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Abstract. Conformational heterogeneity of the FAD cofactor in p-hydroxybenzoate hydroxylase 

(PHBH) was investigated with time-resolved polarized flavin fluorescence. For binary enzyme/substrate 

(analogue) complexes of wild-type PHBH and Tyr222 mutants, crystallographic studies have revealed 

two distinct flavin conformations; the ‘in’ conformation with the isoalloxazine ring located in the active 

site, and the ‘out’ conformation with the isoalloxazine ring disposed towards the protein surface. Fluores-

cence-lifetime analysis of these complexes revealed similar lifetime distributions for the ‘in’ and ‘out’ 

conformations. The reason for this is twofold. First, the active site of PHBH contains various potential 

fluorescence-quenching sites close to the flavin. Fluorescence analysis of uncomplexed PHBH Y222V 

and Y222A showed that Tyr222 is responsible for picosecond fluorescence quenching free enzyme. In 

addition, other potential quenching sites, including a tryptophan and two tyrosines involved in substrate 

binding, are located nearby. Since the shortest distance between these quenching sites and the isoalloxaz-

ine ring differs only little on average, these aromatic residues are likely to contribute to fluorescence 

quenching. Second, the effect of flavin conformation on the fluorescence lifetime distribution is blurred 

by binding of the aromatic substrates: saturation with aromatic substrates induces highly efficient fluo-

rescence quenching. The flavin conformation is therefore only reflected in the small relative contribu-

tions of the longer lifetimes. 

Keywords. Time-resolved fluorescence; flavin; fluorescence lifetime distribution; quenching by elec-

tron transfer; enzyme conformations; maximum entropy method. 

1. Introduction 

For most enzymes, conformational dynamics invol-

ves mobility of the polypeptide chain. Flavoenzymes 

in which functionally important motions entail either 

local conformational changes of the protein backbone 

(glutathione reductase
1,2

 or gross motions of protein 

domains (thioredoxin reductase
3

) have been subject 

of investigation. In enzymes that contain a prosthetic 

group such as the flavoenzymes, mobility of the  

cofactor itself can in principle also play a role in  

catalysis. A flavoenzyme for which mobility of the 

isoalloxazine ring of the flavin cofactor has been 

shown to be essential for the biological function is 

p-hydroxybenzoate hydroxylase.
4,5

 p-Hydroxybenzoate hydroxylase (PHBH) (EC 

1⋅14⋅13⋅2) belongs to the class of flavin-dependent 

monooxygenases.
6

 PHBH catalyses the NADPH- 

and O
2
-dependent conversion of 4-hydroxybenzoate 

(p-OHB) into 3,4-dihydroxybenzoate, a common  

intermediate step in the biodegradation of aromatic 

compounds in soil microorganisms, e.g. in the deg-

radation pathway of lignin.
7

 PHBH is a homo-

dimeric protein containing one molecule of FAD per 

subunit of ≈ 45 kDa. The catalytic properties of the 

enzyme from Pseudomonas fluorescens and Pseu-

domonas aeruginosa have been studied extensively 

with kinetic, spectroscopic and mutagenesis meth-

ods.
8,9

 The reaction cycle of PHBH consists of a re-

ductive half-reaction in which the flavin is reduced 

by NADPH in the presence of bound substrate, and a 
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Figure 1. Catalytic cycle of p-hydroxybenzoate hydroxylase. Rate constants represent; k
1
, reduction of 

the enzyme-substrate (EFloxS) complex by NADPH; k
2
, formation of flavin (C4a)-hydroperoxide with 

molecular oxygen; k
3
, substrate hydroxylation; k

4
, dehydration of flavin (C4a)-hydroxide and product 

(3,4-dihydroxybenzoate; DOHB) release, followed by substrate binding (p-OHB); k
5
, uncoupling of hy-

droxylation through peroxide release. 

complex oxidative half-reaction leading to hydroxy-

lation of the substrate (figure 1). In the reductive 

half-reaction, efficient reduction of the flavin by 

NADPH requires a ternary complex in which the 

substrate p-OHB acts as an effector that increases 

the rate of reduction by about five orders of magni-

tude,
10

 irrespective of the actual order of binding. 

The substrate specificity of PHBH is rather narrow 

and limited by the poor capacity of substrate ana-

logues to stimulate flavin reduction. Site-directed 

mutagenesis studies have shown that deprotonation 

of the substrate phenol facilitates reduction.
11–13

After flavin reduction, NADP
+

 is released, while p-

OHB remains tightly bound.
14

 In the oxidative half-

reaction, molecular oxygen reacts with the reduced 

enzyme/substrate complex to form a flavin C4a- 

hydroperoxide intermediate. Subsequently, in an 

electrophilic substitution reaction the distal oxygen 

of the hydroperoxide intermediate is transferred to 

the substrate yielding the product 3,4-dihydroxy-

benzoate and a flavin-C4a-hydroxide species. 

Elimination of water from the flavin-C4a-hydroxide 

and product release complete the catalytic cycle. 

NADPH oxidase activity is found in the absence of 

substrate, or in the presence of non-substrate effe-

ctors, where the flavin-C4a-hydroperoxide inter-

mediate decomposes to yield hydrogen peroxide.
15

 For many years, detailed three-dimensional struc-

tural information on P. fluorescens PHBH has been 

available from crystallographic studies of the oxidized 

and reduced enzyme-substrate and enzyme/product 

complexes.
16–19

 Binding of p-OHB involves inter-
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actions of the carboxyl group with Arg214 (salt 

bridge
20

), Ser212 (hydrogen bonding
21,22

) and 

Tyr222 (hydrogen bonding
4,5,23

). The hydroxyl group 

of the substrate is at hydrogen-bonding distance of 

Tyr201 and Tyr385. The latter residues have an  

important function in substrate activation by facili-

tating substrate deprotonation, and in flavin reduc-

tion.
11,12

 In the absence of substrate or in the presence of 

NADPH, PHBH was long found to have poor dif-

fraction properties.
24–27

 Unlike many other pyridine 

nucleotide-dependent enzymes, PHBH lacks a 

Rossmann fold for binding NADPH. Based on site-

directed mutagenesis studies,
26,28,29

 an interdomain 

binding for NADPH was proposed
26

 and a switch in 

coenzyme specificity was achieved.
30

 Recently, the 

first crystal structure of PHBH with NADPH was 

obtained. In this structure of the R220Q mutant, 

without substrate bound, the NADPH binds in a re-

markable conformation, with the nicotinamide moiety 

pointing away from the flavin.
27

 Such binding mode 

would require major conformational rearrangements 

for flavin reduction, most likely both from the flavin 

and nicotinamide cofactors, as from the polypeptide 

chain.
27

 The most compelling structural characteristic of 

PHBH, however, is the mobility of the isoalloxazine 

ring of the flavin (figure 2). Complexes with the 

substrate p-OHB showed the flavin ring buried in 

the enzyme active site (‘in’ conformation). However, 

complexes with substrate analogues bearing a  

hydroxyl group at the 2-position (2,4-dihydroxy-

benzoate, 2-hydroxy-4-aminobenzoate) revealed a 

conformation in which the flavin ring is located in 

the cleft that leads to the active site, more towards 

the surface of the protein (‘out’ conformation
4

; see 

table 1). This ‘out’ conformation was also found for 

Y222F PHBH in complex with the natural substrate,
5

and for the enzyme/substrate complex of wild-type 

PHBH reconstituted with arabino-FAD.
31

 The  

observation of two conformations of the flavin ex-

plained the distinct differences in flavin absorption 

perturbation spectra of various binary enzyme/ 

substrate analogue complexes.
5

 Spectral and kinetic 

data on the mutant enzymes PHBH Y222A and 

Y222V supported the role of Tyr222 in flavin  

mobility.
23

 Based on crystallographic studies, it was 

proposed that flavin mobility plays a prominent role 

in catalysis: the ‘in’ position provides a suitable  

environment for efficient hydroxylation of the sub-

strate (shielded from the solvent), and the swinging 

‘out’ of the flavin facilitates substrate binding and 

product release. The ‘out’ conformation is probably 

also necessary for efficient flavin reduction,
13,26,27,31–34

although no conclusive evidence for this has been 

presented yet.
35

 The three-dimensional structure of substrate-free 

PHBH
33

 is nearly identical to that of the enzyme-

substrate complex. However, in the free enzyme the 

flavin ring has increased flexibility and is on aver-

age found at a position intermediate between the ‘in’ 

and ‘out’ conformation. In R222Q PHBH, without 

substrate bound, a similar intermediate position for 

the flavin was observed.
27

 In this poorly active  

mutant protein, the FAD domain and substrate bind-

ing domain separate slightly to form a cleft that  

allows solvent access to the active site. Based on 

Figure 2. Active site of PHBH in the ‘in’ and ‘out’ con-

formations. In wild-type PHBH complexed with p-OHB, 

the isoalloxazine ring occupies the ‘in’ conformation 

(solid bonds; Schreuder et al 1989). The ‘out’ conformation 

(open bonds) is found in the complex with 2,4-dihydroxy-

benzoate (Schreuder et al 1994), and for several binary 

enzyme-substrate complexes with Y222 mutant enzymes 

(Schreuder et al 1994; Gatti et al 1994). An overview of 

the conformations of the FAD as retrieved from different 

crystallographic studies is presented in table 1. 
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Table 1. Overview of flavin conformations observed in crystals of uncomplexed PHBH, and in 

different enzyme/substrate (analogue) complexes. 

Enzyme Redox state  Substrate analogue Conformation 

PHBH Ox – (Free enzyme) Intermediate
a

PHBH Ox p-OHB In
b

PHBH Red p-OHB In
c

PHBH Ox 4-Aminobenzoate In
d

PHBH Ox 3,4-Dihydroxybezoate In
e

PHBH Ox 2,4-Dihydroxybenzoate Out
d

PHBH Ox 2-Hydroxy-4-aminobenzoate Out
d

PHBH Y222F Ox p-OHB Out (70%)
f

PHBH Y222A Ox 2-Hydroxy-4-aminobenzoate Out
d

a

Eppink et al (1999); 
b

Schreuder et al (1989); 
c

Schreuder et al (1992); 
d

Schreuder et al (1994); 
e

Schreuder et al (1988); 
f

Gatti et al (1994) 

these findings, it has been proposed that concerted 

protein and flavin motions are needed in the wild-

type enzyme to provide a path for p-OHB to enter 

the hydroxylation site.
27

 In this contribution, time-resolved flavin fluore-

scence studies are discussed that were performed to 

obtain more insight into the mobility of the flavin in 

P. fluorescens PHBH. Polarized fluorescence decay 

analyses were focussed on the different microenvi-

ronments of the flavin in the ‘in’ and ‘out’ confor-

mations. In order to sample different (known) 

conformations, binary enzyme/substrate analogue 

complexes of both wild-type PHBH and the mutant 

Y222V were studied in the oxidized state. The time-

resolved fluorescence data are discussed in relation 

to the mechanisms of flavin fluorescence quenching 

as reported in previous work.
1–3,36,37

2. Materials and methods 

2.1 Sample preparation 

p-Hydroxybenzoate hydroxylase from P. fluorescens 

was isolated from E. coli TG2 cells transformed 

with the expression plasmid pAW45.
20

 The micro-

heterogeneity-resistant mutant PHBH C116S was 

used as pseudo wild-type enzyme in order to prevent 

protein aggregation resulting from the oxidation of 

the cysteine at position 116.
12,38–40

 Residue Cys116 

is located far away from the active site, and its  

mutation does not influence any of the catalytic 

properties of the enzyme. Mutant genes encoding for 

PHBH Y222A and Y222V were constructed as re-

ported earlier.
23

 All enzymes were purified accord-

ing to the method described
20

 and stored in 80% 

ammonium sulphate at 277 K. Directly prior to use, 

traces of free FAD were removed by chromatography 

on a Biogel PGD-6 column (Biorad) equilibrated 

with measuring buffer. 

 All spectroscopic measurements were carried out 

in 50 mM potassium phosphate buffer pH 7⋅5 at 

293 K. The enzyme concentration was kept at 10 μM

with respect to FAD with ε
450 PHBH

 = 10⋅2 mM
–1

cm
–1

for wild-type PHBH
20

 as well as for the mutant  

enzymes.
23

 Buffers were made from nanopure-grade 

water (Millipore) and were filtered through a 0⋅22 μm

filter (Millipore). All chemicals used were of the 

highest purity available. 

2.2 Time-resolved fluorescence experiments 

Polarized time-correlated single-photon counting 

(TCSPC) was used to detect polarized time-resolved 

fluorescence on a (sub)nanosecond time scale. The 

instrumental setup for single-photon timing meas-

urements have been described in detail earlier.
1,2

Vertically polarized laser light of 450 nm or 460 nm 

was used to excite the sample with a frequency of 

594 kHz and duration of 4 ps FWHM. Parallel and 

perpendicularly polarized fluorescence was detected 

through 557⋅9 nm (for excitation at 450 nm) or 

526⋅0 nm (for excitation at 460 nm) interference fil-

ters (Schott, Mainz, Germany) in combination with a 

kV 520 cut-off filter (Schott). Data were collected in 

a multichannel analyzer with a time window of 1024 

channels with channel widths between 7–15 ps/ 

channel. 

 Analysis of the fluorescence intensity decay I(t)

was performed using the software package from 

Maximum Entropy Solutions Ltd. (Ely, United 

Kingdom), and the TRFA Data Processing package 

of the Scientific Software Technologies Center of 
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Belarusian State University, Minsk, Belarus (www. 

sstcenter.com).
41

 With the maximum entropy 

method, the fluorescence intensity decays are de-

scribed in terms of distributions of decay times, for 

which no a priori knowledge of the system is re-

quired.
42,43

 A detailed description of the analysis 

procedures has been provided previously.
1,2

3. Results 

3.1 Fluorescence quenching in PHBH 

The experimental total-flavin fluorescence decay of 

uncomplexed wild-type PHBH exhibits a strongly 

heterogeneous character (figure 3). Although flavin 

fluorescence in PHBH is strongly quenched, the 

quenching is considerably less than in E. coli GR

Figure 3. Experimental total fluorescence decays and 

corresponding theoretical data retrieved from the mul-

tiexponential fits of wild-type PHBH (A), and PHBH 

Y222V (B) in 50 mM potassium phosphate buffer, pH 

7⋅5, at 298 K, both free and in complex with p-OHB and 

2,4-dihydroxybenzoate. Experimental data (grey) and 

theoretical data (black) overlay well. In order to clearly 

reveal the differences between the data, only the initial 

part of the time window is shown. The bumps after about 

1 ns arise from a reflection artefact as described in ref. 

[2]. 

(the ratio of fluorescence quantum yields: Q
PHBH

/

Q
GR

 = 15). Inverse Laplace transformation with the 

MEM analysis method yielded for wild-type PHBH 

a pattern with five lifetime distributions covering the 

dynamic range from ≈10 ps to 3 ns (figure 3). Pre-

dominant lifetime components were found near 15, 

0⋅1, and 0⋅6 ns, and minor lifetime contributions 

near 1.5 and 3 ns. Analysis with a sum of discrete 

exponentials confirmed the complex fluorescence 

lifetime behaviour of PHBH (table 2). Flavin fluo-

rescence in the mutant enzymes PHBH Y222V and 

Y222A was somewhat less quenched than in wild-

type enzyme. For analysis of the flavin fluorescence 

decays of the PHBH Y222 mutants, only four life-

time components were needed. The lifetimes of 

PHBH Y222V were nearly identical to the longer 

components observed for wild-type enzyme. For 

PHBH Y222A, the nanosecond component shifted to 

longer time constants and its relative amplitude in-

creased. The picosecond lifetime component occur-

ring in wild-type enzyme was not clearly resolved 

for both tyrosine mutants: a picosecond lifetime 

with low amplitude could be introduced, but only 

occasionally did it improve the quality of the fit. 

These results suggest that interaction with the 

Tyr222 causes the picosecond flavin fluorescence 

quenching process observed in wild-type enzyme. 

Fluorescence depolarization studies of wild-type 

PHBH and the tyrosine mutants did not reveal flavin 

mobility on the nanosecond time scale. The anisotropy 

decay was determined by rotational diffusion of the 

enzyme as a whole (for an example see figure 4). 

3.2 Fluorescence lifetime patterns of binary  

enzyme/substrate complexes 

In order to reveal possible specific fluorescence life-

time patterns for the ‘in’ and ‘out’ conformation of 

the FAD in PHBH, fluorescence lifetime analysis 

was performed on binary enzyme/substrate com-

plexes. For this, wild-type and Y222V PHBH were 

titrated with both p-OHB and 2,4-dihydroxybenzoate. 

As substrate binding in PHBH is known to depend 

on pH and solvent conditions,
44

 the dissociation 

equilibrium constants of the substrate analogues 

were determined from steady-state fluorescence 

quenching under the conditions used in time-resol-

ved fluorescence analysis (table 3). Upon titration 

with the substrate analogues, the fluorescence life-

time distributions of wild-type and Y222V PHBH 

showed gradual changes. The lifetime distributions 
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Table 2. Fluorescence lifetime parameters (τ
i
, α

i
) of PHBH and its Y222 mutants, free and in complex with substrate 

analogues
a

.

  PHBH PHBH/p-OHB complex
b

PHBH/2,4-dihydroxybenzoate complex
c

τ
i
 (ns) α

i
 (–) τ

i
 (ns) α

i
 (–) τ

i
 (ns) α

i
 (–) 

0⋅013 ± 0⋅007 0⋅40 ± 0⋅09 0⋅011 ± 0⋅002 0⋅84 ± 0⋅05 0⋅015 ± 0⋅005 0⋅83 ± 0⋅04 

0⋅12 ± 0⋅03 0⋅27 ± 0⋅07 0⋅15 ± 0⋅07 0⋅09 ± 0⋅03 0⋅12 ± 0⋅05 0⋅13 ± 0⋅02 

0⋅61 ± 0⋅05 0⋅24 ± 0⋅03 0⋅76 ± 0⋅10 0⋅04 ± 0⋅02 0⋅66 ± 0⋅12 0⋅03 ± 0⋅01 

1⋅65 ± 0⋅06 0⋅07 ± 0⋅02 2⋅25 ± 0⋅11 0⋅03 ± 0⋅01 1⋅71 ± 0⋅24 0⋅01 ± 0⋅01 

3⋅13 ± 0⋅07 0⋅02 ± 0⋅00 – – – – 

  PHBH Y222V Y222V/p-OHB complex
d

Y222V/2,4-dihydroxybenzoate complex
e

τ
i
 (ns) α

i
 (–) τ

i
 (ns) α

i
 (–) τ

i
 (ns) α

i
 (–) 

–
f

 – 0⋅010 ± 0⋅003 0⋅73 ± 0⋅06 0⋅013 ± 0⋅005 0⋅75 ± 0⋅04 

0⋅096 ± 0⋅010 0⋅34 ± 0⋅01 0⋅10 ± 0⋅01 0⋅15 ± 0⋅01 0⋅077 ± 0⋅010 0⋅21 ± 0⋅02 

0⋅57 ± 0⋅01 0⋅48 ± 0⋅01 0⋅63 ± 0⋅30 0⋅07 ± 0⋅03 0⋅53 ± 0⋅07 0⋅03 ± 0⋅01 

1⋅54 ± 0⋅01 0⋅15 ± 0⋅01 1⋅97 ± 0⋅14 0⋅04 ± 0⋅02 1⋅85 ± 0⋅17 0⋅01 ± 0⋅00 

2⋅72 ± 0⋅013 0⋅03 ± 0⋅01 3⋅37 ± 0⋅16  0⋅01 ± 0⋅00 – – 

  PHBH Y222A 

τ
i
 (ns) α

i
 (–) 

–
f

 – 

0⋅094 ± 0⋅010 0⋅30 ± 0⋅02 

0⋅67 ± 0⋅02 0⋅43 ± 0⋅01 

2⋅28 ± 0⋅02 0⋅26 ± 0⋅02 

4⋅95 ± 0⋅20 0⋅01 ± 0⋅01 

a

Presented are the fluorescence lifetime components (τ
i
) and the corresponding fractional contributions (α

i
) (including 

standard deviations) as obtained from the analysis of experiments performed in 50 mM potassium phosphate buffer, pH 

7⋅5, at 298 K; 
b

Saturation degree PHBH/p-OHB: 91%; 
c

Saturation degree PHBH/2,4-dihydroxybenzoate: 91%; 
d

Satu-

ration degree PHBH Y222V/p-OHB: 84%; 
e

Saturation degree PHBH Y222V/2,4-dihydroxybenzoate: 94%; 
f

For the 

mutant enzymes PHBH Y222V and Y222A, a picosecond lifetime could not be resolved unambiguously 

Table 3. Dissociation constants of complexes between PHBH (Y222V) and the substrates p-OHB and 

2,4-dihydroxybenzoate
a

.

Enzyme Ligand Dissociation constant
a

 (mM) Dissociation constant
b

(mM) 

PHBH p-OHB  0⋅05  0⋅04 

PHBH 2,4-Dihydroxybenzoate  0⋅10  0⋅09 

PHBH Y222V p-OHB 1⋅7 1⋅1

PHBH Y222V 2,4-Dihydroxybenzoate  0⋅06  0⋅07 

a

Dissociation constants were determined fluorimetrically in 50 mM potassium phosphate pH 7⋅5, at 

298 K. 
b

Values are compared with dissociation constants in 100 mM Tris/SO
4
, pH 8⋅0, taken from van 

der Bolt et al (1996) 

at substrate concentrations near saturation are pre-

sented in figure 5. The most striking effect from 

substrate binding is the emergence of an ultrashort 

fluorescence lifetime in all four enzyme/substrate 

complexes. Under saturating conditions, this direct 

substrate quenching dominates the lifetime patterns. 

Although in the titration experiments no full satura-

tion was obtained, the sum of the amplitudes of the 

remaining longer lifetime components was higher 

than can be expected from the saturation degree if in 

every complex, fluorescence quenching occurs for 

100% through ultrafast interaction with the bound 

substrate (table 2). If it is assumed that this effect is 

due to a small chance that flavin fluorescence is 
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quenched through an interaction with other residues 

than the bound substrate, the longer lifetimes may 

reflect the ‘in’ or ‘out’ conformation of the flavin 

(depending on the enzyme-substrate combination 

used). All binary enzyme/substrate complexes studied, 

however, display contributions of longer lifetime 

components with time constants not far from the 

ones observed for the free enzymes (table 2; figure 

5). Yet, the amplitude of the longer lifetimes seems 

to differ significantly for the specific combinations. 

Under the above-mentioned assumption, the ‘in’ and 

‘out’ conformations of the flavin may thus be re-

flected in the ratios of the amplitude of the 0⋅1-ns 

component and that of the 0⋅6-ns (and 1⋅8-ns) com-

ponent: for complexes with the flavin in the ‘out’ 

conformation (wt PHBH/2,4-dihydroxybenzoate and 

PHBH Y222V/2,4-dihydroxybenzoate), a relatively 

larger contribution of the 0⋅1 ns component is obser-

ved, whereas in complexes in which one may expect 

the ‘in’ conformation (wt PHBH/p-OHB), the ampli-

tudes of the longer lifetime components are some-

what more equal. We shall further address this issue 

in the discussion section. 

4. Discussion 

In contrast with glutathione reductase and thio-

redoxin reductase, PHBH has an active-site region 

that can accommodate substantial movements of the 

flavin ring. Crystallographic and kinetic data have 

suggested that in PHBH this flavin mobility is es- 

Figure 4. Experimental fluorescence anisotropy decay 

(grey) and corresponding theoretical curve (black) re-

trieved from the mono-exponential fit of 4 μM wild-type 

PHBH in 50 mM potassium phosphate buffer, pH 7⋅5, at 

293 K. Experimental and theoretical data overlay well. 

The recovered parameters are the initial anisotropy 

r(0) = 0⋅37 and the rotational correlation time φ = 32 ±

2 ns. A rotational correlation time of 32 ns agrees well 

with a protein of 90 kDa. 

sential for catalysis: whereas the flavin in the ‘in’ 

position provides a suitable environment for effi-

cient hydroxylation of the substrate (shielded from 

the solvent), the swinging ‘out’ of the flavin creates 

a pathway for substrate binding and product release, 

and facilitates efficient flavin reduction. It has been 

suggested that mobility of the flavin ring also plays 

an important role in the catalysis of the related en-

zyme phenol hydroxylase.
45

 Optimal regulation of 

catalysis in these redox enzymes requires strict regu-

lation of the cofactor mobility. Specific (transient) 

interactions with particular amino acids as well as 

interactions with the substrate can contribute to this 

regulation. These interactions, however, also deter-

mine the photophysical characteristics of the flavin 

fluorophore.

 For substrate-free PHBH, this is shown in the 

fluorescence lifetime data of the Tyr222 mutants. 

Here, we have demonstrated that this residue invol- 

Figure 5. Normalized fluorescence lifetime distribu-

tions of wild-type PHBH (a) and PHBH Y222V (b) un-

complexed and in complex with p-OHB and 2,4-dihydro-

xybenzoate in 50 mM potassium phosphate buffer, pH 

7⋅5, at 298 K. Binary enzyme-substrate complexes were 

formed under (nearly) saturating conditions resulting in 

percentage of complex: PHBH/p-OHB: 91%; PHBH/2,4-

dihydroxybenzoate: 91%; PHBH Y222V/p-OHB: 84%; 

PHBH Y222V/2,4-dihydroxybenzoate: 94%. For clarity, 

a vertical offset has been applied. 
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Table 4. Shortest distance between various potential 

quenching sites and the isoalloxazine ring of FAD in 

wild-type PHBH in the ‘in’ and ‘out’ conformations
a

.

Residue Conformation Flavin atom Å 

Trp185-CZ3 In C6 5⋅1

 Out O4 5⋅2

Tyr201-OH In O4 6⋅7

 Out O2 8⋅1

Tyr222-OH In C6 3⋅9

 Out O4 3⋅3

Tyr385-OH In O4 6⋅9

 Out O2 8⋅7

a

Distances were retrieved from the PHBH-p-OHB com-

plex resolved at 1⋅9 Å resolution for the ‘in’ conformation, 

and from the PHBH-2,4-dihydroxybenzoate complex re-

solved at 2⋅5 Å resolution for the ‘out’ conformation 

(Schreuder et al 1994) 

ved in controlling flavin mobility, can efficiently 

quench flavin fluorescence. Both in the ‘in’ and 

‘out’ conformation Tyr222 is located within 4 Å 

from the isoalloxazine ring (table 4). Based on the 

similarity in structure and fluorescence characteris-

tics between PHBH and other tyrosine-containing 

flavoenzymes such as glutathione reductase,
1

NADPH peroxidase
36

 and glucose oxidase,
46–48

 the 

mechanism of quenching most probably involves 

photoinduced electron transfer from this particular 

tyrosine to the light-excited flavin (see also ref. 

[37]). The considerably lower amplitude of ultrafast 

quenching of PHBH in comparison with the enzy-

mes mentioned above may reflect the increased 

freedom of the flavin cofactor: in the fraction of  

enzyme molecules in which close contact exists  

between the properly oriented flavin and tyrosine at 

the moment of excitation, ultrafast fluorescence 

quenching can occur. In the fraction of enzyme 

molecules responsible for the longer fluorescence 

lifetime components, quenching occurs through in-

teractions with other residues, in a similar manner as 

observed for the PHBH Y222 mutants (this refers to 

the so-called multiple quenching sites model
1,49

).

Based on the distance to the flavin, Trp185 as well 

as Tyr201 and Tyr385 (the latter two residues are 

both involved in substrate binding) may also con-

tribute to fluorescence quenching. From comparison 

with fluorescence quenching characteristics of other 

flavoenzymes, a position adjacent to the more polar 

parts of the isoalloxazine ring, particularly near the 

electrophilic sites at N4 and C4a, is expected to re-

sult in more efficient fluorescence quenching than 

location near the relatively apolar dimethyl substi-

tuted ring (for discussion see ref. [3]). For Tyr222, it 

can thus be speculated that not only the distance, but 

also the relative position with respect to the flavin in 

the ‘out’ conformation is better suited for efficient 

fluorescence quenching than in the ‘in’ conforma-

tion (table 4). A more favourable orientation for 

quenching in the ‘out’ conformation may also be the 

case for Trp185. For Tyr201 and Tyr385, however, 

the distance to the flavin is somewhat shorter in the 

‘in’ conformation. On the whole, the quenching 

characteristics of the flavin microenvironment do 

not drastically change from the ‘in’ to the ‘out’ con-

formation, so that the above-mentioned sites may 

well contribute to fluorescence quenching in both 

conformations, and no unique fluorescence lifetime 

pattern is observed. 

 For the isoalloxazine ring in the oxidized state, 

significant deviations from planarity are not expec-

ted to occur, irrespective of the protonation state or 

hydrogen bonding environment of the flavin.
50

 As 

this study is limited to the oxidized state, distances 

and orientations should therefore not be influenced 

much by mobility within the flavin ring. It should be 

kept in mind, however, that distances and orienta-

tions were retrieved from crystal structures of en-

zyme/substrate complexes. Though crystallographic 

studies of the free enzyme show the isoalloxazine 

ring in an intermediate position,
33

 it cannot be  

excluded that – in particular in the uncomplexed  

enzyme – the flavin ring adopts positions beyond the 

ones observed in the enzyme/substrate complexes, 

reducing the latter to only ‘intermediate’ conforma-

tions. The conformations in crystal structures should 

therefore be regarded as snapshots, of which the ob-

served extremes have been defined as ‘in’ and ‘out’. 

Though fluorescence can (simultaneously) sample 

all ‘real’ conformations in solution, experiments on 

flavin systems are in general limited to the oxidized 

state due to the low intrinsic fluorescence and com-

plex photophysical and photochemical behaviour of 

the flavin in the two-electron reduced state. Interpre-

tation of fluorescence characteristics in terms of  

dynamics in complex biological systems using two-

electron reduced flavin is still a bridge too far. This 

reduces the window of the reaction pathway of 

PHBH accessible with ensemble-detected fluores-

cence spectroscopy to the very first step: substrate 

binding in the oxidized state. From the point of view 

of dynamics, however, this step is particularly inter-

esting as it necessarily involves significant mobility 
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of the flavin. In addition, other than a possible bend-

ing of the isoalloxazine ring in the two-electron  

reduced state,
50,51

 no indications exist that for com-

pleting the reaction cycle, conformations are re-

quired that are not in between the ‘in’ and ‘out’ 

conformation (including intermediate ones) as can 

be sampled in titration studies with different sub-

strate analogues. 

 Aromatic substrate binding most efficiently indu-

ces flavin fluorescence quenching. As the substrates 

bind at van der Waals distance of the redox-active 

flavin, quenching here may also occur through 

photoinduced electron transfer. The quenching  

effects of p-hydroxybenzoate derivatives on the 

fluorescence lifetime distribution of PHBH also 

strengthen the multiple quenching sites model. Al-

though saturation was not fully reached, the sum of 

amplitudes of the remaining longer lifetime compo-

nents was higher than can be expected from the satu-

ration degree (see §3). It is therefore likely that in 

the complex there is still a small chance that flavin 

fluorescence is quenched through an interaction with 

an active-site residue. A less likely explanation is 

that through insufficient time resolution, the ampli-

tude of the ultrafast component is underestimated 

and/or even faster fluorescence lifetimes were not 

resolved. Although our experiments with a lower 

time resolution of 5–10 ps do not rule out such ef-

fect, they do not explain the differences in amplitude 

of the resultant longer lifetimes between complexes 

in the ‘in’ conformation and those expected to have 

the ‘out’ conformation (see §3). A good test model 

as to whether the relative amplitudes of the resultant 

longer lifetimes indeed reflect the flavin conforma-

tion is the PHBH Y222V/p-OHB complex, for 

which on the basis of absorption difference spectra
23

and similarity with mutant PHBH Y222F
5

 a pre-

dominant ‘out’ conformation is expected. Taking 

into account that the saturation degree obtained for 

this complex is lower than for the other enzyme/ 

substrate complexes so that a larger contribution of 

the ligand-free enzyme (16%) shows up, a (partly) 

‘out’ conformation of the flavin can indeed be dedu-

ced. The lifetime spectrum of this complex showed a 

ratio for the amplitudes of the 0⋅1- and 0⋅6-ns com-

ponents of α
0⋅1

/α
0⋅6

 = 2. As the 0⋅6 ns component has 

the largest amplitude in the lifetime spectrum of free 

enzyme, the lifetime spectrum of 100% complex 

should therefore contain significantly larger ampli-

tude for the 0⋅1-ns component. It can thus be con-

cluded that the relative contributions of the longer 

lifetime components indeed correlate with the pres-

ence of the flavin conformation. Owing to the pre-

dominant fluorescence quenching by aromatic sub-

strates together with the combined geometrical and 

photophysical characteristics of the active-site, life-

time detection is not a very sensitive method to 

probe the flavin conformation in PHBH.  

 (Sub)nanosecond resolved fluorescence aniso-

tropy detection failed to reveal direct mobility of the 

flavin cofactor (see figure 4). The absence of a fast, 

nanosecond relaxation process observed in the fluo-

rescence anisotropy of PHBH as observed in gluta-

thione reductase
2

 and NADPH peroxidase
36

 and 

ascribed to a transient charge-transfer interaction be-

tween light-excited flavin and tyrosine, also indi-

cates that the relative orientation of Tyr222 is 

unfavorable to exhibit this effect. A likely explana-

tion for the lack of internal motion is that flavin  

mobility (from the ‘in’ to a more ‘out’ conformation 

and vice versa) occurs on a much slower time scale 

e.g. of the order of microseconds. Single-molecule 

fluorescence correlation spectroscopy on PHBH la-

belled with an Alexa dye indeed showed the pres-

ence of a relaxation time of 23 μs during catalysis 

that is connected to the equilibrium of PHBH in oxi-

dized and reduced forms.
40

 The inverse of the  

relaxation time is equal to the relaxation rate con-

stant (44 × 10
3

s
–1

), which is a thousand times larger 

than the turnover rate (37 s
–1

) of the enzyme.
38

 It is 

nonetheless tempting to associate this relaxation 

process to the interconversion of the flavin between 

‘in’ and ‘out’ conformations, since comparable con-

formational flexibility with characteristic relaxation 

times of 1–40 μs were reported for other proteins us-

ing FCS.
52,53

 A serious complication for monitoring the con-

formation and mobility of the flavin cofactor in 

PHBH with ensemble-detecting techniques in gen-

eral, is that it is impossible to obtain data (free from 

direct influence of the substrate) solely from one 

conformation: as the flavin in the substrate-free 

PHBH is flexible,
33

 ensemble data of the substrate-

free enzyme shall contain a mixture of ‘in’, ‘out’ 

and/or ‘intermediate’ characteristics, dependent on 

the equilibrium conditions. Complex formation with 

a substrate to trap the flavin in a single conformation 

is therefore a necessary but potential risky method 

that may have direct impact on the interpretation of 

ensemble data of PHBH. This may also apply to 

other techniques such as Raman spectroscopy.
54

 A 

way to overcome such complication is to monitor 
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flavin mobility in a single substrate-free PHBH 

molecule. By registering a sufficiently long time 

trace of a single enzyme molecule, we expect to 

cover the conformational space of the flavin, thereby 

acquiring specific characteristics of each of the con-

formational states encountered. These single-mole-

cule studies have been recently reported for wild-

type and Y222A-PHBH in the absence of sub-

strates.
55

 The single-molecule fluorescence trajecto-

ries of substrate-free PHBH indeed reveal data that 

are consistent with the movement of the isoalloxaz-

ine between the less fluorescent ‘in’ conformation 

and a more fluorescent ‘out’ conformation. Interest-

ingly, and in line with our results, the Y222A mu-

tant was more fluorescent and did not fluctuate in 

the single-molecule trajectories. Statistical analysis 

of the interconversion in wild-type PHBH shows for 

the out-to-in transition a rate constant of 6⋅4 s
–1

 and 

for the in-to-out transition a rate constant of 21⋅0 s
–1

yielding an equilibrium constant of 3⋅3 favouring the 

exposed state.
55

 By using single-molecule measure-

ments only one immobilized enzyme molecule is 

watched during a period of 30 s with a time resolution 

of 10 milliseconds. These experiments have been 

repeated for one hundred other single enzyme mole-

cules enabling statistical analysis that leads to rates, 

which values are comparable to turnover rates. In 

the single-photon timing experiments millions of 

events of many enzyme molecules are monitored 

during 50-ns periods, much shorter than the real 

catalytic events. Information is obtained on ‘pseudo’ 

stationary states of the enzyme.  

5. Concluding remarks 

The fluorescence lifetime distribution of FAD in 

PHBH exhibits a complex pattern indicating fluores-

cence quenching-induced by multiple amino acids. 

The main objective of these experiments was to 

identify these quenching residues and to disentangle 

quenching mechanisms. Notwithstanding its com-

plexity the four main findings and conclusions can 

be summarized as follows. First, we have shown that 

mutating Y222 into inert amino acids such as alanine 

or valine makes the lifetime distribution simpler by 

removing the ultrafast 10–15 ps lifetime component. 

Second, binding of substrates to mutant or wild-type 

enzymes reintroduces or emphasizes the ultrafast 

10–15 lifetime component indicating efficient 

quenching of the FAD fluorescence by photoinduced 

electron transfer from bound substrate to light-

excited flavin. Third, we have discussed that these 

ensemble experiments do not allow the observation 

of separate conformations but, depending on the 

equilibrium conditions, the experimental data rather 

monitor a mixture of conformations (‘in’, ‘out’ or 

‘intermediate’) that do not interconvert on the nano-

second timescale. Fourth, we have discussed the ex-

perimental findings in relation to recently published 

single-molecule fluorescence experiments. We con-

clude that the experiments on PHBH immobilized in 

an agarose matrix have too slow time resolution to 

resolve conformational relaxation processes, but can 

distinguish both conformations because the ‘in’ con-

formation shows quenched flavin fluorescence as 

compared to the ‘out’ conformation.
55

 On the other 

hand, experiments using fluorescence correlation 

spectroscopy on labelled PHBH in aqueous solution 

have sufficient time resolution to actually measure 

these relaxation times.
40
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