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Respiratory NADH dehydrogenase-2 (NDH-2) of Escherichia coli is a peripheral membrane-bound flavoprotein.
By eliminating its C-terminal region, a water soluble truncated version was obtained in our laboratory. Overall
conformation of the mutant version resembles the wild-type protein. Considering these data and the fact that
the mutant was obtained as an apo-protein, the truncated version is an ideal model to study the interaction be-
tween the enzyme and its cofactor. Here, the FAD binding properties of this version were characterized
using far-UV circular dichroism (CD), differential scanning calorimetry (DSC), limited proteolysis, and steady-
state and dynamic fluorescence spectroscopy. CD spectra, thermal unfolding and DSC profiles did not reveal
anymajor difference in secondary structure between apo- and holo-protein. In addition, digestion site accessibil-
ity and tertiary conformation were similar for both proteins, as seen by comparable chymotryptic cleavage pat-
terns. FAD binding to the apo-protein produced a parallel increment of both FAD fluorescence quantumyield and
steady-state emission anisotropy. On the other hand, addition of FAD quenched the intrinsic fluorescence emis-
sion of the truncated protein, indicating that the flavin cofactor should be closely located to the protein Trp res-
idues. Analysis of the steady-state and dynamic fluorescence data confirms the formation of the holo-protein
with a 1:1 binding stoichiometry and an association constant KA = 7.0(±0.8) × 104 M−1. Taken together, the
FAD–protein interaction is energetically favorable and the addition of FAD is not necessary to induce the enzyme
folded state. For the first time, a detailed characterization of the flavin:protein interactionwas performed among
alternative NADH dehydrogenases.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Many proteins require the binding of a non-covalently bound ligand
to be functional. The ligand, or cofactor, can vary from a simple metal
ion to an organicmolecule. Sometimes, the presence of a cofactor is nec-
essary to acquire the correct folding of a protein [1,2]. On the other
hand, it is also possible that the cofactor binds to the protein when it
is already folded, without major structural changes [3].

Flavoprotein family embraces an enormous amount of enzymes
catalyzing a variety of reactions utilizing flavin mononucleotide (FMN)
or flavin adenine dinucleotide (FAD) as noncovalently or covalently
bound cofactors [4–6]. They have a central role in aerobic metabolism
through their ability to catalyze both one- and two-electron transfer re-
actions. Type II NADHdehydrogenase (NDH-2), amembrane-bound fla-
voprotein, belongs to the pyridine nucleotide disulfide reductase
elli), vrapisarda@fbqf.unt.edu.ar

ights reserved.
(PNDR) protein family and catalyzes the electron transfer from NADH
to quinones without energy transduction [7,8]. NDH-2s are found in a
broad range of organisms including plants, fungi, protozoa, and bacteria,
but crucially, not in mammalian mitochondria [9–12]. Due to this
fact, they were studied as potential therapeutic targets against human
pathogens such as Plasmodium falciparum [13–15] and Mycobacterium
tuberculosis [16,17]. On the other hand, Saccharomyces cerevisiae homo-
logue Ndi1 has been proposed as substitute in gene therapy since it
complements deficiencies in respiratory complex I of human cell cul-
tures [18–21].

Respiratory NDH-2 of Escherichia coli has been biochemically charac-
terized [22,23]. It consists of a single polypeptidic chain of 433 residues
(47.2 kDa), containing a non-covalently bound FAD as redox cofactor
[23]. Even though the crystal structure of S. cerevisiae Ndi1 has been re-
cently reported [24,25], E. coliNDH-2 structural featureswere restricted
to bioinformatics information [26,27] and experimental data obtained
with low-resolution techniques [28,29].

In earlier works, we demonstrated that NDH-2 is a peripheral mem-
brane protein with its C-terminal region as responsible for membrane
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binding [28]. A cytosolic variant of NDH-2 (named as Trun-3), which
was truncated in the last 43 amino acids, was purified and characterized
[28]. Trun-3 lacked flavin cofactor, even though it contains the con-
served FAD binding domain and motifs [27,30]. Thus, apo-Trun-3 was
inactive but after cofactor addition immediately restored its enzymatic
activity, with the same substrate affinity as the wild-type enzyme [28].
In addition, the elimination of the C-terminal region did not affect
NDH-2 globularity, since no significant differences in the overall topolo-
gy of NDH-2 and reconstituted holo-Trun-3 were observed by far-UV
circular dichroism, Fourier transform infrared spectroscopy and limited
proteolysis analysis [29].

Trun-3 was proposed as a suitable testing model to study unknown
structural/functional aspects of NDH-2 [28,29]. The usage of this soluble
version avoided the several difficulties related to handle the native
membrane protein [31]. Till date, no information about achievement
of apo-Type II NADH dehydrogenase is available, indicating the com-
plexity of this approach. Several attempts to deflavonize E. coli NDH-2
failed, as reconstitution with the FAD cofactor resulted in an inactive
protein [23; Rapisarda et al., unpublished data]. Thus, Trun-3 version
offers a good opportunity to characterize the cofactor–protein interac-
tion, since it is possible to prepare large amounts of a stable and
reconstitutable apo-protein with nearly the same structural properties
to those of native enzyme.

In the present study, structural properties of apo- and holo-forms of
Trun-3 were investigated by far-UV circular dichroism and limited pro-
teolysis analysis. The FAD binding equilibrium constant of type-2 NADH
dehydrogenase was determined by steady-state and time-resolved
fluorescence measurements. This is the first time that the flavin–
apoprotein interaction was characterized for any alternative NADH
dehydrogenase.

2. Materials and methods

2.1. Chemicals and media

All chemicals and growth medium were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

2.2. Protein expression and purification

Expression of His-tagged Trun-3 protein was induced with 0.1 mM
IPTG in early log phase cultures of BLTrun-3 strain [28]. Briefly, the
protein was purified by affinity chromatography using a Ni-NTA
column following the protocol adapted by Villegas et al. [28]. Purified
protein that lacked FAD cofactor was named as apo-Trun-3 and the
reconstituted holo-form, after the addition of FAD excess, was named
as holo-Trun-3. All assays were performed in 50 mM potassium phos-
phate buffer, pH 7.5, containing 0.5 M NaCl. Protein concentration was
determined by the method of Lowry et al. [32].

2.3. Limited proteolysis

Samples (0.5 mg ml−1) were incubated with bovine pancreas chy-
motrypsin at 30 °C (protease/protein ratio 1:30). Reaction was stopped
after 5, 15 and 60 min by adding SDS-PAGE loading buffer and boiling at
100 °C for 5 min. Proteolysis reaction products were analyzed by
10% SDS-PAGE [33], and stained with Coomassie Blue. When indicated,
4-fold molar excess of FAD was added to the protein sample.

2.4. Circular dichroism

Far-UV circular dichroism (CD) spectra were performedwith a Jasco
810 spectropolarimeter under constant N2 flush, equippedwith aHaake
temperature control unit. Scans were carried out in a 2 mmpath length
quartz cuvette at a speed of 100 nm min−1, a band width of 1 nm, a
data pitch of 0.2 nm s−1 and a response time of 1 s. When indicated,
4-fold molar excess of FAD was added to the protein sample. Buffer
scans were subtracted from the protein spectra. The results were
expressed as mean residual ellipticity [θ], given in deg cm2 dmol−1,
and calculated by Eq. (1),

θ½ � ¼ θ� 100�M
C � l� n

ð1Þ

where θ is the observed ellipticity,M is themolecularmass, C is the sam-
ple concentration inmg ml−1, l the optic length in cm, and n is the num-
ber of residues in the protein [34].

2.5. Differential scanning calorimetry

Calorimetric experiments were obtained using a MicroCal VPDSC
calorimeter from MicroCal Llc. (Northampton, MA, USA). The protein
concentration was 0.5 mg ml−1. All the solutions were degassed by
vacuum. The reference cell was filled with buffer and a pressure of
26 psi was applied to both cells. A scan rate of 60 °C/h was used in all
experiments. Buffer–buffer scan was subtracted to the crude sample
scan and subsequently normalized for total protein concentration. The
experimental data were deconvoluted using Origin software provided
by the manufacturer. A non-two-state transition analysis was applied,
previous baseline subtraction, to obtain the thermal transition mid-
point (Tm).

2.6. Steady-state UV–vis absorption and fluorescence

Absorption UV–vis spectra were registered with a Hewlett
Packard 8453 UV–visible spectrophotometer (Palo Alto, CA, USA). Fluo-
rescence excitation and emission spectra were recorded with a Hitachi
F-2500 spectrofluorimeter (Kyoto, Japan) equipped with an R-928
photomultiplier, in a 100 μl fluorescence quartz cell of 3 mm of optical
path cells (Hellma, Germany), using excitation and emission slits of
5 nm bandwidth. Fluorescence titration of FAD binding to the apo-
protein was determined by excitation of the flavin at 450 nm, and the
respective FAD quantum yield (ΦF) was calculated using, as reference,
the fluorescence of the cofactor in buffer solution (ΦF = 0.033) [35],
by comparing the integrated fluorescence intensity of the sample and
reference solutions matched in absorbance at the excitation wave-
length. Correction by the difference of the media refractive index was
performed and the absorbance of both sample and reference solutions
at 450 nm was kept ≤0.05 to avoid inner filter effects [35].

The steady-state quenching of Trun-3 intrinsic fluorescence by addi-
tion of FADwas studied by excitation at 295 ± 5 nm, and the emission
spectra were recorded between 300 and 450 nm. Since FAD absorbs
light both at the excitation and emission spectral regions of Trun-3,
the observed emission spectra, F(λ)obs, were corrected by the primary
and secondary inner filter effects using Eq. (9) [36],

F λemð Þcorr ¼ F λemð Þobsanti log
A λexð Þ þ A λemð Þ

2

� �
ð2Þ

where A(λex) and A(λem) are the absorbance of the solution upon addi-
tion of different FAD concentrations at the excitation and emission
ranges, respectively.

Steady-state fluorescence anisotropy r was determined using the
classical L-format and calculated with Eq. (3), where IVV and IVH are
the fluorescence intensities with different orientations of the excitation
and emission polarizers, indicating the position by the subscripts V
(vertical) and H (horizontal), respectively. The G factor represents the
sensitivity ratio of the detection system for vertically and horizontally
polarized light calculated as IHV/IHH.

r ¼ IVV−GIVH
IVV þ 2GIVH

ð3Þ
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Changes of the steady-state anisotropy of FAD, rFAD, as a function of
the Trun-3 concentration were calculated using the red-edge fluores-
cence intensity collected between 560 and 620 nm with excitation at
450 nm, in order to avoid light scattering effects that are compounded
at the blue edge of the spectrum at increasing concentrations of the
apo-protein. In turn, the anisotropy of 10 μMapo-protein in buffer solu-
tion, rApo, was calculated by excitation at 295 nm and collecting the
emission between 300 and 450 nm. In all cases, the average value of an-
isotropy in the studied range is reported.

2.7. Time-resolved fluorescence measurements

Fluorescence emission decays of the apo-protein were obtained with
a Tempro-01 apparatus of Horiba (Glasgow, UK), using as excitation
source 1 MHz pulsed LEDs (Nanoled® from Horiba) emitting at
277 ± 11 nm. The emission wavelength was selected at 340 ± 16 nm,
through an f/4 monochromator. The fluorescence intensity decay
was fitted with the Fluorescence Decay Analysis Software DAS6®
from Horiba by deconvolution of the pulse function using the multi-
exponential model function (Eq. (4)),

I tð Þ ¼
Xn
i¼1

αi exp −t=τið Þ ð4Þ

where n is the number of single exponential decays, τi and αi are the
decay time and the fluorescence intensity amplitude at t = 0 of each
decay, respectively. The average lifetime (τav) was calculated with
Eq. (5), where fi is the fractional contribution of each decay time to the
steady-state intensity [36].

τav ¼
Xn
i¼1

f iτi ¼

Xn
i¼1

αiτ
2
i

Xn
i¼1

αiτi

ð5Þ

All spectroscopic measurements were performed under air-
saturated conditions and controlled temperature at 30 ± 0.1 °C using
an external thermostat (Haake F3, Germany).

3. Results and discussion

3.1. Apo- and holo-Trun-3 structural features

Based on spectroscopic experiments, it was previously shown that
holo-Trun-3 retained a compact fold with a high degree of native-like
secondary structure. Furthermore, limited proteolysis experiments
demonstrated a comparable tertiary structure, indicating that the
overall conformation of Trun-3 resembles the wild-type protein
[29]. Also, the similar Km values obtained showed that the substrate
binding site(s) of both enzymes remain unchanged [28]. These data,
complemented with the fact that Trun-3 was obtained as an apo-
protein (apo-Trun-3), allowed us to propose this variant as an ideal
model for studying the binding between the protein and the cofactor,
overcoming the difficulties related to the native NDH-2 handle. Here,
in order to elucidate if structural rearrangements could be induced
exclusively by the cofactor addition, comparative studies between
apo- and holo-Trun-3 were performed. Far-UV circular dichroism spec-
troscopy (λ b 250 nm) was used to estimate possible modifications in
the secondary structure of Trun-3 by addition of FAD. At 30 °C, the
CD-spectra of both apo- and holo-protein were very similar, showing
a characteristic α/β pattern [37], as indicated by the broad negative
band with maxima centered at 208 and 222 nm, together with a posi-
tive band slightly red-shifted at 201 nm(Fig. 1A). As observed in the dif-
ference spectrum between the holo- and apo-protein (inset of Fig. 1A),
only a very small signal incrementwas observed at 204 nm, probably by
a slight increased contribution of type I β-turn in the holo-protein [37].
These results indicate that the conformation adopted by the apo-protein
is not strongly influenced by the binding of the flavin cofactor, and rein-
force the assertion that the structure of both apo and holo-forms of
the mutant enzyme is overall very similar to that of wild-type protein.
In addition, both apo- and holo-proteins showed the same thermal sta-
bility of the secondary structure, as monitored by the changes of the
normalized ellipticity at 222 nm (Fig. 1B). No significant changes were
observed up to 41 °C. An apparent midpoint transition temperature
(Tm) of 48.8 ± 1 °C was obtained by fitting with a Boltzmann model
[38]. To further characterize the thermal transitions of apo and holo-
Trun-3, high-sensitivity differential scanning calorimetry (DSC) mea-
surements were carried out. Both calorimetric scans consisted of three
entities melting at different temperatures. The lower transition peak
for the apo-protein had a Tm of 41.5 ± 0.5 °C (Fig. 1C), while the
holo- form showed a Tm of 43.5 ± 0.7 °C (Fig. 1D). The other peaks
were located at 50 and 53 °C for both proteins, being the last one the
higher transition peak. Considering the CD and DSC results, it can be
concluded that both proteins show similar thermal unfolding profiles
and therefore the binding of FAD does not significantly modify the sta-
bility of Trun-3 structure. However, slight structural modifications
upon flavin addition cannot be discarded upon formation of the holo-
protein. The effect of FAD binding on possible changes of the protein
tertiary structure was investigated by chymotryptic limited digestion.
As shown in Fig. 2, comparable cleavage patterns for apo- and holo-
Trun-3were obtained, indicating both similar digestion site accessibility
and conformation, in agreement with results obtained by CD spectros-
copy and DSC. However, a differential time-course of digestion was ob-
served, as part of the holo-protein remained intact even after a one-
hour treatment, while the apo-protein suffered a relatively faster prote-
olysis (Fig. 2A and B). The absence of the cofactor seems to introduce
some plasticity on the tertiary structure, although does not negatively
impact the overall protein fold. This flexibility is a likely prerequisite
to enable the flavin to enter the interior of the apoprotein. Our data is
consistent with studies on other flavoenzymes in which a more flexible
structure is observed for deflavo enzymes giving rise, for example, to in-
crease susceptibility to proteolysis in time [39].

Taken together, the present results indicate that apo-protein has a
defined conformation, since the addition of FAD is not necessary to in-
duce the conformational state of Trun-3. Apparently, the folded apo-
enzyme is flexible enough to allow the entrance of the cofactor to the
pre-organized binding pocket resulting in the active holo-enzyme. This
mechanism for FAD binding was described in other flavoproteins [40].
In the case of dihydrolipoamide dehydrogenase E3 subunit from E. coli,
the presence of FADpromotes subtle conformational rearrangements, al-
though its initial presence appears not to be required to promote the cor-
rect folding [41]. There are other cases where the protein is able to
autonomously adopt a folded native conformation, and as soon as
enough cofactor becomes available, the apo-protein binds the flavin
and forms the functional complex, as was observed with the long-
chain Anabaena PCC7119 [42] and Azotobacter vinelandii [43] apo-
flavodoxins. When the wild-type Anabaena protein is overexpressed
and the cells are quickly harvested (in FMN limiting conditions), or
when FMN binding defective apo-flavodoxin variants are expressed,
large amounts of well-folded apo-protein were recovered [44].

3.2. Characterization of FAD binding to the apo-protein Trun-3

Information about flavin–protein interaction was scarce among
NDH-2s. The binding of FAD to apo-Trun-3 was analyzed by fluores-
cence spectroscopy, either by keeping constant the flavin concentration
and changing protein concentration or conversely.

Fig. 3A shows the changes elicited in thefluorescence emission spec-
trum of 10 μM FAD with increasing concentration of apo-Trun-3. The
progressive increment of the fluorescence intensity is also accompanied
by a blue-shifting of the emissionmaximum λemmax. In turn, Fig. 3B shows



A C

B D

Fig. 1. FAD binding does not change apo-Trun-3 structure. (A) Far-UV CD spectra at 30 °C of apo-Trun-3 (solid line) and holo-Trun-3 (dotted line) in 50 mM potassium phosphate buffer,
pH 7.5, containing 0.5 MNaCl. Data are expressed asmeanmolar residue ellipticity [θ], Eq. (1). Each CD spectrumwas the average of five scans. Inset: differential CD spectrumbetween the
holo- and apo-protein. (B) Thermal transition curves following ellipticity at 222 nm for apo- (■) and holo-Trun-3 (○). Values were normalized to the total change observed between 20
and 60 °C. Experiments were repeated three times and the average values are reported. The solid line represents the data fitting with the Boltzmann equation: θ ¼ θmin þ θmax−θminð Þ

1þe Tm−Tð Þ=p . Dif-
ferential scanning calorimetry thermogramsof apo- (C) and holo-Trun-3 (D). DSC experimental data points (circles), bestfit curves (solid line) and transitions obtained from thenon-two-
state transition model analyses (dotted lines) are shown. Crude thermograms were normalized by total protein concentration. Experiments were repeated three times and the average
results are shown.
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Fig. 2. FADdoes not strongly impact the overall protein folding. Limited proteolysiswith chymotrypsin experiments: (A) 10% SDS-PAGE of the apo- and holo-Trun-3 samples before digestion
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by gel densitometric analysis of apo- (□) and holo-Trun-3 (■) degradation during incubation with chymotrypsin. Representative results from three sets of experiments are shown.
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Fig. 4. FAD efficiently binds to apo-Trun-3. (A) Variation of the fluorescence quantum yield
(ΦF

FAD) and steady-state anisotropy (rFAD) of FADwith the concentration of the apo-protein
Trun-3. (B) Calculation of the association constant KA and n of FAD to apo-Trun-3, Eq. (9),
using steady-state fluorescence intensity ( ) and anisotropy (●) values of FAD.
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the variation of the fluorescence excitation spectrum of FAD,monitored
with the emission wavelength fixed at 520 nm, by the addition of
70 μM of the apo-protein. Besides the almost twice fluorescence incre-
ment of the flavin upon binding, a modification in the intensity band
ratio corresponding to the transitions from the ground state (S0) to
the lowest-lying excited states of the singlet manifold S1 (λab

max ≈
442–450 nm) and S2 (λabmax ≈ 360–375 nm) of the isoalloxazine chro-
mophore was produced. All these spectral changes suggest a modifica-
tion of the surrounding microenvironment sensed by FAD due to the
interaction with the protein. This type of behavior for flavin derivatives
is produced by the lack or displacement of hydrogen bonds formed be-
tween the isoalloxazine ring with solvent water molecules, as observed
in the core of reversed micelles at very low water/surfactant molar ra-
tios, where water molecules are highly immobilized [35], or in protein
cavities, such as the blue-light receptor YtvA of Bacillus subtilis, in
which the cofactor FMN is highly stabilized and immobilized by a hy-
drogen bond network involving several amino acids of the active site
[45].

The inset of Fig. 3A shows the sigmoid-like behavior of the λem
max

shifting with the protein/cofactor concentration ratio X = [Apo]/
[FAD], which midpoint value at Xm ≈ 1 suggests a 1:1 binding stoichi-
ometry upon formation of the holo-protein, according with the follow-
ing association equilibrium, Eq. (6).

FADþ Apo⇄Holo KA ¼ Holo½ �
FAD½ � Apo½ � ð6Þ
The binding of FAD to apo-Trun-3 produced a parallel increment of
both the fluorescence quantum yield (ΦF

FAD) and the steady-state emis-
sion anisotropy (rFAD) of FAD (Fig. 4A). It is worth to mention that the
saturation value of rFAD = 0.207, obtained by addition of high concen-
tration of Trun-3, is close to that obtained for apo-protein alone
(rApo = 0.208), calculated by measuring its intrinsic fluorescence emis-
sion at λem

max = 335 ± 5 nm (data not shown). Assuming similar life-
times for both the excited state of bound FAD and for the apo-Trun-3,
this result suggests that the cofactor is tightly located into the protein,
and the fluorescence depolarization of the flavin is mainly governed
by the slower rotational diffusion of the whole protein backbone [46].

The increment of both ΦF
FAD and rFAD was recently reported for FAD

dissolved in the core of sodium docusate (AOT) reverse micelles at
lowwater content, e.g.w0 = [H2O] / [AOT] ≤ 6,where the local viscos-
ity is high enough to consider the flavin derivative almost immobilized
inside the core of the reverse micelle [35]. A similar increase of fluores-
cence anisotropy of FAD was observed for the apo-protein PheA2, a
flavin reductase component of phenol hydroxylase from Bacillus
thermoglucosidasius A7 [47], indicating a strong interaction. Moreover,
the ΦF

FAD increment could be also the result of the preferential location
of FAD in the binding site with an “open” conformation, as predicted
by the reported PDB ID: 1OZK structure of the native E. coli NDH-2
[26] (Fig. 5), in which the intramolecular electron-transfer quenching
of the excited state of the isoalloxazine ring by the adenine moiety is
avoided [48].

The elicited changes of both fluorescence intensity and anisotropy
can be used to estimate the association constant KA of the equilibrium
of Eq. (6). In the simplest scenario, only a single binding site or identical
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Fig. 5. FAD binds close to Trp residues of Trun-3. Ribbon representation of a portion of the NDH-2 three-dimensional model: FAD and tryptophan residues are colored in orange and blue,
respectively. The diagram was created using the PDB file of NDH-2 theoretical model [24], with the program Visual Molecular Dynamics (VMD).
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ideal sites in the proteinwill be considered. In this case, the overall fluo-
rescence intensity (F)must be considered as the sumof thefluorescence
intensity of the population of FAD molecules free in the aqueous pool
[FAD]F and of that coming from the cofactor molecules bound to the
protein [FAD]B [49]. Thus, the fraction of bound FAD (fB) is defined as
the ratio between [FAD]B (i.e. equivalent to the holo-protein concentra-
tion) and the total flavin concentrations [FAD]T, Eq. (7), where F and F0
are the measured fluorescence intensity of FAD in the presence and ab-
sence of apo-protein, and F∞ is the fluorescence intensity of totally
bounded FAD.

f B ¼ FAD½ �B
FAD½ �F þ FAD½ �B

¼ Holo½ �
FAD½ �T

¼ F−F0
F∞−F0

ð7Þ

Because the fluorescence intensity of FAD increases upon binding,
the calculation of fB using the steady state anisotropy r is given by
Eq. (8), where rF and rB are the anisotropies of the free and bound
FAD, respectively, and R = F∞ / F0 is the fluorescence intensity correc-
tion factor under the same monochromator settings as the anisotropy
measurement [46,50].

f B ¼ r−r F
R rB−rð Þ þ r−r Fð Þ ð8Þ

Eqs. (7) and (8) assume the existence of only two states for
the solute, e.g. bound and free, interacting with a single binding site N,
irrespective of the protein concentration [49]. Therefore, the calculation
of this parameter from both fluorescence intensity and anisotropy
data allows the estimation of the average number of FAD molecules
bound per protein molecule, n = [FAD]B / [Trun-3]T. As [Trun-3]T =
[Apo] + [Holo], combining with KA (Eq. (6)) and [FAD]F = (1 − fB)
[FAD]T, the hyperbolic function (Eq. (9)) for n is obtained.

n ¼ nmax � FAD½ �F
K−1
A þ FAD½ � F

ð9Þ

In this case, the factor nmax was introduced as fitting variable to ac-
count themaximumvalue of cofactormolecules boundper proteinmol-
ecule. According with the two pseudophase model proposed, a value of
nmax = 1must be expected [50]. Fig. 4B shows the variation of the spe-
cific binding ratio ν with [FAD]F, and the non-linear fitting with Eq. (9)
yields KA = 7.7 × 104 M−1 and nmax ≈ 1, confirming the binding
model proposed with a 1:1 stoichiometry upon formation of the holo-
protein, as previously obtained from the sigmoidal fitting of the emis-
sion maximum shifting (inset of Fig. 3A).

Excitation at 295 nm of apo-Trun-3 shows the typical tryptophan-
like emissionwith amaximum at 335 nm (Fig. 6A). This result indicates
that the Trp residues are sensing a less polar environment than in aque-
ous solution [36], in agreement with the solvent-accessible surface area
(SASA) analysis of the native E. coli NDH-2 computational model (PDB
ID: 1OZK), which predicts that both tryptophan residues (Trp46 and
Trp271) are buried in the protein [26,29]. The addition of FAD strongly
quenched the protein fluorescence intensity, and after inner filter cor-
rections with Eq. (2), it can be observed that no major spectral shift of
the emission maximum was observed (Fig. 6A). Furthermore, the
Stern–Volmer (SV) plot of (F0/F)corr vs [FAD]T was perfectly linear
(Fig. 6B). These results indicate that both Trp residues are accessible to
the quencher as, in the case of a non-accessible Trp residue, the SV
plot should show a downward curvature (saturation-like curve). Thus,
the intrinsic fluorescence quenching of Trun-3 by FAD suggests that



Fig. 6. FAD quenches almost statically the fluorescence of apo-Trun-3. (A) Fluorescence
emission spectra of Trun-3 corrected by inner filter effects upon addition of FAD with
Eq. (2). Inset: variation of the average fluorescence lifetime τav and fractional contribution
fi with the molar ratio [FAD]/[Apo]. (B) Stern–Volmer (SV) plots for the corrected fluores-
cence intensity (F0/F)corr (■) and average lifetime (τ0/τ)av (●) ratios, respectively, and for
the corrected static quenching contribution Y = [(F0/F)corr] / [(τ0/τ)av] ( ), Eq. (10).
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theflavin cofactor can interactwith both Trp residues in the binding site
of the protein. In fact, estimation of the distance between the isoalloxa-
zine ring of FAD to Trp46 and Trp271 from the 3D model of NDH-2
shows a closer location of FAD to both Trp residues (b17 Å) (Fig. 5).
Thus, assuming similar protein conformation in solution, the proximity
of FAD to both Trp residues of Trun-3 can be extrapolated.

In order to confirm this assumption, thefluorescence decay behavior
of apo-Trun-3 was analyzed as a function of increasing FAD concentra-
tion by TCSPC (Time-Correlated Single Photon Counting) experiments
with excitation at 280 nm and emission monitored at 340 nm. In the
absence of FAD, the best deconvolutionfitting of the decaywas obtained
using a three-exponential decay function (Eq. (4)), yielding individual
lifetimes τi of 0.85, 3.32, and 7.53 nswith fluorescence fractional contri-
butions fi of 0.30, 0.42, and 0.28, respectively. From this lifetime distri-
bution, an average lifetime of τav = 3.75 ns was calculated with
Eq. (5). Multi-exponential decay is a common feature either in single
or multi-tryptophan containing proteins, mainly due to the conforma-
tional complexity and/or specific interaction of some amino acid resi-
dues that can act as quenchers [51]. Upon addition of FAD, the protein
fluorescence decay was also well-fitted with the three-exponential
decay function (data not shown). However, as all individual lifetimes
were reducedwith the flavin concentration, the fractional contributions
f1 and f2 corresponding to the shorter and middle lifetimes were re-
duced up to a molar ratio [FAD]/[Apo] ≈ 1, while a parallel increase
was observed for the f3 value associated with the longest lifetime of
the protein (inset of Fig. 6A). This saturation behavior of the fluores-
cence fractional contributions reached at [FAD]/[Apo] ≥ 1 can be associ-
ated with the 1:1 stoichiometry for the binding as described above.
Thus, the combined variation of both τi and fi resulted in a slight and
progressive reduction of the average lifetime τav value. Once more, the
dynamic quenching of all Trp fluorescence-like decay components of
Trun-3 by FAD addition supports our previous assumption of closer lo-
cation of the cofactor to the two Trp residues of the truncated protein.

Finally, both steady-state and dynamic fluorescence quenching of
Trun-3 by FADwere analyzed, according to the classical SV relationship
(F0/F) or (τ0/τ) = 1 + KSV[FAD]T, respectively, with KSV (M−1) as the
SV quenching constant. For both (F0/F)corr and (τ0/τ)av ratios, satisfacto-
ry linear correlations with the total FAD concentration were fulfilled
(Fig. 6B), and by comparing the slope difference between both SV-
plots, it can be concluded that the quenching mechanism of Trun-3
by FAD is mainly static (see [36]). In fact, from the apparent dynamic
component KSV = KD = kqτ0,av = 1.3 × 104 M−1, the bimolecular
quenching constant kq = 3.5 × 1012 M−1 s−1 was estimated. This kq
value exceeds, by almost three-order of magnitude, the rate constant
value for bimolecular diffusion-controlled processes in water at
room temperature (≈6 × 109 M−1 s−1), suggesting that the dynamic
quenching contribution (τ0/τ)av is produced by transient and/or
energy-transfer effects due to the close vicinity of FAD to the Trp resi-
dues into the binding site of apo-Trun-3 [51].

Usually, in the analysis of a solute binding efficiency by intrinsic fluo-
rescence quenching of a protein, most articles consider a 100% static
quenching mechanism, since the dynamic quenching component is ig-
nored. This is based on the fact that its occurrence would require a
quenching rate constant higher than that expected for diffusion con-
trolled processes in homogeneous fluid solutions (i.e. ≈1010 M−1 s−1)
(see review [52]). However, the SV-plot of Fig. 6B, obtained from fluores-
cence lifetime's analysis, clearly illustrates the occurrence of aminor con-
tribution of dynamic quenching that affects the total fluorescence
intensity ratio (F0/F)cor. Therefore, the (F0/F)corr ratio obtained from in-
tensity fluorescencemeasurements can be considered as the product be-
tween “pure” static and “apparent” dynamic quenching contributions,
Eq. (10), where the association constant KA (as defined in Eq. (6)) is
only included in the static quenching contribution:

F0
F

� �
corr

¼ 1þ KA FAD½ �T
� �� 1þ KD FAD½ �T

� �

¼ 1þ KA FAD½ �T
� �� τ0

τ

� �
av
: ð10Þ

Thus, the dynamic quenching component can be easily corrected
from (F0/F)corr by plotting Y = (F0/F)corr / (τ0/τ)av vs. [FAD]T. A linear
plot was obtained, according with a 1:1 stoichiometry of the complex
formation, and a slope KA = 6.2 (±0.2) × 104 M−1. This KA value is
very close to that of 7.7 × 104 M−1 obtained by the fluorescence inten-
sity and anisotropy enhancement of FAD as a function of Trun-3 concen-
tration (Fig. 4), confirming the validity of the two approaches used.

4. Conclusions

For the first time, FAD binding properties to type II NADH dehydro-
genase were characterized. Our strategy involved the use of the soluble
truncated mutant Trun-3, which represents an excellent model for
studying the protein/cofactor interactions, since eventual difficulties re-
lated to the use of the native membrane enzyme were avoided. As we
described before, Trun-3 was obtained as a cytosolic apo-protein and
the overall structural conformation of holo-Trun-3 resembles the
E. coli NDH-2 wild-type protein [29]. The binding of the FAD cofactor
to apo-Trun-3 did not induce significant changes in secondary and ter-
tiary structures, suggesting that FAD was not required to promote the
correct folding of NDH-2. The fact that Trun-3 structurewas kept almost
intact in the absence of the cofactor is in agreement with the fast reac-
tivation process after FAD binding [28]. The FAD cofactor binding to
apo-Trun-3 was determined, obtaining an average association constant
value of KA = 7.0(±0.8) × 104 M−1, which corresponds to a Gibbs free
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energy ΔG° ≈ −28 kJ/mol, a driven force consistent with a highly fa-
vorable protein–cofactor interaction. The incorporation of FAD into the
soluble protein occurs with a 1:1 stoichiometry, in agreement with
the results previously reported for native E. coli NDH-2 by Jaworowski
et al. [23].
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