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Preface

As a scientist with an interest in proteins you will, at some time in your
career, isolate an enzyme that turns out to be yellow—or perhaps you already
have.  Alternatively, you may identify a polypeptide sequence that is related
to known flavin-containing proteins. This may, or may not, be your first
encounter with flavoproteins.  However, even if you are an old hand in the
field, you may not have exploited the full range of experimental approaches
applicable to the study of flavoproteins. We hope that Flavoprotein Protocols
will encourage you to do so. In this volume we have sought to bring together
a range of experimental methods of value to researchers with an interest in
flavoproteins, whether or not these researchers have experience in this area.

A broad range of techniques, from the everyday to the more specialized,
is described by scientists who are experts in their fields and who have exten-
sive practical experience with flavoproteins. The wide range of approaches,
from wet chemistry to dry computation, has, as a consequence, demanded a
range of formats. Where appropriate (particularly for analytical methods) the
protocol described is laid out in easy-to-follow steps. In other cases (e.g., the
more advanced spectroscopies and computational methods) it is far more apt
to describe the general approach and relevance of the methods. We hope this
wide-ranging approach will sow the seeds of many future collaborations be-
tween laboratories and further our knowledge and understanding of how fla-
voproteins work.

The most common methods are described in the earlier chapters. Any-
one who isolates a flavoprotein will almost certainly use UV-visible spectros-
copy as the first method of analysis. This simple, yet immensely informative,
first approach is concisely described by Macheroux in Chapter 1. Now you
have your flavoprotein—does it contain FAD or FMN and how much flavin is
present? These questions can be answered by following the methods described
by Aliverti et al. in Chapter 2. The electronic structure of flavins makes them
amenable to fluorescence-based studies. The fluorimetric methods described
in Chapter 3 by Munro and Noble can give useful information on how the
protein environment influences the properties of the flavin molecule.

Most flavoproteins are redox active and one of the most important pieces
of information relating to their redox activity is the reduction potential of the
flavin. In many cases, but not all, it is possible to determine the potentials for



both the oxidized-semiquinone and semiquinone-reduced couples.  The way
to do this is explained clearly by Mayhew in Chapter 4.

A large proportion of flavoproteins, though certainly not all, are enzymes.
Chapter 5, by van Berkel et al., describes spectroscopically based methods
that allow a detailed analysis of the reaction kinetics of flavoenzymes.  Both
steady-state and stopped-flow methods are covered, enabling multiple steps
in each reaction cycle to be studied. This chapter is complemented by Chapter
6, in which Ingledew describes freeze–quench methods for analyzing reaction
intermediates of flavoenzymes, for example, by electron paramagnetic reso-
nance (EPR) spectroscopy. The EPR method is itself described in Chapter 7
by Murataliev. EPR is ideal for observations of the flavin semiquinone, which
is stabilized in some proteins and exists as a transient intermediate in the reac-
tions of others.

Circular dichroism is a well-established method for looking at structural
aspects of proteins. This technique is of particular use in the study of fla-
voproteins since the CD spectrum in the region where the flavin absorbs gives
valuable information on the environment of the cofactor. Applying the CD
technique to flavoproteins is outlined in Chapter 8 by Price et al. Vibrational
spectroscopy, particularly surface-enhanced resonance Raman scattering
(SERRS), is also of considerable use in the identification of structural and
electronic factors associated with the catalytic mechanisms of many
flavoenzymes. A protocol for the use of SERRS in such studies is covered in
some detail by Macdonald in Chapter 9. Nuclear magnetic resonance, NMR,
is a widely used method in the study of many types of protein, but in Chapter
10 Vervoort provides a guide to its particular usefulness in the study of flavin-
containing proteins, in which it can provide extensive and detailed informa-
tion on the flavin environment.

In most flavoproteins the cofactor is noncovalently bound to the protein
and can be dissociated. In Chapter 11 Lederer et al. succinctly describe meth-
ods for the removal and re-incorporation of flavin. This method is comple-
mented by Chapter 12 in which Edmondson and Ghisla review the use of labeled
and chemically altered flavin analogs that can be used to probe the structure
and function of the flavin-active site. Reconstituted proteins produced using a
combination of procedures from Chapters 11 and 12 can then be analyzed by
the spectroscopic and other methods described in the preceding chapters. In
some proteins the flavin is covalently attached to an amino acid side-chain,
generally altering its functional properties. It is very important to determine
the chemical nature of this attachment in order to understand its effect on the
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properties of the cofactor. In Chapter 13 Scrutton clearly describes methods to
determine both the existence and the nature of such a covalent link.

Naturally occurring flavoproteins can be rather complex, and Dutton and
colleagues have pioneered new and exciting synthetic approaches to develop
simpler models for studying redox–protein function. Chapter 14 describes sev-
eral methods for constructing such models by attaching flavins to synthetic
peptides.

Computational methods are now impinging on almost every aspect of
biochemistry, and the study of flavoproteins is no exception.  In Chapter 15
Rietjens et al. describe some of the computational methods now available for
detailed biochemical analysis of the reactions catalyzed by flavoenzymes.

Finally, Chapter 16 touches on a most important aspect of flavins and
flavoenzymes, i.e., their potential for use in medicine. Becker et al. describe a
range of diagnostic and therapeutic applications for flavins and flavoproteins
that go far beyond the use of riboflavin as a vitamin supplement.

In bringing together the wealth of experience shared by the authors of
the individual chapters, we hope that we have provided, in Flavoprotein Pro-
tocols, a wide-ranging and useful set of methods that can be used by biochem-
ists whether or not they have experience with flavoproteins. It is very unlikely
that anyone will use the full range of techniques described here, but by bring-
ing them together in a single volume we hope that you can select those that
can be most fruitfully applied to your particular experimental system.

Stephen K. Chapman
Graeme A. Reid
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Identifying and Quantitating FAD and FMN in
Simple and in Iron-Sulfur-Containing Flavoproteins

Alessandro Aliverti, Bruno Curti, and Maria Antonietta Vanoni

1. Introduction
The number of known flavin-containing proteins is steadily increasing

thanks to the combination of several factors. Among them the following may
be of particular interest: (1) increasing power of separation techniques and of
molecular biology tools for overproduction of various proteins, and (2) recog-
nition of putative flavin-dependent proteins through analysis of amino acid
sequences deduced from those of (putative) genes discovered through genome-
sequencing projects. Particularly interesting is the fact that novel flavin-depen-
dent proteins, which play roles different from electron transport or redox
catalysis are being discovered (e.g., gene transcription regulation as in the case
of NifL, (1)). On the other hand, the picture can be complicated by the fact that
the same protein may harbor one or more flavin nucleotides plus one or more
additional cofactors (2). Among such nonflavin centers iron-sulfur clusters
are common.

Essential steps for the characterization of flavin-containing enzymes are, (1)
the recognition of the presence of a flavin cofactor; (2) the identification of the
flavin cofactor(s), and (3) the determination of the stoichiometry of the bound
flavin cofactor(s). Several methods are available in the literature in order to
achieve such goals, and each flavinologist is indeed familiar with one or more
of them (3–6). We present here three different procedures for both the identifi-
cation and the quantitation of protein-bound flavin cofactors: a fluorimetric
method, a spectrophotometric method, and a high-performance liquid chroma-
tography (HPLC)-based method. These procedures, in our experience, yield
reliable qualitative and quantitative information, while requiring limited
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amounts of material, minimum sample preparation, and common laboratory
equipment.

2. Materials
1. Flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) used to

construct standard curves are from Sigma Chemical Co. (St. Louis, MO). Stock
solutions (5 mM) are prepared in MilliQ (Millipore, Bedford, MA) water and
stored at –20°C. Individual batches of flavin nucleotides should be checked for
the presence of interfering impurities. If required, FAD and FMN can be purified
by the HPLC method described in this chapter. The concentrations of FAD and
FMN solutions are determined spectrophotometrically, by recording the absor-
bance spectrum of 25–100 µM solutions in buffer at pH 7–8. The following
extinction coefficients are used:

Flavin λmax ε(M–1cm–1) Reference

FAD 450 11,300 7
FMN 446 12,200 8
FAD or FMN 473 9200 This work

2. Sodium dodecyl sulfate (SDS) is from Sigma. A 10% (w/v) solution is prepared
in MilliQ water and stored at room temperature. Snake venom phosphodiesterase
(PDE) (3 mU/µL) is from Boehringer-Mannheim (Mannheim, Germany), and
was stored at 5°C.

3. Enzymes used to test the methods presented are prepared in our laboratories
according to standard procedures.
a. The G298A mutant of glutamate synthase (GltS) β subunit is prepared with a

modification of the protocol used to prepare the wild-type recombinant GltS β
subunit (P. Morandi, B. Valzasina, and M. A. Vanoni, unpublished data, see ref. 9),
and is stored in 25 mM HEPES/KOH buffer, pH 7.5, 10% glycerol at –80°C.

b. The recombinant GltS α subunit is prepared as described in (10) and stored in
25 mM PIPES/KOH buffer, pH 7.5, 10% glycerol, 0.1 mM dithiothreitol (DTT).

c. The recombinant GltS holoenzyme is prepared using a procedure similar to
that used for the preparation of GltS from Azospirillum cells (H. Stabile, and
M. A. Vanoni, unpublished data, see ref. 11). It is stored in 25 mM HEPES/
KOH, pH 7.5, 10% glycerol, 1 mM ethylenediaminetetraacetic acid (EDTA),
1 mM 2-oxoglutarate and 1 mM DTT.

d. Recombinant spinach leaf ferredoxin-nicotinamide-adenine-dinucleotide
phosphate (NADP)+-reductase (FNR) is prepared as described in (12).

e. Maize root FNR is produced by heterologous expression in E. coli using a
modified form of the expression plasmid described in (13), and purified using
a procedure similar to that used for the spinach FNR, replacing anion-
exchange with hydrophobic-interaction chromatography on Phenyl-Sepharose
(Pharmacia, Uppsala, Sweden) (A. Aliverti et al., manuscript in preparation).
Fd/FNR chimeric protein was purified as described (14).
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4. Protein concentration is determined using the method of Bradford (15), the
Amresco Protein Assay Reagent (Amresco, Inc., Solon, OH), and bovine serum
albumin as the standard protein. One to 3 µg protein are used for each assay.

5. 10 mM HEPES/NaOH, pH 7.5.
6. 10 mM Tris/HCl, pH 7.5–8 (at 25°C).
7. 10 mM HEPES/KOH, pH 7.5, or 50 mM Tris-HCl, pH 7.6 (at 25°C). All buffers

(items 5–7) are freshly made in MilliQ water (Millipore) and filtered through
0.2 µm sterile filters.

8. Protein samples are used directly for analyses or after gel filtration through Sephadex
G25 (medium) columns. PD10, prepacked disposable columns from Pharmacia are
used. All samples are either centrifuged in a microfuge in the cold (top speed, 10 min)
or filtered through 0.45 µm filter cartridges or 0.1 µm centrifugal filters (Ultrafree-
MC filter units, Millipore) to remove even faint turbidity.

9. Emission spectra are recorded with a Jasco FP-777 spectrophotofluorimeter
(Jasco, Inc., Easton, MD) at 20°C.

Fluorimeter settings are as follows:
  λex: 450 nm Excitation slit 5 nm
  λem: 480–600 nm Emission slit 5 nm
  Gain: High
  Scan speed 100 nm/min
  Response: 1 sec Data interval 0.5 nm
Instrument zeroing conditions:
  Emission shutter: closed λex: 450 nm λem: 480–600 nm

10. Absorbance spectra are recorded with Hewlett-Packard 8453 diode-array
(Hewlett-Packard, Palo Alto, CA), Cary 219 (Varian, Palo Alto, CA) or Uvikon
810 (Kontron Elektronik, Eching, Germany) spectrophotometers at 20 or 25°C,
with identical results.

11. HPLC analyses are carried out using a µBondapack C-18 silica column (Waters As-
sociates, Milford, MA) connected to a Waters 600E HPLC system equipped with a
UK6 manual injector and controlled through the Millenium software (Waters) run
on a PC. A 2-mL sample loop is used, and the column is not thermostated. Eluate
absorbance is monitored continuously using an on-line 486 detector (Waters) set at
264 nm. Solvents are 5 mM ammonium acetate, pH 6.5, and methanol (HPLC grade).
Both solvents are filtered through 0.22 µm filters and degassed by continuous helium
bubbling.

3. Methods

3.1. Fluorimetric Identification of the Flavin Cofactor
as FAD or FMN

The method of Forti and Sturani (16) is used. It exploits the fact that fluores-
cence of a FMN solution is 10-fold higher than that of an FAD solution of the
same concentration, and that phosphodiesterase (PDE) catalyses the conver-
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sion of FAD into FMN and adenosine monophosphate (AMP). Thus, the fluo-
rescence intensity of a flavin-containing solution is measured before and after
addition of PDE. No increase of fluorescence is interpreted as due to absence
of FAD in the solution; a 10-fold increase of fluorescence allows the identifi-
cation of the flavin present as FAD, an intermediate increase of fluorescence
allows the calculation of the relative concentration of FAD and FMN in the
starting solution. Several modifications of the following method are pos-
sible, depending on the quantity of enzyme and on the equipment available.
This method can also be employed to test the purity of the FAD stock solu-
tion used.

3.1.1. Calibration and Linearity Test of the Assay

It is important to determine the range of linearity of the instrument by mea-
suring the emission spectrum of solutions containing increasing concentrations
of FAD or FMN in the same buffer, in the same cuvet, and under the same
settings that will be used for the actual experiment.

1. A 0.25–0.3 mM solution of FAD or FMN is prepared in water, or in the buffer
that will be used for the enzyme solution. Its concentration is determined by mea-
suring the absorbance spectrum (see Subheading 2.1.).

2. One microliter aliquots are added to a cuvet containing 2 mL buffer. Alterna-
tively, a 200 µL cuvet can be used (see Note 1).

3. After mixing, emission spectra are recorded.
4. The emission intensity at 524 nm, corrected for buffer emission value and dilu-

tion (F524), is plotted as a function of flavin concentration.
5. The initial linear part of the curve sets the interval of fluorescence values that will

yield reliable results. From the slope of the line F524 = fFAD[FAD] or F524 = fFMN[FMN],
the values of intensity of light emitted at 524 nm by a 1 µM solution of FAD
(fFAD) or FMN (fFMN) are also calculated.

3.1.2. Fluorimetric Analysis of the Cofactor(s) Released From
the Flavoprotein Solution

1. A 5–10 µM solution of enzyme is prepared by gel filtration through a Sephadex
G25 (Pharmacia) column equilibrated with either 10 mM HEPES/NaOH buffer,
pH 7.5 or 10 mM Tris/HCl buffer, pH 7.5.

2. The absorbance spectrum is recorded, and the protein and activity content of the
sample is measured.

3. The emission spectrum of 2 mL buffer is measured in a 3 mL glass cuvet to be
used as a blank in subsequent measurements.

4. A 100 µL aliquot of the enzyme solution is added to the fluorimeter cuvet.
5. After mixing, the emission spectrum of the solution is recorded.
6. The sample is recovered with a Pasteur pipet, transferred to microfuge tubes,

wrapped in aluminum foil, and incubated for 10 min at 100°C.
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7. After being cooled on ice, microfuge tubes are centrifuged at 4°C for 10 min at
13,000 rpm (14,500g).

8. The supernatant is recovered and transferred directly into the fluorimeter cuvet.
9. The emission spectrum of this solution is measured as before.

10. 2 µL (6 mU) of the PDE solution are added.
11. The emission spectrum of the solution is recorded at different times after mixing,

until no further changes are observed.
12. Both the emission and excitation shutter of the instrument are closed between

measurements to avoid photodegradation of the flavin sample. Within 5 min the
maximum increase of emission at 524 nm is obtained. After 20–30 min, emission
tends to decrease (see Note 2).

13. Depending on the results obtained, measurements are repeated using (a) a differ-
ent sample dilution (e.g., 5- or 50-fold dilution), (b) a different incubation time at
100°C (5, 15, or 20 min), and (c) a different sample denaturation method (see
Subheading 3.1.3.). If limited by the amount of sample available, 200 µL cuvets
may be used.

3.1.3. Alternative Protein Denaturation Methods

1. The protein stock solution (5–10 µM) can be denatured by incubation at 100°C
for 10 min in the dark, and denatured protein can be removed by centrifugation at
13,000 rpm (14,500g) for 10 min in a microfuge in the cold. The supernatant is
transferred to a clean microfuge tube, kept on ice in the dark and aliquots can be
diluted 10–50-fold for fluorimetric analyses as described in 3.1.2.

2. The protein stock solution (5–10 µM) can be denatured by incubation at room tempera-
ture in the presence of 0.2% SDS (see Subheading 3.2.1.). Aliquots of such sample can
be diluted 10–20-fold for fluorescence analyses described above. Although 0.2% SDS
does not allow PDE-catalyzed conversion of FAD into FMN (see Table 1), we observed
that experiments carried out in the presence of 0.02% SDS gave results essentially
indistinguishable from those obtained in the absence of SDS.

3.1.4. Fluorimetric Data Analysis

As already reported, if the protein contains only FMN, no fluorescence
change is observed upon PDE treatment. Conversely, if the protein contains
only FAD a 10-fold fluorescence increase is expected. For proteins containing
both flavin cofactors, the molar ratio (r) between FAD and FMN can be calcu-
lated from the fluorescence increase after PDE treatment using Eq. 4, which is
based on Eqs. 1–3.

Fo = fFAD · [FAD] + fFMN[FMN] (1)

Ffin = fFMN ([FMN] + [FAD]) (2)

fFAD = 0.1fFMN (3)

r = (10 × (Ffin/Fo) – 10) / (10 – (Ffin/Fo)) (4)
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Fluorimetric Identification of FAD and FMN in GltS Holoenzyme and in Its Isolated Subunits

Concentra- Denaturation
Sample tiona (µM) Buffer Pretreatment  method Fo Ffin Ffin/Fo Notes

FAD 0.60 A + 0.1 mM None None 20.63 206.3 10 Chromatographically
MgSO4 purified FAD

FAD 0.26 A + 0.1 mM None None 39.06 202 5.17 Commercial FAD
MgSO4

GltS βb 0.781 B + 0.1 mM Gel filtration 10 min, 100°C 56.6 611.8 10.81
MgSO4

GltS βb 0.443 A + 0.1 mM Gel filtration 10 min, 100°C 37.6 399.1 10.6
MgSO4

GltS βb 0.762 A Gel filtration 0.2% SDS to 80.3 777.8 9.72 SDS concentration in
7.62 µM β fluorimeter cuvet was

subunit stock 0.024%
solution

GltS βb 0.381 A Gel filtration 0.2% SDS to 40.22 374.4 9.3 SDS concentration in
7.62 µM β fluorimeter cuvet was

subunit stock 0.012%
solution

GltS βb 0.381 A + 0.1 mM Gel filtration 0.2% SDS to 40.84 410.5 10.5 SDS concentration in
MgSO4 7.62 µM β fluorimeter cuvet was

subunit stock 0.012%
solution

G298A-GltSβc 9.56 A Gel filtration 0.2% SDS 32.7 69.94 — PDE activity inhibited
by 0.2% SDS

14
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G298A-GltSβb 0.212 A + 0.1 mM Gel filtration 10 min, 100°C 21.35 169 7.916 The enzyme was not
MgSO4 shielded from light

during heat denaturation
G298A-GltSβc 0.429 A + 0.1 mM Gel filtration 10 min, 100°C 32.26 316 9.79 The sample was

MgSO4 shielded from light
during heat denaturation

GltS αc 0.46 A Gel filtration 10 min, 100°C 93.3d 91.5d 0.98
rGltSc,e 4.81 C None 10 min, 100°C 356.3 645.2 1.81
rGltSc,e 0.534 C None 10 min, 100°C 39.65 82.47 2.07 same sample as

above, diluted 9-fold
aProtein concentration was determined by the method of Bradford (15).
bIn 3 mL cuvet containing 2220 µL sample.
cIn 200 µL cuvet with 200 µL sample volume.
dExcitation light was at 440 nm.
eIn 25 mM Hepes/KOH, pH 7.5, 1 mM EDTA, 1 mM DTT, 1 mM 2-oxoglutarate, 10% glycerol,
Buffers were A, 10 mM Tris/HCl, pH 7.5; B, 10 mM HEPES/NaOH, pH 7.5; C, 10 mM HEPES/KOH, pH 7.5.

15



16 Aliverti, Curti, and Vanoni

where Fo = fluorescence of the released flavin solution; Ffin = fluorescence
after reaction with PDE; fFAD = fluorescence of a 1 µM solution of FAD; and
fFMN = fluorescence of a 1 µM solution of FMN. Fluorescence refers to the
intensity of light emitted at 524 nm on excitation with 450 nm light.

In the case of the GltS β subunit or of its G298A mutant, from the changes
of emission intensity of the solutions (Table 1) it can be concluded that the
enzyme contains FAD as the flavin cofactor. The results are not influenced by
the presence of 0.1 mM MgSO4, which was called for in the original method
(16), nor by the incubation time at 100°C. Instead, we found it important to
protect the sample from light throughout the treatment. As shown in Table 1,
no fluorescence changes were obtained on incubation of the flavin cofactor
released from a sample of GltS α subunit indicating that the protein con-
tains FMN as the flavin cofactor beside a 3Fe/4S cluster (10). Fluorescence
changes on addition of PDE to the flavins released from GltS holoenzyme
are more complex. The increase of fluorescence is about twofold, consis-
tent with the presence of approximately equimolar amounts of FAD and
FMN in the GltS holoenzyme (Table 1). A more precise estimate of the
flavin stoichiometry is obtained by HPLC analysis of the released flavins
(see Subheading 3.3.).

The method can be used to calculate the FAD and/or FMN concentration of the
solution under analysis provided the intensity of emission at 524 nm as a function
of FAD or FMN concentration has been determined experimentally. Under our
conditions, using GltS, the emission intensity of solutions containing between 1
and 8 µM FMN was measured in the 200 µL cuvet, so that it was determined that a
1 µM FMN solution yields a fluorescence intensity of 76.4. Assuming that the GltS
protomer contains one FAD and one FMN, from the fluorescence after the PDE
treatment, an enzyme concentration of 4.8 µM could be calculated in agreement
with the determination made from protein assays (4.8 µM).

3.2. Spectrophotometric Determination of the Flavin Content,
Identification of the Flavin Cofactor as FAD or FMN,
and Calculation of Extinction Coefficients

3.2.1. SDS Treatment of Simple Flavoproteins

1. The absorbance spectrum of the protein solution (5–10 µM, 1 mL) in 10 mM
HEPES/NaOH buffer, pH 7.5, or 10 mM Tris-HCl buffer, pH 7.5–8, is recorded.

2. A 20 µL aliquot of a fresh 10% SDS solution is added (see Note 3).
3. After mixing, spectra are recorded until no further changes are observed. Typi-

cally, within 5–10 min conversion of the spectrum of the bound flavin into that of
free FAD or FMN is observed.

4. Direct comparison of equimolar solutions of FAD and FMN reveals that at
473 nm the solutions exhibit a similar extinction coefficient (9200 M–1cm–1).
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Thus, the following conclusions can be drawn from the comparison of the spec-
trum of the native protein with that obtained after SDS addition:

a. From the position of the absorbance maximum at 450 vs 446 nm, or of the absence
of a well-defined peak between 446–450 nm the presence of FAD, FMN or of a
mixture of the two in the released flavin solution can be inferred.

b. Once the type of flavin present is identified, its concentration can be precisely
estimated using ε450 = 11,300 M–1cm–1 for FAD and ε446 = 12,200 M–1cm–1 for
FMN. In case of doubt, or of other information, or if a mixture of FAD and FMN
may be present, the total (FAD + FMN) concentration can be calculated from the
absorbance at 473 nm, using 9200 M–1cm–1 as the extinction coefficient.

c. Once the concentration of the flavin is known, both the flavin/protein molar ratio
and the extinction coefficient of the bound flavin can be calculated.

3.2.2. Heat Denaturation of Simple and Complex Flavoproteins

SDS-treatment sometimes fails to denature proteins, in particular those con-
taining iron-sulfur centers as in our case (i.e., GltS, the GltS α subunit, the
chimeric Fd/FNR fusion protein). An effective method to destroy the protein’s
iron-sulfur clusters, while preserving the flavin cofactors, is heat treatment in
the dark.

1. The spectrum of the protein solution (5–10 µM, 1 mL) is recorded.
2. The sample is transferred to a microfuge tube, and incubated in a boiling water

bath for 10 min.
3. After cooling, the denatured protein is removed by centrifugation (10 min at

13,000 rpm (14,500g) in the cold in a microfuge).
4. The supernatant is recovered, and the absorbance spectrum is recorded (see Note 4).
5. If centrifugation is not sufficient to remove denatured protein the supernatant can

be either filtered through 0.2 µm filters, or using centrifugal filters.
6. Again the identification of the flavin can be attempted from the position of the

absorbance maximum (450 nm for FAD as opposed to 446 nm for FMN).
7. Flavin quantitation can be carried out as described above (see Subheading

3.2.1.), allowing determination of stoichiometry and extinction coefficient of the
bound flavin.

3.2.3. Spectrophotometric Identification of FAD and FMN by PDE
Treatment Following Heat Denaturation

The differences of the absorbance spectra of FAD and FMN can be exploited
to carry out the identification of FAD and FMN using the PDE treatment,
directly in the spectrophotometer cuvet.

1. The spectrum of a sample containing 5–10 µM flavin (1 mL) is recorded.
2. A 2 µL aliquot of PDE is then added, and spectra are recorded at different times

after PDE addition.
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3. Using a FAD-containing solution, absorbance changes consistent with conver-
sion of FAD into FMN (+ AMP) are observed with an isosbestic point at 473 nm,
and they are complete within 10 min. As expected, no changes are observed when
a FMN-containing solution is treated with PDE.

3.2.4. Quantitation of Total Flavin Content in Iron-Sulfur Flavoproteins

Determination of the non-heme iron content of iron-sulfur containing pro-
teins is often affected by the precision of the protein concentration determina-
tion. In order to avoid this problem with GltS, a method was designed (17) that
allowed us to measure non-heme iron concentration and total flavin concentra-
tion on the same sample derived from heat denaturation, under acidic condi-
tions, of GltS or GltS α subunit solutions.

1. 0.8 mL Samples of GltS or GltS α subunit (5–10 µM) that have been gel filtered in 10
mM HEPES/KOH buffer, pH 7.5 or 10 mM Tris/HCl buffer, pH 7.5–8, are prepared.

2. The absorbance spectrum of the solution is recorded, and the solution is trans-
ferred into a microfuge tube. One-tenth microliter of 100% trichloroacetic acid
(TCA) and 0.1 mL 75 mM ascorbic acid are added.

3. After being mixed, the sample is incubated in a boiling water bath for 5–10 min.
4. The combination of acid and heat treatment results in hydrolysis of FAD present

into FMN.
5. Inclusion of ascorbic acid helps in maintaining Fe in the +2 form required for

iron concentration determination.
6. After being cooled, denatured protein is removed by centrifugation for 10 min at

13,000 rpm (14,500g) in a microfuge in the cold.
7. The absorbance spectrum of the supernatant is measured, and the total flavin

concentration is determined using 11.1 mM–1cm–1 as the extinction coefficient of
FMN at 446 nm, under acidic conditions (8).

8. The total flavin concentration can be used as an estimate of the GltS concentra-
tion, assuming that 1 FAD and 1 FMN are present per enzyme protomer, or that 1
FMN is present per GltS α subunit.

9. Enzyme concentration determined through protein assays and through the total
flavin content never differed by more than 20% (Table 2). The supernatant from
the heat denaturation step under acidic conditions can be directly used for the
determination of the iron content of the preparation (17).

3.3. HPLC Identification and Quantification of FAD and FMN

Several methods for the separation of flavins by reverse phase chromatogra-
phy have been published. We propose a modification of the method of Light et
al. (18,19) which uses 5 mM ammonium acetate, pH 6.5, and methanol as the
solvent system. Thus, it allows both to separate FAD and FMN on an analyti-
cal scale, and to obtain homogeneous preparations of FAD or FMN from com-
mercially available compounds. When used on a preparative scale, the solvent
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Table 2
Spectrophotometric Quantitation of FAD and FMN Extracted from Several Flavin-Containing Enzymes

Concentra- Native λmax, Denatured Flavin concen- Stoichi- ε
Enzyme tiona (µM) Pretreatment Buffer Denaturation  A@λmax λmax, A@λmax tration (µM) ometry (M–1cm–1)

GltS β subunit 16.56 Gel filtration C 0.2% SDS 454, 0.157 450, 0.152 (FAD), 13.4 0.81 11,698
GltS β subunit 8.85 Gel filtration B 0.2% SDS 454, 0.083 450, 0.085 (FAD), 7.5 0.85 11,080
G273A GltS β 8.8 None A 10 min, 100°C 452, 0.099 450, 0.086 (FAD), 7.6 0.86 12,955
  subunit
G273A GltS β 4.3 Gel filtration B 0.2% SDS 452, 0.049 450, 0.048 (FAD), 4.3 0.99 11,448
  subunit
GltS α subunit 2.3 Gel filtration B 10 min, 100°C 440, 0.046 446, 0.029 (FMN), 2.4 1.04 19,200
  rGltS 4.8 Gel filtration D 10 min, 100°C 444, 0.300 448, 0.115 (FAD + FMN)

473, 0.09c 9.8c 2.04 61,200
  rGltS 3.35 Gel filtration B 10 min, 100°Cb 444, 0.210 446, 0.07d 6.2d 1.85 67,742

aEnzyme concentration was determined by the Bradford method (15).
bIn the presence of 10% TCA, 7.5 mM ascorbic acid, and light.
cThe extinction coefficient at the isosbestic point for FAD and FMN (9200 M–1cm–1) was used.
dThe extinction coefficient of FMN under acidic conditions is used (11,100 M–1cm–1, 8).
A, 25 mM HEPES/KOH, pH 7.5, 10% glycerol, 1 mM EDTA; B, 10 mM Tris/HCl, pH 7.5; C, 10 mM HEPES/NaOH, pH 7.5; D, 10 mM HEPES/KOH,

pH 7.5.
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can be easily removed by lyophilyzation. The eluate can be monitored continu-
ously by absorbance or fluorescence, depending on the online detection system avail-
able. We routinely monitor the absorbance of the eluate at 264 nm, where the
absorbance of FAD and FMN solutions are maximal. Greater sensitivity could be
obtained by measuring the eluate absorbance at shorter wavelengths, but quantitation
may be affected by baseline absorbance changes due to varying eluent composition.

1. A 2 mL sample loop is mounted on the UK-6 injector and varying sample vol-
umes (50–250 µL) are injected onto the column using microsyringes.

2. The column is equilibrated at a flow rate of 1 mL/min for 30 min with 85%
solvent A (5 mM ammonium acetate buffer, pH 6.5) and 15% methanol.

3. After sample injection the column is washed with 85% solvent A and 15% metha-
nol for 5 min.

4. The concentration of methanol is increased linearly from 15–75% in 20 min and
from 75–100% in 5 min.

5. Methanol concentration is kept constant at 100% for 10 min and lowered to 15% in 5 min.

3.3.1. Construction of the Calibration Curve

1. A calibration curve is constructed by injecting 50 µL aliquots of solutions con-
taining known amounts of FAD and FMN (40–800 pmol each).

2. Under these conditions, FAD elutes as a sharp peak at 9.5 min, and FMN as a
broader peak at 18 min.

3. Integration of the areas corresponding to the peaks obtained by injecting known
amounts of FAD and FMN allows the construction of standard curves.

4. Under these conditions, peak position and quantitation is independent from
sample volume (50–250 µL of a 1 µM solution of FAD and FMN). Moreover,
incubation of FAD and FMN solutions at 100°C for up to 20 min does not lead to
any detectable change of the chromatogram, provided the samples are kept in the
dark. Furthermore, freezing of such solutions for up to one week also does not
lead to any detectable change. On the contrary, exposure of FAD and FMN solu-
tions to light, to acidic conditions (10% TCA) or to both acidic conditions (10%
TCA) and heat (10 min at 100°C) leads to conversion of FAD into FMN, and
(presumably) AMP, which is not retained by the column.

3.3.2. Sample Preparation and Analysis of the Released Cofactors

1. Flavoprotein samples are diluted to a final concentration of 5–20 µM.
2. Protein solutions are transferred to microfuge tubes and incubated at 100°C for 10 min.
3. The denatured protein is removed by centrifugation, and the supernatant is filtered.
4. The absorbance spectrum of each solution is measured, and 50, 100, and 150 µL

aliquots are injected onto the HPLC.
5. To test the method, samples of GltS holoenzyme, GltS α subunit, spinach leaf

FNR, maize root FNR, and the chimeric Fd/FNR protein are analyzed. As shown
in Table 3, the chromatographic analysis reproducibly yields results consistentTable 3
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Table 3
HPLC Quantification of the Flavin Content of Several Flavoproteins

Concentrationa Denaturation Enzyme FAD FMN FAD/ FMN/
Experiment Enzyme (µM) Bufferb method (pmol) (pmol) (pmol) subunit subunit

1 rGltS 5.8 A 100°C, 10 min 290 247 248 0.85 0.85
580 471 507 0.81 0.87

2 GltS α 5.3 B 100°C, 10 min 265 None 275 — 1.04
530 None 520 — 0.98

3 Leaf-FNR 5.50 C 100°C, 10 min 275 262 None 0.95 —
550 527 None 0.96 —

4 Root-FNR 4.86 C 100°C, 10 min 243 230 None 0.95 —
486 469 None 0.97 —

5 Fd/FNR 5.52 C 100°C, 10 min 276 289 None 1.05 —
552 588 None 1.07 —

aConcentration determined with the Bradford method (15).
bBuffers used were: A, 25 mM Hepes/KOH, pH 7.5, 10% glycerol, 1 mM EDTA, 1 mM 2-oxoglutarate, 1 mM DTT; B, 25 mM

Pipes/KOH, pH 7.5, 10% glycerol, 1 mM EDTA, 0.1 mM DTT; C, 50 mM Tris-HCl, pH 7.4.
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with the known flavin content of the enzymes, as determined previously and by
using the alternative methods presented above (see Subheadings 3.1. and 3.2.).

4. Notes
1. When 200 µL cuvets are used, care must be taken to transfer the samples with

automatic pipets, and to start from at least 250 µL samples. Mixing must also be
carried out with automatic pipets. We discourage the use of microsyringes when
the sample contains PDE, as the enzyme is difficult to wash away and may con-
taminate samples that will be handled later on.

2. We recommend soaking cuvets that have come in contact with PDE in a solution
containing 3 M HCl in ethanol and extensively rinsing with MilliQ water
(Millipore) for cleaning and effective removal of PDE traces.

3. In these experiments, it should be kept in mind that due to the limited solubility of
potassium dodecyl sulfate, the protein should be transferred into a potassium-free buffer.

4. Comparison of the spectrum of the flavin released by the SDS treatment and that
released by heat denaturation sometimes yields different results: up to 20% fla-
vin loss during heat denaturation has been observed, presumably due to trapping
of some of the flavin in the protein pellet. Thus, it is recommended that the
experiment is repeated using protein solutions of different concentrations.
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