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We have used the flavoenzyme p-hydroxybenzoate hydroxylase
(PHBH) to illustrate that a strongly fluorescent donor label can
communicate with the flavin via single-pair Forster resonance
energy transfer (spFRET). The accessible Cys-116 of PHBH was
labeled with two different fluorescent maleimides with full preser-
vation of enzymatic activity. One of these labels shows overlap
between its fluorescence spectrum and the absorption spectrum of
the FAD prosthetic group in the oxidized state, while the other flu-
orescent probe does not have this spectral overlap. The spectral
overlap strongly diminished when the flavin becomes reduced dur-
ing catalysis. The donor fluorescence properties can then be used as
a sensitive antenna for the flavin redox state. Time-resolved fluo-
rescence experiments on ensembles of labeled PHBH molecules
were carried out in the absence and presence of enzymatic turnover.
Distinct changes in fluorescence decays of spFRET-active PHBH
can be observed when the enzyme is performing catalysis using both
substrates p-hydroxybenzoate and NADPH. Single-molecule fluo-
rescence correlation spectroscopy on spFRET-active PHBH showed
the presence of a relaxation process (relaxation time of 23 us) that is
related to catalysis. In addition, in both labeled PHBH preparations
the number of enzyme molecules reversibly increased during enzy-
matic turnover indicating that the dimer-monomer equilibrium is
affected.

Single-molecule fluorescence spectroscopy applied to proteins or
nucleic acids have allowed direct observations of molecular properties,
individual reaction steps, or intermediates that are otherwise hidden in
conventional, ensemble experiments (1-5). These techniques have
been developed for freely diffusing molecules as well as for surface-
bound systems. A powerful approach is single-pair fluorescence reso-
nance energy transfer (spFRET),” in which the resonance energy trans-
fer efficiency from the donor to the acceptor of a doubly labeled system
is used to distinguish subpopulations with different transfer efficiencies
caused by different relative distances and orientations of donor and
acceptor molecules arising from conformational changes (see for exam-
ple Refs. 1, 2, and 6 —8). Single-molecule fluorescence detection tech-
niques have resulted in measurements of single enzyme turnovers of,
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among others, nuclease (9), horseradish peroxidase (10), ribozyme (11),
exonuclease (12), and F,F,-ATP synthase (13, 14).

A spectacular breakthrough in single-molecule fluorescence detec-
tion of flavoenzymes was reported for cholesterol oxidase, in which
single enzymatic turnovers were observed in real-time by monitoring
the redox state via FAD (flavin) fluorescence (3, 4). The cholesterol
oxidase was confined in an agarose gel preventing the enzyme diffusing
away, but allowing free exchange of much smaller sized substrates and
products. The flavin cofactor of cholesterol oxidase is nonfluorescent in
the reduced state and slightly fluorescent in the oxidized state. There-
fore, the successive “on-times” and “off-times” reflect the redox cycle
and enzymatic turnover of the enzyme. Statistical analysis of multiple
single-molecule trajectories revealed a detailed picture of reaction rate
fluctuations and memory effects related to previous turnovers.

Despite the impressive results on cholesterol oxidase and more recently
dihydroorotate dehydrogenase (15), flavoenzymes in general are not the
easiest systems for single-molecule fluorescence studies. The flavin mole-
cule bound in flavoenzymes has unfavorable photophysical properties: an
intrinsic high triplet yield and in most cases low molecular brightness due to
severe quenching of fluorescence (16 —18). Another approach to overcome
these limitations is to use a second, strongly fluorescent donor label that can
communicate with the flavin via spFRET. Due to changes in the overlap of
spectral cross-sections of flavin and donor label the donor fluorescence can
be used as a sensitive antenna for the redox state and enzymatic activity of
the flavoenzyme. The label can be designed in such a way that spFRET to
the flavin will only affect the donor fluorescence when the flavin is in the
oxidized state, whereas in the reduced state there is much less spectral
overlap. Single-molecule fluorescence detection can thus provide insight in
the conformational dynamics of single flavoenzymes in relation to catalysis.

We illustrate this approach using the dimeric flavoprotein p-hy-
droxybenzoate hydroxylase (PHBH, EC 1.14.13.2), a prototype for
enzymes involved in the monooxygenation of an aromatic substrate
(19). PHBH catalysis involves two half-reactions (Fig. 1) that occur in
different active sites of the monomer. In the first half of the catalytic
cycle, the FAD cofactor is reduced by NADPH in response to p-hy-
droxybenzoate binding and NADP™" is released. In the second part of
the reaction cycle, the reduced form of the enzyme-substrate complex
reacts with oxygen to form a labile flavin (C4a)-hydroperoxide species,
which attacks the substrate aromatic ring. During PHBH catalysis, the
isoalloxazine ring of the FAD moves in and out of the hydroxylation
pocket (20, 21). In the oxidized state, the flavin swings out for the reac-
tion with NADPH (22-24). Upon reduction, the flavin moves to the in
position, which is required for the oxygen reactions (25, 26). This closed
conformation protects the flavin (C4a)-hydroperoxide from solvent and
allows efficient substrate hydroxylation. Some PHBH mutants have
been shown to stabilize an open conformation with solvent access to the
active site (24, 26). This conformation of the enzyme is unreactive with
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FIGURE 1. Reaction scheme of PHBH. EFI_.S: oxi-
dized enzyme/substrate complex, EFl,.4-S: reduced
enzyme/substrate complex, EFlyo04-S: flavin (C4a)-
hydroperoxide/substrate complex, EFl,;o4-P: flavin
(C4a)-hydroxide/product complex, POHB: p-hy-
droxybenzoate, DOHB: 3,4-dihgdroxybenzoate.
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oxygen but might transiently be formed for sequestering p-hydroxyben-
zoate to initiate catalysis (26).

PHBH from Pseudomonas fluorescens contains five sulthydryl groups
per monomer. However, Cys-116 is the only thiol accessible to labeling
with maleimide derivatives (27, 28). Oxidation (28) or mutation (29) of
Cys-116 does not influence catalysis but prohibits the reaction with
maleimides. We have labeled Cys-116 of PHBH with two different flu-
orescent maleimides. One fluorescent maleimide used, Alexa Fluo 488
(Alexa488), shows overlap between its fluorescence spectrum and the
absorption spectrum of the flavin prosthetic group, whereas the other
fluorescent probe used, Alexa Fluo 546 (Alexa546), does not have this
spectral overlap and can serve as a control. A three-dimensional repre-
sentation of dimeric PHBH labeled with the Alexa488 dye is given in Fig.
2. The distance between Alexa488 and the isoalloxazine ring of the FAD
within the same subunit amounts to 39 A.

The experiments conducted with this system are 2-fold: time-re-
solved fluorescence and fluorescence correlation spectroscopy (FCS)
measurements of the labeled enzymes in the absence and presence of
enzymatic turnover. The results of these experiments show, for the first
time, the suitability of the followed approach. The time-resolved fluo-
rescence measurements on an ensemble of enzyme molecules provided
a proof of principle. The single-molecule FCS experiments on PHBH
under turnover conditions revealed distinct time-dependent fluores-
cence intensity fluctuations.

EXPERIMENTAL PROCEDURES

Materials—Rhodamine 110, tetramethyl-rhodamine, and Alexa488-
and Alexa546-maleimides were purchased from Molecular Probes
Europe BV (Leiden, The Netherlands). NADPH was obtained from
Roche Diagnostics (Mannheim, Germany). All other chemicals used
were of the highest purity available. Buffers were made from nanopure-
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FIGURE 2. Crystal structure of the enzyme-substrate complex of PHBH (25, 51) show-
ing the FAD in yellow and modeled Alexa488 in red.

grade water (Millipore, Billerica, MA) and before use were filtered
through a 0.22-um filter (Millipore).

Labeled Protein Preparation—Recombinant PHBH was expressed
and purified as described previously (30). The enzyme was pure as
judged by SDS-PAGE and stored at —70 °C in 50 mM potassium phos-
phate buffer, pH 7.0, containing 0.5 mM EDTA and 0.5 mM dithiothre-
itol. Immediately before labeling, dithiothreitol was removed by gel fil-
tration on a Bio-Gel P-6DG column (Bio-Rad), equilibrated in 50 mm
potassium phosphate buffer, pH 7.0, containing 0.5 mMm EDTA. Male-
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imide labeling of PHBH was carried out using the protocol provided by
Molecular Probes. Excess of free label was removed by gel filtration on
Superdex 200 HR 10/30 (Amersham Biosciences) in 10 mMm potassium
phosphate buffer, 0.5 mm EDTA (pH 7.0). The labeled enzyme was
directly used in experiments, because it was noticed that prolonged
standing resulted in the formation of aggregates and loss of activity. All
spectroscopic measurements were carried out in 10 mM potassium
phosphate buffer, 0.5 mm EDTA, pH 7.0 at 20 °C.

The degree of labeling was determined by comparison of the absorp-
tion spectra of unlabeled PHBH and Alexa488- or Alexa546-labeled
PHBH. The concentrations of protein-bound dye were determined by
using molar absorption coefficients €55, = 93 mmM ™' cm ™ and €,95 = 72
Lem™?! for Alexa546 and Alexa48s, respectively, and a molar
absorption coefficient €,5, of 10.2 mm ' cm ™ * (30) for the unlabeled
protein. For Alexa488-PHBH conjugates, the Bradford protein assay
method was used to determine the protein content. Native PHBH
served as a reference to obtain a calibration curve. The degree of labeling

mMm

was also established by mass spectrometry. For this, 2 um enzyme in 10
mM ammonium acetate, pH 6.8, was introduced in a nanoflow electro-
spray mass spectrometer coupled to an orthogonal time-of-flight ana-
lyzer operating in positive ion mode (Micromass LC-T, Waters). Prep-
aration of nanoflow capillaries and optimization of the electrospray
voltages was as described in Ref. 31.

Enzyme Activity—PHBH activity was measured in air-saturated 100
mM Tris/sulfate, pH 8.0, containing 0.5 mm EDTA, 200 uM p-hydroxy-
benzoate (POHB) and 200 um NADPH (32). The rate of NADPH oxi-
dation was followed by recording the absorption decrease at 340 nm.
Enzyme concentrations were determined by using a molar absorption
coefficient €,., of 10.2 mm ™ * cm™* (30).

Spectral Measurements—Light absorption measurements were per-
formed on a Hewlett-Packard HP 8453 diode array spectrophotometer.
Corrected fluorescence spectra were obtained using a Horiba Jobin
Yvon Fluorolog 3.2.2 spectrofluorometer. To compare the fluorescence
quantum yields of Alexa488 in water (pH 7.0) with that of fluorescein in
0.1 M sodium hydroxide in water, the absorbance of both solutions was
made equal at the excitation wavelength of 480 nm, and the emission
spectra were integrated.

Time-resolved Fluorescence—Time-resolved fluorescence experi-
ments were performed using the single-photon timing technique with
pulsed laser excitation as recently described (33). The laser repetition
frequency amounted to 3.8 X 10° pulses per second, the maximum
pulse energy was at the sub-p]J level, the wavelength was 488 nm, and the
pulse duration was ~0.5 ps. Quartz cuvettes (1-cm path length in exci-
tation, 1-ml volume) were placed in a thermostatted holder (20 °C).
Fluorescence light was detected at an angle of 90° relative to the laser
beam and passed through a combination of an OG 530 cut-off filter
(Schott, Mainz, Germany) and a 526 nm band-pass filter (AA = 12.6
nm, Schott) or a 570.3 nm band-pass filter (AX = 10.3 nm, Schott) for
Alexa488- and Alexa546-PHBH samples, respectively. The concen-
tration of the labeled enzymes amounted to 200 nm. All measure-
ments consisted of a number of sequences of measuring intervals of
10-s parallel (f)) and of 10-s perpendicular (/,) polarized emission
for a total of ~2 min for each sample. For experimental decay, 4096
channels were used with a time spacing of 8.3 ps per channel.
Erythrosine B in nanopure water (with a known single lifetime of 80
ps) served as a reference compound to yield the dynamical instru-
mental response curve (34).

Fluorescence Intensity Decay Analysis—The total fluorescence inten-
sity decay /(t) is obtained from the measured parallel //(¢) and perpen-
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dicular 7, (¢) fluorescence intensity components relative to the polariza-
tion direction of the exciting beam through the relation,

1) = 1) + 21, (1) (Ea. 1)

The fluorescence lifetime profile consisting of a sum of discrete expo-
nentials with lifetime 7, and amplitude ¢; can be retrieved from the total
fluorescence I(£) through the convolution product with the instrumen-
tal response function E(¢) according to Equation 2.

N
It) = E(t) @ D oye ™

i=1

(Eq.2)

Data analysis with a model of discrete exponential terms was performed
using the TRFA Data Processing Package version 1.2 of the Scientific
Software Technologies Center (Belarusian State University, Minsk,
Belarus, www.sstcenter.com) (details in Refs. 33 and 35).

Fluorescence Anisotropy Decay Analysis—In time-resolved fluores-
cence anisotropy experiments the angular displacement of fluorophore
emission dipoles is measured in real-time. The experimental observable
is the fluorescence anisotropy r defined as in Equation 3.

I(t) — 1.(t)

o) = IH(t) + 2/, (t)

(Eq.3)

The anisotropy decay of proteins is often affected by rapid reorienta-
tion of the fluorophore in addition to the much slower overall rotation
of the protein. This applies for both internal and external fluorophores
attached to the protein. The anisotropy decay of a protein exhibiting
rapid internal reorientation and slow overall rotation can be described
by Equation 4 (36).

r(t) = {B1 exp(_t/d)int) + BZ}eXp(_t/(bprot) (Eq.4)

Here the parameter ¢, is the time constant for rapid internal reorien-
tation, ¢
is the fundamental anisotropy. We can define a second-rank order

. is the rotational correlation time of the protein, and 3; + 3,

pro

parameter S for a fluorophore reorienting in a protein according to
Equation 5.

1
% :73 %Bz =5 cos Yr(cosy + 1)
1

The parameter i is the angular displacement of the fluorophore due to

(Eq.5)

internal reorientation. It can be immediately seen that S = 1 when there
is no flexibility (B, = 0). The rate of reorientation is given by the diffu-
sion coefficient D | of internal motion (Equation 6) (36).

_1—52

D, = m (Eq.6)

Data analysis was performed using the TRFA Data Processing Package
version 1.2 of the Scientific Software Technologies Center (Belarusian
State University) (details in Refs. 33, 35, and 37).

Fluorescence Correlation Spectroscopy—The setup for performing
FCS was basically as described in detail elsewhere (38). All measure-
ments were performed with a Zeiss LSM ConfoCor 2 combined micro-
scope system (Carl Zeiss, Jena, Germany). For excitation of the
Alexa488-PHBH conjugate, the 488 nm line of an air-cooled argon ion
laser was used. For excitation of the Alexa546-PHBH conjugate, the 543
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nm laser line of a helium-neon laser was used. The laser power was set at
2.5 microwatts of output for the 488 nm line and at 1.5 microwatts for
the 543 nm line, yielding good signal-to-noise autocorrelation traces
and low triplet-state contribution (39). A sample of rhodamine 110 (488
nm excitation) or tetramethylrhodamine (543 nm excitation) in nano-
pure water was used for calibration of the beam profile characterized by
the structural parameter sp of the three-dimensional Gaussian-shaped
observation volume (sp = ,/w,,; w, and w,, are the axial and equatorial
radii, respectively). The beam radius (w,,)
measured diffusion time (7,) and the known diffusion coefficients (D) of
rhodamine 110 (D = 280 wm?/s) and tetramethylrhodamine (D = 260
wm?/s) applying Equation 7.

can be determined from the

o = /4D (Eq.7)
Typical values obtained from calibration with rhodamine 110 are
Tp = 16 usand S = 4.8 and with tetramethylrhodamine 7, = 50 us and
S = 8.4. Samples were placed in 8-chambered plates (Nunc, Rochester,
NY) with borosilicate bottom. Enzyme concentrations were 10 -50 nu,
and substrate concentrations were the same as those used for PHBH
activity assays. Autocorrelation traces were acquired 10 times with 30-s
periods.

FCS Analysis—The autocorrelation curves were globally analyzed to
specified models by using the FCS Data Processor version 1.4 of the
Scientific Software Technologies Center (Belarusian State University)
(40). In global analysis, several correlation curves are combined in one
data set and simultaneously fitted with certain parameters linked over
the set ensuring more reliable parameter recovery.

Two model functions were used to fit the experimental autocorrela-
tion curves. The first model is that of three-dimensional diffusion and
triplet-state relaxation according to,

1T 1—A+ Aexp(—1/7y)
TN (1-A)

Gbefore(T) =

/(1 + (/7)) 1 + (1/sp*1p)) (Eq.9)

where Gy is the model function before enzymatic reaction, N is the
number of fluorescent molecules in the observation volume, ¢, is the
diffusion time, 7 is the triplet-state lifetime, A is the triplet-state frac-
tion, and sp is the structural parameter. The second model is that of
three-dimensional diffusion model, triplet-state kinetics and an addi-
tional exponential relaxation process with relaxation time 7z and asso-
ciated amplitude B according to,

11— A+ Aexp(—1/7y)

Greaction(T) =1+ N 1 — A

1 — B + Bexp(—17/7z)

(1-18)
E

/(0 + (/1)1 + (7/sp’7p)) (Eq.9)
where G, ,cion 15 the model function applicable during enzymatic
reaction.
RESULTS

Properties of Labeled Enzyme—The enzyme labeled with either dye
had an activity of 54 * 2 units per mg of protein, which is comparable to
that of the wild-type enzyme (28). Comparison of absorption spectra of
unlabeled enzyme and labeled enzyme indicated an almost 100% label-

APRIL 21, 2006 +VOLUME 281-NUMBER 16

iy Flavin absorption  Alexa488 emission Alexa546 emission 5
b o i
0.8 - 0.8

8 ] L
= IS
§ 06 - 06
< 0.4 — 0.4
0.2 - 0.2
g / -
0.0 ALl - 0.0
300 400 600

500
Wavelength (nm)

FIGURE 3. Absorption spectra of oxidized and reduced FAD in PHBH and fluores-
cence emission spectra of Alexa488 and Alexa546 covalently attached to PHBH.
The spectra are normalized. The dashed areas show the overlap between FAD absorption
spectra (oxidized/reduced) and the Alexa488 fluorescence emission spectrum.
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FIGURE 4. Experimental (dots) and fitted (solid line) fluorescence decays obtained
from single-photon timing of Alexa488 covalently coupled to PHBH (A) and of
Alexa546 covalently coupled to PHBH (B). Two sets of normalized curves are shown:
before reaction (—s) and during reaction (+s5). The obtained parameters are collected in
Table 1. All reduced y? values are between 1.1 and 1.2 indicating excellent fits.

ing efficiency (results not shown). Nanoflow electrospray ionization
mass spectroscopy revealed that Alexa488-PHBH contained ~0.95 mol
of dye per subunit. Moreover, under optimal spray conditions (31),
Alexa488-PHBH was almost completely in the dimeric holo- form with
amass of 91,633 = 30 Da. The minor monomeric fraction of Alexa488-
PHBH gave a mass of 45,810 = 10 Da. These values are in good
agreement with the reported masses of C116S-PHBH (dimer mass =
90,233 = 30 Da; monomer mass = 45,096 = 6 Da; sequential mass =
45,090.7 with FAD) (29) and taking the mass of the free Alexa488 dye
(mass = 721) into account.

Fig. 3 shows the absorption spectrum of oxidized and reduced FAD in
PHBH and the fluorescence emission spectra of Alexa488 and Alexa546.
There is a clear spectral overlap between the FAD absorption spectrum
and the Alexa488 fluorescence emission spectrum, whereas this overlap
does not exist in case of Alexa546 as donor. The absorption spectra of
the reduced and oxygenated FAD species formed during PHBH cataly-
sis show reduced absorption peaks and are more UV-shifted than the
absorption spectrum of oxidized FAD (41); they have strongly reduced
overlap with the fluorescence spectrum of Alexa488. The critical trans-
fer distance (42) is obtained from,

R, = 0.211[k*n"*QpJ(A)]® (Eq. 10)

where «” is the dipole orientation factor taken as 2/3 (dynamical average
limit), 7 is the refractive index (n = 1.33), Qp, is the quantum yield of donor
fluorescence (Qp = 0.85 for Alexa488; by comparison to Q, = 0.92 of
fluorescein in 0.1 M sodium hydroxide in water), and J(A) is the spectral
overlap integral (6.68 X 10" M~ cm™'nm®). R, is calculated to be 32 A.
The efficiency of resonance energy transfer E as function of the
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TABLE 1
Fluorescence decay parameters of Alexa488 and Alexa546 dyes covalently attached to PHBH
Enzyme a” T a,” " (1)*
ns ns ns
Alexa488-PHBH+POHB 0.18 0.92 0.82 3.70 3.20
(0.17-0.20)° (0.74-1.07) (0.81-0.83) (3.69-3.73) (3.16-3.25)
Alexa488-PHBH+POHB+NADPH 0.15 0.82 0.85 4.00 3.52
(0.14-0.17) (0.65-1.00) (0.83-0.86) (3.99-4.02) (3.49-3.57)
Alexa546-PHBH+POHB 0.13 0.27 0.87 3.59 3.16
(0.10-0.18) (0.15-0.44) (0.87-0.88) (3.56-3.62) (3.12-3.21)
Alexa546-PHBH+POHB+NADPH 0.15 0.50 0.85 3.57 3.11
(0.14-0.18) (0.36—0.66) (0.83-0.86) (3.56-3.60) (3.08-3.16)

“ay, Ty, Ay, and T, are defined in Equation 2.
* The average lifetime is defined as (1) = a; 7, + a7, with @y + a, = 1.

¢ Values in parentheses were obtained after a rigorous error analysis at the 0.67 confidence level.

relative distance R/R, (R is the actual distance, 39 A) is obtained
from Equation 11.

1

E = RIRYS

(Eq.11)

Having established both actual and Forster distances, the efficiency of
transfer from Alexa488 to FAD is calculated to be 23%. For the reduced
and oxygenated FAD species the spectral overlap integral is much less
(0.99 X 10" Mt ecm ™! nm* R, = 23 A) leading to a transfer efficiency
of only 3%. The distance of the FAD cofactor of one protein subunit to
the Alexa488 molecule in the other protein subunit (57 A) is much
larger than the one in its own subunit (39 A), yielding an efficiency of
transfer of 3% from Alexa488 to the oxidized FAD in the other subunit.

Fluorescence Intensity Decay—We have carried out time-resolved
fluorescence experiments on Alexa488-PHBH and Alexa546-PHBH
under conditions where either one of the substrates (NADPH or POHB)
is present or during catalysis when both substrates are present. Fig. 44
shows the fluorescence decay results of Alexa488 labeled PHBH (200
nM) before and during reaction.

The best fit to the experimental data were a bi-exponential function
with a dominantlonger lifetime component (Table 1). The most striking
result is that the fluorescence decay becomes longer during the reaction.
This observation is in line with the fact that resonance energy transfer is
diminished during the reaction, because the FAD is reduced or oxygen-
ated; the absorption spectra exhibit much less overlap with the donor
emission spectrum. During the fluorescence decay experiments taken
under enzymatic turnover conditions the flavin in PHBH is alternating
between different redox or FRET states. The control experiment with
200 nm Alexa546-PHBH (Fig. 4B and Table 1) shows fluorescence
decays that are unaffected during the reaction (average lifetimes, (1), are
3.16 and 3.11 ns). The order of substrate addition does not influence
the decay patterns (results not shown). From the average lifetimes
obtained before ({Tperore = 3.20 ns) and during ((7),eaction = 3-52 ns)
reaction with Alexa488-PHBH, the relative transfer efficiency E can
be determined from Equation 12.

E=1- <T>before/<7>reaction

E calculated from Equation 12 amounted to 10%. The apparent discrep-

(Eq.12)

ancy with the calculated, distance-based transfer efficiency (23%) can be
explained by switching of the Alexa488 donor probe between longer (no
FRET) and shorter (FRET) lifetimes leading to an average lifetime that is
shorter than expected. In addition, during the measuring time the sub-
strates are depleted leading to an average fluorescence lifetime that is
more weighted to the shorter lifetime.

Fluorescence Anisotropy Decay—In Fig. 5 an example of the experi-
mental and fitted fluorescence anisotropy decays of Alexa488-PHBH
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FIGURE 5. Example of experimental (dots) and fitted (solid line) fluorescence anisot-
ropy decay of Alexa488 covalently coupled to PHBH in the presence of NADPH and
POHB. The obtained decay parameters of all anisotropy experiments are collected in
Table 2.

(200 nm) is shown. It can be clearly observed that the anisotropy decay is
composed of a rapid component and a slow component. The rapid
process arises from fast internal motion of the Alexa488 label superim-
posed on the slower overall protein rotation. The results of analysis of all
protein experiments are collected in Table 2.

Fluorescence Correlation Spectroscopy—FCS is an established tech-
nique for measuring fluorescence intensity fluctuations arising from
changes in the number of fluorophores due to diffusion or chemical
reaction in a tiny open observation volume (<1 fl) under equilibrium
conditions (43). Typical autocorrelation traces of Alexa488-PHBH (23
nM) in the absence and presence of substrates are shown in Fig. 6. Add-
ing first POHB to the enzyme followed by NADPH gave identical results
as adding the substrates in reversed order. NADPH or POHB or the
combination of both did not give any background fluorescence signal
when measured separately. The experimental curves before reaction
were globally analyzed by using a model of three-dimensional diffusion
and triplet-state kinetics (Equation 8). When the FCS measurements
were done during enzymatic turnover conditions, the experimental
autocorrelation curves could only be properly fitted to a three-dimen-
sional diffusion model with triplet-state kinetics and an additional expo-
nential relaxation process (Equation 9). The difference in fit quality with
and without the extra relaxation component is clearly visible in Fig. 6,
showing experimental, fitted, and residuals traces obtained before and
just after start of catalysis. Global analysis linking the diffusion times and
triplet parameters over the complete data set and the relaxation times
only in the subset of measurements obtained during turnover condi-
tions yielded parameters that are collected in Table 3. In Table 3 diffu-
sion coefficients D are listed that are calculated by using Equation 7.

During reaction, the number of enzyme molecules appears to change,
as is visible in the traces shown in Fig. 6. The amplitude of the autocor-
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TABLE 2
Fluorescence anisotropy decay analysis of Alexa488 and Alexa546 dyes covalently attached to PHBH
Enzyme B, Dind” B" Dpror” ¥ D
ns ns degrees ns~!
Alexa488-PHBH+POHB 0.112 0.63 0.198 15.4 42.6 0.096
(0.108-0.116)" (0.56-0.69) (0.195-0.203) (14.5-16.1) (42.3-42.8) (0.088-0.106)
Alexa488-PHBH+POHB+NADPH 0.115 0.60 0.201 17.5 42.9 0.101
(0.111-0.119) (0.54—0.66) (0.197-0.203) (16.6-18.3) (42.6-43.2) (0.093-0.111)
Alexa546-PHBH +POHB 0.074 1.33 0.262 22.4 32.3 0.028
(0.068—0.081) (1.09-1.63) (0.258-0.275) (20.9-24.5) (31.4-32.9) (0.023-0.032)
Alexa546-PHBH+POHB+NADPH 0.078 1.32 0.262 22.0 33.0 0.029
(0.072-0.085) (1.10-1.55) (0.254-0.269) (20.5-23.7) (32.4-33.9) (0.026-0.033)

“Bi> Binp Bz, Pprov Yand D, are defined in Equations 4 —6.

? Values in parentheses were obtained after a rigorous error analysis at the 0.67 confidence level.
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FIGURE 6. Representative experimental (dashed line) and fitted (solid line) autocor-
relation traces obtained from FCS experiments with Alexa488-PHBH (22. 8 nm) in
the presence of NADPH before reaction (—s) and during reaction upon addition of
POHB (+5). A, the experimental data points before reaction (—s) and during reaction
(+5) were globally analyzed according to a one-component three-dimensional diffusion
model with triplet kinetics (Equation 8). B, the experimental data points during reaction
(+5) were also globally analyzed to the same model extended with a relaxation part
(Equation 9). The triplet lifetimes and fractions were linked over the appropriate data
sets. The quality of the fit is indicated in plots of the residuals. Note the bad fit of the
experimental data during reaction (+s) in panel A (dashed line). The obtained parameters
of all FCS experiments are collected in Table 3.

relation function G(0) is proportional to 1 + 1/N. The lower values for
G(0) during reaction indicate an increase in the number of molecules
observed. When the enzyme concentration was varied from 10 to 50 nm
in similar separate FCS experiments, the relative increase in number of
molecules (AN/N) became less (50% to 10% increase, respectively) (Fig.
7). Similar results on the relative change in number of molecules were
obtained for FCS experiments on Alexa546-PHBH at different concen-
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trations (results not shown). These observations are indicative for a
dimer-monomer equilibrium that is affected during catalysis.

When autocorrelation traces were recorded in time during the reac-
tion, the extra relaxation component disappeared again when the sub-
strates were depleted. The time for the disappearance (4 -5 min) was in
good agreement with the duration of the reaction for the amounts of
enzyme and substrates used. The number of molecules also decreased
again but did not come completely back to the level before the start of
the reaction.

The measured diffusion time of the Alexa488-labeled enzyme during
turnover is a little shorter, 115 ws compared with 126 s without sub-
strates. The theoretical diffusion time for a monomer is 1.26 times
shorter than that of a dimeric, spherical particle. We find approximately
a 1.15 times shorter diffusion time during turnover conditions for both
labeled enzymes. It should be realized, however, that these differences
fall within the confidence limits of the recovered parameters (Table 3).
This is in agreement with the limited mass resolution of fluorescence
correlation measurements (44).

DISCUSSION

We studied the ensemble-averaged fluorescence lifetimes of Alexa-
labeled PHBH (200 nMm) in the resting state and under catalytic turnover
conditions (see Table 1 and Fig. 4). A proof of principle was obtained for
observing catalytic events, because the average lifetime of Alexa488-
PHBH becomes longer under turnover conditions (Fig. 44). The aver-
age lifetime of Alexa546-PHBH does not change during catalysis (Fig.
4B). This lengthening of the fluorescence lifetime is due to the fact that
catalysis is accompanied by modulation of resonance energy transfer
from Alexa488 to FAD. The longest fluorescence lifetime without res-
onance energy transfer would be expected in the range of 4.5 ns. An
average lifetime of 3.5 ns is found because the enzyme predominantly
exists in the oxidized, resting state ((7) = 3.2 ns) and, after a few minutes
of reaction, substrates are depleted and the reaction is terminated.

The choice for a random orientation factor (k*> = 2/3) in the calcula-
tion of the critical transfer distance (R,) can be validated. From time-
resolved fluorescence anisotropy of Alexa488-PHBH, we found that the
Alexa dye (donor) is very flexibly attached to the protein showing a
wobbling frequency of 100 MHz and angular displacement of ~43° (see
Table 2 and Fig. 5). This result is in agreement with electron spin reso-
nance studies of PHBH equipped with maleimide spin-label derivatives
(28) indicating flexibly bound spin labels on the protein surface. In addi-
tion, during catalysis the isoalloxazine ring of the FAD cofactor (accep-
tor) is moving in and out of the active site (20, 21). Both types of move-
ment contribute to randomization of the transition dipoles of donor and
acceptor. Both labels have slightly different rotational dynamic proper-
ties (Table 2). Alexa546 is more rigidly bound to the enzyme than
Alex488. This difference is probably due to the different molecular
structures of both labels. Alexa546 possesses a larger chromophoric
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TABLE 3
FCS parameters of Alexa488 and Alexa546 dyes covalently attached to PHBH
Enzyme Model” A” T B TR " D’
% us % us win’/s
Alexa488-PHBH+NADPH Diffusion 8.0 2.4 NA*® NA 126 35.8
(6.8-9.6)"  (1.7-3.3) (112-138) (32.7-40.3)
Alexa488-PHBH+NADPH+POHB Diffusion + relaxation 8.0 2.8 15.8 22.8 115 39.2
(64-10.1)  (2.1-3.6)  (14.1-17.3)  (19.8-26.0) (101-127) (36.1-43.3)
Alexa546-PHBH+NADPH Diffusion 4.9 5.8 NA NA 377 34.7
(3.6-7.0)  (2.6-9.0) (369-381) (34.3-35.5)
Alexa546-PHBH+NADPH+POHB Diffusion 5.8 7.0 NA NA 368 355
(5.2-6.5) (5.4-9.3) (358-379) (34.5-36.5)

“ Model used for fitting the data: diffusion plus triplet (Equation 8); diffusion plus triplet plus relaxation (Equation 9); A, B, T, T, and 7y, are defined in Equations 8 and 9.

? D is the diffusion coefficient obtained from Equation 7.
¢NA, not applicable.

@ Values in parentheses are obtained after a rigorous error analysis at the 0.67 confidence level.

60

0 T
0 10 20 30 40 50
[Alexa488 labeled PHBH] (nM)

FIGURE 7. Alexa488-PHBH concentration-dependent change in number of mole-
cules calculated from autocorrelation traces obtained in FCS experiments. Percent-
age increase is calculated using Py, = (N, s — N_g)/N_g) X 100; N, s = number of
molecules during reaction, and N_ g = number of molecules before starting the reaction.

group, has a longer side chain, and might fold back on the protein
surface.

FCS experiments focus on the properties of single enzyme molecules.
The autocorrelation curves of Alexa488-PHBH under turnover condi-
tions could be well described using the diffusion-relaxation model of
Equation 9 assuming a chemical relaxation process with relaxation time
Ty (see Table 3 and Fig. 6). The relaxation process must originate from
one that causes fluorescence intensity fluctuations. During enzymatic
turnover the flavin shuttles between two redox states that is sensed by
the Alexa488 fluorescence emitting 77% of its maximum because of
resonance energy transfer to flavin in the oxidized state and 97% when
the flavin is reduced. The effect is small, as illustrated by values of the
amplitude B (16%), but significant. As expected, control FCS measure-
ments with Alexa546-PHBH vyielded experimental autocorrelation
curves that could be perfectly fitted by using Equation 8, irrespective of
enzymatic turnover. Because this effect is not observed with Alexa546-
PHBH, it should originate from limited blinking of Alexa488 fluores-
cence due to modulation of resonance energy transfer during catalysis.
Therefore, the relaxation time 7, ~ 23 us is connected to the equilib-
rium of PHBH in oxidized and reduced forms and the rate constant is
equal to,

I/7ma = kg = ko + Kieg (Eq.13)

where k,, and k.4 are the rate constants for the oxidative and reductive
half reactions. The relaxation rate constant k, = 4.4 X 10*s™*. This rate
is a thousand times larger than the turnover rate of the enzyme, which is
~37 s~ under the conditions applied (45).

During PHBH catalysis, the isoalloxazine ring of the FAD alternates
between the two active sites (26). In the oxidized state, the flavin swings
out for the reaction with NADPH, whereas in the reduced form, the
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flavin occupies the in position, which is protected from bulk solvent.
The oxygenated flavin intermediates formed during the PHBH reaction
cycle (Fig. 1) are not good acceptors for resonance energy transfer from
Alexa488 because of diminished spectral overlap (41). Therefore, it is
tempting to associate the observed relaxation rate to a conformational
event related to the in and out transition of the isoalloxazine ring of the
FAD. Alternatively, it might reflect the transient formation of the open
conformation, which seems required for substrate binding and product
release (24, 26).

Very recently, single-molecule fluorescence studies monitoring isoallox-
azine fluorescence of agarose-immobilized PHBH in the absence of sub-
strates were reported (46). From the single-molecule trajectories, evidence
was obtained for dynamic motions of the flavin between “in” and “out”
conformations of the enzyme on the time scale of tens of milliseconds.
Other examples of the intimate linkage between enzyme conformational
dynamics and catalysis have been recently found using both single-mole-
cule kinetic investigations of dihydrofolate reductase (14) and nuclear mag-
netic resonance relaxation methods on cyclophilin A ensembles (47, 48).

A comparable microsecond-relaxation dynamics study using FCS
was reported for the intestinal fatty acid binding protein (15 kDa) by
using fluorescence self-quenching as source of fluorescence intensity
fluctuations (49, 50). The fluctuations of the fluorescence have been
used as a reporter of the fluctuations in the structure, and conforma-
tional events with characteristic relaxation times of 1-40 s were meas-
ured depending on the folding state of the protein.

The FCS experiments show that during reaction the number of
enzyme molecules initially increases. PHBH is a dimeric protein. There-
fore, the increase can be explained by a dimer-monomer equilibrium,
which is shifted more to the monomer side during reaction thereby
yielding more molecules. The involvement of such equilibrium is in
agreement with the observation that at higher enzyme concentrations
the difference between the number of enzyme molecules before and
during the reaction becomes smaller (Fig. 7). The measured diffusion
time of the enzyme during turnover is also a little shorter, as would be
expected for monomer containing samples. The FCS method is actually
not very sensitive to 2-fold changes in mass (44). The theoretical diffu-
sion time of a monomer is 1.24 times shorter than that of a dimer. We
found a diffusion time that was ~1.15 times shorter during turnover
conditions, in agreement with the fact that the enzyme sample consists
of a mixture of monomers and dimers.

From the data presented in Fig. 7 a dissociation constant K, of ~5 nm
can be estimated for the dimer-monomer equilibrium. This remarkable
observation of dissociation during catalysis has until now not been
reported for PHBH, as conventional kinetic and spectroscopic methods
cannot be used at these low concentrations. The enzyme is known to
dissociate into active monomers by adding Me,SO (21, 28, 45). The
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exact mechanism for this dissociation during catalysis is not clear yet
and requires further investigation. Structural changes might reduce the
binding interactions in the dimeric interface resulting in a raised disso-
ciation constant, just in the range of our FCS measurements. In the
time-resolved fluorescence experiments 200 nM of labeled protein was
used, keeping all the PHBH molecules in the dimeric form.

CONCLUDING REMARKS

We have equipped PHBH with a fluorescent Alexa488 dye that can
act as sensor for the flavin redox state. The sensing is based on modu-
lation of resonance energy transfer from the Alexa488 dye by the two
redox states of the flavin. The Alexa dyes are attached on a site of PHBH
that exhibits minimal interference with the active site. The proof of
principle was given in ensemble measurements of fluorescence lifetimes
showing a small but significant increase when PHBH performs catalysis.
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” sta-
tionary states of the enzyme. By using fluorescence correlation spectros-
copy only a few enzyme molecules transiting during a fraction of a
second through a tiny volume are observed, and many are briefly
watched. Diffusion is one source of fluctuations, whereas the other one
consists of the shuttling of enzyme between oxidized and reduced
forms. FCS experiments indicate the presence of a relaxation process of
PHBH under turnover conditions with a typical time constant of ~23
ws. Furthermore, an until now unobserved catalysis-induced dissocia-
tion of the dimeric PHBH into monomers with a K, of ~5 nM is sug-
gested by the FCS data.

Aninteresting development for in vivo measurements of flavoenzyme
activity would be the genetically encoded expression of an adduct of a
flavoenzyme fused with one of the variants of the green fluorescent
protein (for instance, blue fluorescent protein or cyan fluorescent pro-
tein). Similarly as described for Alexa488-PHBH, the fluorescence emis-
sion of the visible fluorescent protein can be used as a sensitive antenna
for the redox state and thus enzymatic activity of such flavoenzyme in a
living cell.
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