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ABSTRACT: The fully reduced flavin cofactor (FADred) in ferredoxin-NADP+ oxidoreductase 

(FNR) is a functional intermediate that displays different catalytic and steady-state spectral 

properties for enzymes from Bacillus subtilis (BsFNR), Chlorobaculum tepidum (CtFNR) and 
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Rhodopseudomonas palustris (RpFNR). Using ultrafast spectroscopy, we reveal that at 

physiological pH, photoexcited FADred in BsFNR and RpFNR exhibits unprecedentedly fast 

decays (dominantly in 6 and 8 ps, respectively), whereas in CtFNR the decay is much slower (~400 

ps), as in other flavoproteins. Correlating these observations with the protonation states of FADred 

and the dynamic properties of the protein environment, we conclude that the excited state of neutral 

FADred can be intrinsically short-lived even in proteins, contrasting with the well-documented 

behavior of the anionic form that systematically displays markedly increased excited-state lifetime 

upon binding to proteins. This work provides new insight into the photochemistry of fully reduced 

flavins, which are emerging as functional initial states in bioengineered photocatalysts. 

TOC GRAPHICS 

 

Flavins are redox-active cofactors found in a large variety of enzymes and photoreceptors. 

They are accommodated in proteins essentially as flavin adenine dinucleotide (FAD) or flavin 

mononucleotide (FMN), and can exist in at least five physiologically relevant redox and 

protonation states.1 In the majority of flavoenzymes, the oxidized quinone form is the resting state. 

For enzymes participating in two-electron redox processes, the (two-electron) fully reduced 

hydroquinone form can also be viewed as a quasi-stable active state that reacts with various 
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substrates (usually external electron acceptors) to complete the catalytic cycle.2–4 In recent years, 

inspired by the catalytic cycle of the photoenzyme, DNA photolyase,4 employing fully reduced 

flavins as the functional state has become a promising strategy in the development of 

bioengineered flavin-dependent photocatalysts.5–7 Therefore, fundamental knowledge of the 

properties of protein-bound fully reduced flavins is required both for understanding the catalytic 

mechanism of many natural flavoenzymes, and for enabling the rational design of flavoprotein 

variants as photocatalysts. However, time-resolved spectroscopic studies of fully reduced flavins 

in proteins8–14 are scarce compared to those in the oxidized state.15 

Fully reduced flavins naturally occur either in the anionic (FADH− or FMNH−) or 

protonated, neutral (FADH2 or FMNH2) form.1 It is commonly assumed that fully reduced (both 

neutral and anionic) flavins are virtually nonfluorescent in aqueous solution, but they can have 

long-lived, and therefore highly fluorescent, excited states in a protein environment or at low 

temperatures.8,9,11 This feature has been interpreted as a result of excited-state deactivation via a 

conical intersection (CI) with the ground state that can be reached through butterfly bending 

motions of the isoalloxazine ring system.10,12 In confined environments or at low temperatures 

such motions are hindered, leading to long-lived (up to nanoseconds) excited states. Yet, time-

resolved spectral characterization of protein-bound fully reduced flavins has thus far been limited 

to the anionic forms (or to conditions with the anionic forms as the major fraction). Such studies 

included those concerning lactate oxidase, D- and L-amino acid oxidase, flavodoxin,9 DNA 

photolyase,10 glucose oxidase (GOX), the flavodehydrogenase component from flavocytochrome 

b2
11 and thymidylate synthase ThyX.12 To the best of our knowledge, the excited-state properties 

of the protonated neutral form remain unexplored in a protein environment. 
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In this work, we apply time-resolved fluorescence and absorption spectroscopy to 

investigate the excited-state dynamics and spectral properties of the fully reduced FAD cofactor 

(FADred) in three homologous ferredoxin-NADP+ oxidoreductases (FNRs): FNR from Bacillus 

subtilis (BsFNR), Chlorobaculum tepidum (CtFNR), and Rhodopseudomonas palustris (RpFNR). 

FNR is flavoenzyme that catalyzes the two-electron transfer reaction between the iron-sulfur 

protein ferredoxin and NAD(P)+/H.16,17 BsFNR, CtFNR and RpFNR (for sequence information see 

Figure S1) belong to a subgroup of NADPH-thioredoxin reductase (TrxR)-type FNRs found in 

green sulfur bacteria, firmicutes and several alpha-proteobacteria.18 This group is distinct from 

other types of FNR because it forms a homodimer in solution as a functional catalytic unit, and 

conserves structural topology with bacterial TrxR.19–22 Crystal structures of these enzymes are 

available, but only for the oxidized form FADox (Figure 1A–C) and they reveal a very similar 

flavin environment. Histidine (His324), phenylalanine (Phe337), and tyrosine (Tyr328) stack on 

the re-face of the isoalloxazine ring moiety of the flavins in BsFNR, CtFNR, and RpFNR, 

respectively.22 Threonine residues are located close to the N5 atom of the flavins in the active site 

of BsFNR and RpFNR (Thr326 and Thr330, respectively), while a serine residue is located at a 

similar position in CtFNR (Ser339). These residues form hydrogen bonds with the N5 atom of the 

oxidized flavins, which may help maintain the position of the C-terminal extension region in 

contact with the FAD-binding domain.22 Previous studies have demonstrated that, whereas in the 

oxidized state BsFNR, CtFNR and RpFNR exhibit similar kinetic behavior in the redox reactions 

with NADPH, the reactions of the fully reduced enzymes with NADP+ are diverse in terms of 

charge-transfer complex formation and hydride transfer rates between FADred and NADP+.17,18,22 

Altogether, despite the structural similarities of the three oxidized FNRs, the cofactors presumably 

differ in their electronic properties in the reduced state. 
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Figure 1. Active sites of BsFNR (A, PDB entry: 3LZW), CtFNR (B, PDB entry: 3AB1) and 

RpFNR (C, PDB entry: 5YGQ) in the oxidized state. (D) Steady-state absorption spectra of FADred 

and FADox (inset) in BsFNR, CtFNR and RpFNR at pH 7. The reduced samples were prepared by 

chemical reduction using dithionite. 

As shown in Figure 1D, at pH 7, the steady-state absorption spectra of FADred in BsFNR 

and RpFNR are both characterized by an absorption band in the visible peaking near 450 nm, 

whereas that of CtFNR lacks such a peak and displays a shoulder around 400 nm. Comparison 

with the spectra of fully reduced flavins obtained in aqueous solution and other flavoproteins 

systems (Figure S2) may suggest that FADred in CtFNR is predominantly in the anionic form while 

in BsFNR and RpFNR it is predominantly in the neutral form. However, the strong variation in the 

reference spectra precludes a definitive assignment based on these spectra alone (Section SI2). 

Therefore, we investigated the effects of pH on the absorption spectra of FADred in these FNRs 
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(Figure S3). In the pH range where the proteins remain stable (pH 6–10 for BsFNR and CtFNR, 

and 6–9 for RpFNR), the spectra were found to change with pH, indicating conversion between 

different protonation states. The pKa associated with the spectral changes of FADred can be roughly 

estimated (Section SI3) as close to 6 in CtFNR, between 7 and 8 in BsFNR, and higher than 8 in 

RpFNR. Therefore, it can be inferred that at pH 7, FADred in CtFNR exists predominately as 

FADH− and that in RpFNR as FADH2, while in BsFNR it is a mixture of FADH2 and FADH−, with 

the former being preponderant. Compared with free FADred in aqueous solution (pKa = ~6.7),23 the 

pKa of FADred in BsFNR and RpFNR are clearly upshifted. From the active-site structures of the 

three FNRs (Figure 1A–C), it can be inferred that the C-terminal residues contribute to the pKa 

shift; in particular, whether it is a hydrophobic phenylalanine, or a hydrophilic histidine/tyrosine 

stacking on the re-face of the flavins may have a direct effect on the hydrogen-bonding networks 

in the protein active sites.  

In many flavoproteins, determination of the protonation states of fully reduced flavins can 

be challenging as they are usually not titratable in the pH ranges where the proteins are stable.8 

Therefore, with the protonation states unambiguously identified, here the three FNRs can be 

considered as suitable systems to investigate the excited-state properties of protein-bound FADred, 

in particular, those of the essentially unexplored neutral form FADH2.  

We performed time-resolved fluorescence measurements on FADred in the three FNRs at 

pH 7 (Figures S9 and Figure 2, 3). For comparison, experiments were performed under the same 

experimental conditions on FADred in aqueous solution and in GOX, which have also been 

previously studied by others.10–12,24 
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Figure 2. Fluorescence decays of FADred in BsFNR, CtFNR and RpFNR at pH 7 monitored at 587, 

532 and 589 nm (A), as well as FADH− and FADH2 in aqueous solution (at pH 10 and 4), and 

FADH− in GOX (at pH 7), monitored at 569, 593 and 530 nm, respectively (B). The intensities are 

normalized, and exponential fits are shown as smooth curves. 

In aqueous solution, based on global analysis (Figure 3F), we determined that the 

fluorescence of free FADH− mainly decays in 20 ps, with a 2-ps fast phase, which has been 

assigned to an excited-state relaxation process (Figure 2B).10,12 The fluorescence of free FADH2 

predominantly decays in 4 ps, and no additional relaxation phase is required to fit the data (Figures 

2B, 3E). These kinetics are consistent with previous observations.10,12,25 The obtained decay 

associated spectra (DAS), which are reported here for the first time, demonstrate that in solution, 

excited-state FADH− emits with a maximum at ~575 nm (Figure 3F), in contrast to FADH2 where 

an emission maximum positioned at a much longer wavelength (~620 nm) was observed (Figure 

3E). 
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Figure 3. DAS from the global analysis of the time-resolved fluorescence spectra of FADred (see 

Figure S9) in BsFNR (A), CtFNR (B) and RpFNR (C) at pH 7, and FADH− in GOX (D),26 as well 

as FADH2 (E) and FADH− (F) in aqueous solution at pH 4 and pH 10, respectively. Intensities are 

normalized on the maxima of the dominant phases.  

The fluorescence of FADred in CtFNR can be reasonably fitted with a monophasic decay 

with a time constant of 400 ps (Figure 2A), and the corresponding DAS has an emission maximum 

at ~550 nm, which is very similar to the DAS of the FADH− fluorescence in GOX that decays in 
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~800 ps (Figure 3B, D).26 These findings are in full agreement with the above assessment that at 

pH 7, the FADred cofactor in CtFNR exists as single species, i.e., FADH−. 

On the other hand, the fluorescence of FADred in BsFNR and RpFNR is dominated by much 

faster decay phases (Figure 2A). Both can be reasonably fitted with two components. For BsFNR, 

the time constants are determined as 6 and 300 ps, and those for RpFNR are 8 and 700 ps. The 

DAS of the 6-ps phase of BsFNR and the 8-ps phase of RpFNR display emission maxima at ~620 

nm (Figure 3A, C) as for free FADH2 (Figure 3E). The 700-ps phase for RpFNR is very small, and 

the maximum of the corresponding DAS at ~525 nm is close to what would be expected for 

oxidized flavins.27 Therefore, we attribute this long-lived phase to a trace amount of FADox (either 

in non-bound or protein-bound form) and the 8-ps phase to RpFNR-bound FADH2, which is the 

dominant form of FADred in RpFNR at pH 7, as revealed by the steady-state spectral titrations (vide 

supra). 

The 400-ps phase of BsFNR, however, has a more substantial relative amplitude, and its 

DAS exhibits an emission maximum at ~550 nm, similar to those of FADH− in CtFNR and GOX 

(Figures 3A, B, D). The lifetime of 300 ps of this phase is also close to that of 400 ps in CtFNR. 

This result corroborates the assessment that at pH 7, FADred in BsFNR comprises two protonation 

states; the FADH2 majority contributes to the 6-ps phase in the fluorescence decay while the 

FADH− fraction accounts for the remaining 300-ps phase.  
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Figure 4. Kinetic traces at 520 nm from the transient absorption measurements of FADred in 

BsFNR, CtFNR and RpFNR at pH 7 (A), as well as FADH2 and FADH− in aqueous solution at pH 

4 and pH 10, respectively, and FADH− in GOX (B). Intensities are normalized on the maxima. 

The time axes are in linear-logarithmic scale for clarity. 

As illustrated by CtFNR and GOX, the excited state of protein-bound FADH− generally 

decays in hundreds of picoseconds to nanoseconds, more than an order of magnitude slower than 

that of free FADH− in solution (~20 ps).9–12 However, as we here measured by time-resolved 

fluorescence, the excited state of FADH2 in BsFNR and RpFNR display much shorter lifetimes (6 

and 8 ps, respectively), which is close to the 4-ps lifetime of excited free FADH2 (Figures 2, 3). 

To investigate whether the excited states of FADH2 in BsFNR and RpFNR decay directly back to 

the ground state as in other systems, and not via other radiationless pathways such as electron 

transfer, we performed transient absorption measurements. The resulting kinetic traces at 520 nm 

from the measurements are shown in Figure 4, transient spectra at selected decay times in Figure 

S10, and the DAS from the global analysis of the data are shown in Figure 5.  
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Figure 5. DAS from the global analysis of the transient absorption spectra of FADred (see Figure 

S10) in BsFNR (A), CtFNR (B) and RpFNR (C) at pH 7, and FADH− in GOX (D),26 as well as 

FADH2 (E) and FADH− (F) in aqueous solution at pH 4 and pH 10, respectively. Intensities are 

normalized on the maxima of the dominant phases.  

For all the systems, including those of BsFNR and RpFNR, the time constants of the 

dominant components correspond reasonably well with those found in time-resolved fluorescence 

(Figure 3 and Section SI6). This indicates that the excited states deactivate back to the ground 

states without population of longer-lived intermediate states. Altogether, the observed transient 
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spectra comprise contributions from the ground-state bleaching (GSB, ~400–550 nm) 

superimposed on broad excited-state absorption (ESA). Stimulated emission (SE, with maxima at 

~550 nm for FADH− and at ~620 nm for FADH2, cf. Figure 3) presumably also contributes to the 

spectra as negative transient absorption on the red side of the spectra. (Here the negative features 

of GSB and SE are not obvious as they overlap with the strong ESA; cf. Refs. 11, 12.) 

Our transient absorption spectra (Figure 5E, F) of FADH2 and FADH− in aqueous solution 

agree with previous reports.11,24,25 The broad and featureless spectra of the minor long-lived phases 

have been previously assigned to FADH•/hydrated electron and FADH2
•+/hydrated electron pairs 

as a result of biphotonic ionization of FADred.24,25 The DAS of FADH− in CtFNR displays two 

major bands centered at ~530 and ~415 nm, similar to those resulting from excited FADH− in 

GOX. Both are broader compared with that of FADH− in aqueous solution and exhibit a shoulder 

at ~600 nm. The two major bands in the DAS of the 5-ps phase of BsFNR and the 9-ps phase of 

RpFNR, which result from the FADH2 species, are centered at ~500 and 410 nm. These maxima, 

as well as the overall spectral features, are almost identical to those of the DAS of the 4-ps phase 

of FADH2 in solution. The DAS of the 200-ps phase of BsFNR resembles the FADH− transient 

spectrum as in CtFNR, further confirming the coexistence of two protonation states of FADred in 

BsFNR at pH 7.  

 These results, along with transient absorption measurements at different pH conditions 

(Section SI4), unambiguously demonstrate that, in these FNRs, FADH2 intrinsically has a much 

shorter lifetime than FADH−. However, whereas excited free FADH2 in solution decays ~7 times 

faster than free FADH−, in FNRs FADH2 decays ~50 times faster than FADH−. This comparison 

suggests that other factors may also contribute to this extremely fast excited-state decay of FADH2 

in the proteins. 
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In 50% (v/v) glycerol/water mixture, the fluorescence of free FADH2 and FADH− decays 

in 6 and 31 ps, ~1.5 times slower than the decays in the absence of glycerol (4 and 20 ps, 

respectively, Section SI5). This indicates that an increase in solvent viscosity has a similar effect 

on the excited-state dynamics of FADH− and FADH2, imposing a denser environment which 

hinders the radiationless excited-state decay via a CI, as discussed previously for other flavin 

species in solution.8,10,28 Yet, when bound to CtFNR, the excited-state decay of FADH− is slower 

by a factor of ~20 compared with that of free FADH− (400 ps versus 20 ps), whereas the lifetimes 

of excited FADH2 in BsFNR and RpFNR were found to be close to that of free FADH2 (6 and 8 

ps versus 4 ps). In the framework of the assignment of FADred excited-state deactivation through 

a CI attained via butterfly bending motions, this comparison suggests that the active site of fully 

reduced CtFNR is more rigid than those of BsFNR and RpFNR at pH 7, as a result of changes in 

intrinsic protein conformation and flexibility accompanying the FADred protonation/deprotonation. 

Active-site structural dynamics probed by molecular dynamics (MD) simulations (Section 

SI7) strongly support this suggestion. As illustrated in Figure 6C, in the MD simulations of CtFNR, 

the C-terminal extension of CtFNR maintains close interactions with the FADH− cofactor. On the 

other hand, in RpFNR, the C-terminal extension changes its conformation and moves away from 

the FADH2 cofactors, opening up the active site and exposing the cofactors more to the solvent 

(Figure 6B). The simulations of BsFNR show two main active-site configurations (Figure 6A; note 

that the C-terminal extension in BsFNR is much shorter than those in CtFNR and RpFNR);  one 

in which the C-terminal extension stays close to the cofactor, similar to that in CtFNR; and another 

in which the C-terminal extension changes its orientation and opens up the active site, similar to 

the conformation observed in RpFNR. These observations are likely attributable to the difference 

in charge distributions of the flavin ring in the anionic and neutral forms and long-range 
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electrostatic effects, as the additional proton in FADH2 (at the C1 atom of the flavin ring) does not 

directly interact with the C-terminal residues. 

 

Figure 6. Selected snapshots from the MD simulations of fully reduced BsFNR (A), RpFNR (B) 

and CtFNR (C). 

In additional to the intrinsically short-lived nature of excited FADH2, we conclude that the 

extremely fast excited-state decays of FADH2 in the FNRs  (with lifetimes comparable to that of 

free FADH2 in solution) may also in part be due to a lack of constraints from the C-terminal 

extension and a largely solvent-exposed active site. For FADH−, as illustrated in the simulations 

of CtFNR, the closer interactions between the C-terminal extension and FADH− provide a rigid 

environment that hinders the radiationless decay pathway of the excited state. In this regard, we 

note that the transient absorption results indicate that biphotonic ionization reactions occur for 
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FADH2 in BsFNR and RpFNR, but not for FADH− in CtFNR (vide supra), leading to the formation 

of hydrated electrons. Thus, in the fully reduced state, the active sites of RpFNR and BsFNR should 

contain enough water molecules to allow the detached electron to be solvated, which is not the 

case for CtFNR.  

It has been reported that in spinach FNR, FADH2 is bound much less tightly to the protein 

than FADox, with a dissociation constant four order of magnitude larger than that of FADox (50 

μM and 3.4 nM, respectively).29 One may speculate that in general, an open, solvent-exposed 

(therefore, less constrained) active site is required for the formation of FADH2 in a flavoprotein; 

as a result, the excited state of protein-bound FADH2 is likely to be intrinsically short-lived, similar 

to that of free FADH2 in solution. To verify this hypothesis, further studies on other systems that 

can stabilize FADH2 (e.g. spinach FNR29 and TrxR30,31) are warranted. We note that, consistent 

with our suggestion, for FADH2 in TrxR, a lack of (steady-state) fluorescence has been previously 

reported.8  

In summary, we elucidate the excited-state properties of protein-bound FADred in three 

well-defined flavoprotein systems. In particular, we present for the first time a full dynamics and 

spectral investigation of the photophysical properties of protein-bound FADH2. We demonstrate 

that excited FADH2 in BsFNR and RpFNR exhibit very fast decays (6–8 ps), which contrast to the 

general notion that when bound to proteins, fully reduced flavins have long-lived excited states as 

is the case in CtFNR (400 ps). We rationalize these observations with the intrinsically short-lived 

nature of excited FADH2, possibly combined with the more solvent-exposed, less constrained 

nature of the active sites harboring an FADH2 cofactor. Our findings significantly deepen our 

understanding of the photochemistry of fully reduced flavins, and exemplify how their properties 

can differ in structurally homologous flavoproteins that yet display significantly different 
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conformational properties in the fully reduced states under physiological conditions. Our results 

also imply that protonation state and flexibility should be taken into account in the design of 

bioinspired photocatalysts based on fully reduced flavoprotein complexes. 
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