzed the structure of VHLuc-PKLumP. Before 
protein-protein docking, the substrate DLZ of PKLumP, is on the 
surface of the protein, while the substrate HFOH of VHLuc is on 
the β-barrel of the α subunit (Figure S8). The structure of VHLuc-
PKLumP is shown in Figure S9(a). The Fpocket program [57, 58] 
was employed to detect the cavity of VHLuc-PKLumP and the 

result revealed that DLZ and HFOH occupy the same cavity as 
shown in Figure S9(b). This provides conditions for the 
subsequent ET process. Subsequently, the properties of the 
interface of VHLuc-PKLumP were analyzed on the PDBePISA 
server [59]. The analysis results shown in Figure 1 indicate that 
hydrogen bonds could be formed between Glu15, Glu210, 
His285, Asp287, Arg291, Asp293, Tyr294 of VHLuc and Met1, 
Thr21, Val41, Gln65, Arg86, Lys103, Asp127, Thr182 of 
PKLumP to assist the VHLuc-PKLumP stabilization. More 
detailed information for the formation of hydrogen bonds is 
shown in Table S3. The buried surface area (BSA) of VHLuc-
PKLumP was calculated to be 2,606 Å2 which is large enough 
for the protein-protein complex [60]. The interfacing residues are 
shown in Table S4. The surface electrostatic potential of 
PKLumP and VHLuc were calculated by PDB2PQR and 
evaluated in Adaptive Poisson-Boltzmann Solver (APBS) [61]. 
The calculation results are shown in Figure S10. The results 
indicate that the interface have charge complementarity between 
Glu175, Lys259, Lys283, Asp287, Asp293 in VHLuc and Met1, 
Glu34, Ser35, Val36, Gln65, Leu93, Lys103 in PKLumP. Based 
on the discussion above, the formation of hydrogen bonds at the 
interface and the presence of electrostatic interactions can 
improve the stability of VHLuc-PKLumP. 
 

 
 
Figure 1. Views of amino acid residues that form hydrogen 
bonds between VHLuc and PKLumP  in the VHLuc-PKLumP 
interface analyzed by PDBePISA [59]. The blue-colored protein 
represents PKLumP, while the green-colored protein represents 
VHLuc. 
 

3.2 The mechanism of energy transfer from HFOH to DLZ in 

VHLuc-PKLumP 

Usually, the nonradiative ET can happen through Dexter energy 
transfer (DET) or FRET [62,63]. For FRET, ET from the donor 
to the acceptor is mediated by Coulombic interactions [62,64], 
whereas DET relies on orbital overlap and electron exchange [63, 
65]. Generally, the effective distance for orbital overlap and 
electron exchange between the donor and acceptor is limited to 
approximately 10 Å, while Coulombic interactions can extend up 
to 100 Å. Therefore, the FRET mechanism is mainly considered 
when donor and acceptor are far apart (10-100 Å), while the DET 
mechanism is considered only when donor and acceptor are close 
enough (< 10 Å) [66,67]. As illustrated in Figure S11, our 100 ns 
MD simulation results indicate that the donor-acceptor distance 
falls within the range of 17–23 Å. This means that the ET process 
from HFOH to DLZ follows the FRET mechanism, which is 
consistent with Lee's opinion [20].  

Bioluminophore comes from the decomposition of peroxide 
in BL, such as firefly [68,69], jellyfish [70], firefly squid [71], 
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fugus, [72] bacteria [35] and so on. In bacterial BL, HFOH is 
generated by the decomposition of HFOOCH(OH)R [see 
Scheme1(a)]. We calculated the decomposition process of 
HFOOCH(OH)R and the calculation results are shown in Figure 
S12. From Figure S12, the entire reaction can release energy of 
about 107.5 kcal/mol (270 nm in wavelength), which means that 
the energy released is enough to excite HFOH. However, the 
product HFOH could be in different excited states. In order to 
determine the ET process from which state of HFOH to S0-DLZ 
via FRET mechanism, we calculated the PECs of S0, S1, S2, T1 
and T2 states in decomposition process of HFOOCH(OH)R (see 
Figure S13). Because of the large energy gap between S0- and S2-
PECs (the minimum energy gap >20 kcal/mol), only S1-, T1-, and 
T2-HFOH will be generated. Subsequently, to explore the 
possibility of ET from T2- and T1-HFOH in VHLuc to S0-DLZ in 
PKLumP by FRET mechanism [T2/T1 (HFOH) + S0 (DLZ) → S0 
(HFOH) + S1 (DLZ)], the energy gaps between T2-HFOH and S0-
HFOH, as well as T1-HFOH and S0-HFOH, were calculated. The 
calculated energy gap of 77.4 kcal/mol (370 nm) between the T2- 
and S0-HFOH in VHLuc is enough to excite DLZ in PKLumP 
from the S0 to the S1 state (68.2 kcal/mol, 420 nm) [73]. However, 
the energy gap between the T1- and S0-HFOH in VHLuc is 47.0 
kcal/mol (609 nm), which is lower than the absorption energy of 
S0-DLZ in PKLumP. The spin-orbital coupling (SOC) constant 
was calculated between the T2- and S0-HFOH, as well as the T2- 
and S1-HFOH in VHLuc to be 0.17 and 0.54 cm-1, respectively. 
The SOC constant between the T1- and S0-HFOH, as well as the 
T1- and S1-HFOH in VHLuc to be 0.73 and 0.09 cm-1. The 
obtained SOC value indicates that the intersystem crossing (ISC) 
from the T2- and T1-HFOH to the S0-HFOH in VHLuc is unlikely 
to occur. Therefore, the possibility of ET from the T2- and T1-
HFOH in VHLuc to the S0-DLZ in PKLumP by FRET mechanism 
can be ruled out. 

Currently, we only need to consider ET from S1-HFOH in 
VHLuc to S0-DLZ in PKLumP by FRET mechanism [S1 (HFOH) 
+ S0 (DLZ) → S0 (HFOH) + S1 (DLZ)]. The rate of FRET (kET) 
is determined using formula (1). To obtain the necessary 
parameters for this calculation, the overlap integral between the 
emission spectrum of S₁-HFOH in VHLuc and the absorption 
spectrum of S₀-DLZ in PKLumP must be calculated. After 
calculating the overlap integral, kET needs to be determined in 
VHLuc-PKLumP. One, a snapshot was randomly selected from 
the equilibrated region of the MD simulation, and its geometry 
was used as the initial geometry for QM/MM optimization. The 
CASSCF/ANO-RCC-VDZP/MM optimized S0-DLZ geometry in 
PKLumP and the S1-HFOH geometry in VHLuc as well as the 
hydrogen bonding networks around them are drawn in Figure 2. 
Under the influence of these hydrogen-bonding interactions, both 
S₁-HFOH and S₀-DLZ maintain a stable planar configuration. 
Two, the values of λF, λA and TDM for S1-HFOH and S0-DLZ 
were computed at the CASPT2/ANO-RCC-VDZP/MM level. 
The results of these calculations are summarized in Table S5. By 
comparing the data from Tables S1, S2, and S5, we found that 
the λF and λA values obtained from the randomly selected 
snapshot closely match the average values derived from five 
different snapshots, confirming the reliability of our approach.  

The transitions of DLZ and HFOH between the S0 and S1 
states both belong to π-π* type (see Figures S6 and S7 for 
orbitals), which are consistent with their large TDMs. Three, 
based on the CASPT2 calculated results (energies and TDMs).  

 
 
Figure 2. Optimized geometries and hydrogen bonding networks 
of S1-HFOH in VHLuc (a) and S0-DLZ in PKLumP (b) at the 
CASSCF/ANO-RCC-VDZP/MM level. The purple atom in (a) is 
the H link atom. The unit of hydrogen bond length is Å. 
 
and the DFT/TDDFT calculated vibrational frequencies at the S0 
and S1 states, the absorption spectrum of S0-DLZ and the 
emission spectrum of S1-HFOH and were simulated by using the 
TVCF formalism in the MOMAP package. It should be noted that 
we both considered the electronic states and the vibrational states 
in the simulation of spectra. The simulation results are shown in 
Figure 3, which agrees very well with the experimental results, 
see the caption of Figure 3 for details. At last, the calculated 
spectral overlap (yellow region in Figure 3) integral 𝐽 by formula 
(4) is 2.49×10-5 cm. 

In the equilibrated region of the 100 ns MD trajectory of 
VHLuc-PKLumP, we selected an representative equilibrated 
structure and performed geometry optimization of the QM region 
(HFOH and DLZ) on the S1 state at the TD CAM-B3LYP/6-
31G**/MM level. The calculation process is shown in Figure 4. 
In Figure 4, the red arrows represent the TDMs (𝜇) of the donor 
and acceptor while the blue arrow denotes the distance vector r⃗ 
connecting the chromophore centers of mass of the donor and 
acceptor (yellow dots in Figure 4). Based on this structural 
analysis, the donor-acceptor distance r was estimated to be 19.8 
Å. Additionally, cos θT, cos θA and cos θD were calculated to be 
0.235, -0.424 and -0.699, as shown in Figure 4 (see Table S6 for 
calculation details). Therefore, the orientation factor κ2 was 0.43  

 

 
 

Figure 3. Simulated absorption spectrum of S0-HFOH (peak at 
363 nm) and emission spectrum of S1-HFOH (peak at 486 nm, 
exp: 485 nm [74]) in VHLuc. Simulated absorption spectrum of 
S0-DLZ (peak at 427 nm, exp: 420 nm [73]) and emission 
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spectrum of S1-DLZ (peak at 477 nm, exp: 475 nm[9]) in 
PKLumP. The yellow region represents the spectral overlap. The 
blue line represents the 0-0 transition (about 423 nm) between 
S0- and S1-HFOH. 
 
by using formula (3). Based on the previously obtained results, 
|𝑉)*|$  was calculated as 1.34×10-44 kg2m4s-4. Finally, using 
formula (1), kET was calculated to be 1.01×109 s-1. To further 
validate these results, we selected three additional snapshots 
from the MD trajectory at 60, 70, and 80 ns as initial geometries 
for QM/MM calculations and computed the corresponding FRET 
rates. As shown in Table S7, all calculated FRET rates are ~109 
s⁻¹, demonstrating the consistency of our results. 
 

  
 
 
Figure 4. Optimized geometries of HFOH and DLZ complex at 
the S1 state computed at the TD CAM-B3LYP/6-31G**/MM level. 
For the enlarged part on the left, the red arrow is the TDM of 
DLZ (𝜇⃗4) and the yellow dot indicates the center of mass of DLZ 
chromophore. For the enlarged part on the right, the red arrow is 
the TDM of HFOH (𝜇⃗') and the yellow dot indicates the center 
of mass of HFOH chromophore. The center of mass of (yellow 
dots shown in figure) donor and acceptor represent the two ends 
of the distance vector 𝑟 (blue arrow). The direction of the TDM 
of DLZ is along the direction from C8a to C8. The direction of the 
TDM of HFOH is along the direction from C9a to C10a. θT, θA and 
θD represent the angles between the three vectors 𝜇4, 𝜇⃗' and 𝑟. 
 
 

We also computed the fluorescence rates (kF) and internal 
conversion rates (kIC) of S1-HFOH in VHLuc and S1-DLZ in 
PKLumP, from the S1 state to the S0 state, using the TVCF 
formalism via the MOMAP package. In the studied system, 
fluorescence is the exclusive pathway for radiative decay, which 
means kF is equivalent to kR. Due to the small SOC values 
between the S1 and T1 states of HFOH (0.09 cm-1) and DLZ (0.14 
cm-1), computed at the CASPT2/ANO-RCC-
VDZP//CASSCF/ANO-RCC-VDZP/MM level, the ISC process 
between the S1 and T1 states can be neglected. Consequently, we 
consider kIC to be approximately equal to kNR. The fluorescence 
quantum yield (ΦF) was calculated using formula (7). The 
computational results are summarized in Table 1. The kR and kNR 
of S1-HFOH are 6.14×107 and 1.12×108 s-1, respectively. After 
the addition of PKLumP to the BL system of VHLuc, the VHluc-
PKLumP complex is formed accompanied by the FRET process 
from S1-HFOH to S0-DLZ. The calculated FRET rate to be 

1.01×109 s-1, which is much larger than the kR and kNR of S1-
HFOH. This indicates that the FRET process from S1-HFOH to 
S0-DLZ occurs with high efficiency in the VHLuc-PKLumP 
complex. After the efficient FRET process, S0-DLZ is excited to 
S1-DLZ. As shown in Table 1, the calculated ΦF of S1-DLZ is 
about 1.9 times that of S1-HFOH, which well explain the 
observed 2.1-fold enhancement in BL intensity.  

Usually, when FRET occurs between organic molecules, the 
maximum emission wavelength is red-shifted. The blue-shifted 
ET process has been found in metal nanoparticles-semiconductor 
and metal nanoparticles-organic molecule systems [75-77]. 
Researchers believed that this phenomenon follows the plasmon-
induced resonance energy transfer (PIRET) mechanism [76, 78]. 
The main reason is that the metal nanoparticles have small Stokes 
shift, leading to the good spectral overlap between donor and 
acceptor. In the PP BL process, the experimentally determined 
maximum emission wavelength of S1-DLZ (475 nm) is shorter 
than the maximum emission wavelength of S1-HFOH (485 nm). 
This is well verified by the present calculations (S1-HFOH: 486 
nm, S1-DLZ: 477 nm in Figure 3) as experiment. For the above 
unusual blue-shifted FRET process occurring between organic 
molecules, we can explain this phenomenon with the similar idea 
as PIRET mechanism. First, there is a large overlap between the 
absorption spectrum of S0-DLZ and emission spectrum of S1-
HFOH, which ensures the efficient FRET from the donor to the 
acceptor. From Figure 3, we can see that the broad emission 
spectrum of S1-HFOH, which is mostly caused by the strong 
vibronic coupling of HFOH molecule. The energies of vibronic 
transitions of S1-HFOH in the spectral overlap region are higher 
than the emission peak of S1-DLZ (477 nm) as shown in Figure 
3, which guarantees S1-DLZ still has enough energy to emit light 
after FRET. These high-energy vibronic transitions can resonate 
with the vibronic transitions of S0-DLZ (spectral overlap region 
in Figure 3), resulting in the ET from S1-HFOH to S0-DLZ The 
whole ET process still follows the principles of energy 
conservation. Due to the small Stokes shift (50 nm in our 
calculation) of DLZ, the maximum emission wavelength of S1-
DLZ is blue-shifted compared with the maximum emission 
wavelength of S1-HFOH. The experimentally determined Stokes 
shift of DLZ is 82 nm in water [14] and 55 nm in PPLumP [18, 
73]. The smaller Stokes shift in PPLumP than in water is due to 
the formation of H-bond network between DLZ and residues, 
which limits structural changes of DLZ and increases its rigidity. 

  
Table 1. The calculated radiative rate (kR), non-radiative rate 
(kNR) and fluorescence quantum yield (ΦF) of S1-HFOH in 
VHLuc and S1-DLZ in PKLumP. 

 S1-HFOH in VHLuc S1-DLZ in PKLumP 

kR (s-1) 6.14×107 3.30×107 

kNR (s-1) 1.12×108 1.60×107 

ΦF 0.35 (0.33[a]) 0.67 (0.54[b]) 

[a]. The fluorescence quantum yield of luciferase from Vibrio 
Harveyi at 2 ℃ [79]. [b]. The fluorescence quantum yield of 
LumP from Photobacterium leiognathi at 20 ℃ [80]. 
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Based on the above discussion, the calculation results 
demonstrate that, after the ET in VHLuc-PKLumP, S0-DLZ is 
excited to S1-DLZ and subsequently emits BL. Our protein-
protein docking results predicted a favorable interaction between 
VHLuc and PKLumP. The QM/MM calculations confirmed that 
the electronic structures of HFOH and DLZ are well-suited for 
FRET, with significant overlap between the emission spectrum 
of S1-HFOH and the absorption spectrum of S0-DLZ. The 
experimentally estimated kET is in the range of 4´108 to 109 s-1 
[81]. The ET rate calculated from our docking model falls within 
the estimated range. Moreover, since the donor and acceptor are 
within proteins, their relative orientation is constrained and 
cannot be assumed to be random. Therefore, the commonly used 
κ2 = 2/3 value for random orientation cannot be applied in this 
case. Instead, we calculated a specific κ2 value based on our 
actual system, which represents an improvement over traditional 
experimental methods that rely on the average κ2 value. 
 

4. Conclusion 

Most of the known bioluminescent bacteria species emits BL 
around 490 nm, but PP emits 475 nm BL and much brighter. 
Besides the regular bioluminescent system of HFOH-PPLuc, PP 
has an extra bioluminescent system, DLZ-PPLumP. The 475 nm 
wavelength light is emitted by the latter system after an ET from 
the former system. We thoroughly investigated the blue-shifted 
ET mechanism. PPLuc and PPLumP were reasonably replaced 
by VHLuc and PKLumP, respectively. We obtained VHLuc-
PKLumP complex structure by protein-protein docking 
indicating that a FRET process occurs from S1-HFOH to S0-DLZ. 
The FRET rate was calculated to be ~109 s-1 through the MD 
simulations and QM/MM calculations, which is faster than the 
S1-HFOH radiative rate (~107 s-1) and non-radiative rate (~108 s-
1). The fast FRET rate indicates that the FRET from S1-HFOH to 
S0-DLZ in VHLuc-PKLumP occurs efficiently. The small Stokes 
shift of DLZ as well as the strong vibronic coupling of HFOH 
allow the blue-shifted FRET process. The calculated ΦF of S1-
DLZ in PKLumP is 1.9-fold than that of S1-HFOH in VHLuc, 
which explains the 2.1-fold enhancement in BL intensity of PP. 
The understanding on the ET in the PP system not only did it 
help us deepen our understanding of the entire bacterial BL 
process, but also helps to understand other bioluminescent 
systems and provides new insights into BRET. The 
understanding of the ET mechanism in the PP system has not 
only enhanced our comprehension of the entire bacterial BL 
process but also contributes significantly to the broader 
understanding of various bioluminescent systems. Moreover, it 
provides valuable contributions to the development of BRET 
techniques, thereby providing new insights for applications in 
molecular biology, diagnostics, and real-time cellular imaging. 
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