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a b s t r a c t

Development of an artificial enzyme with activity and structure comparable to that of natural enzymes is
an important goal in biological chemistry. Respiratory NADH dehydrogenase-2 (NDH-2) of Escherichia coli
is a peripheral membrane-bound flavoprotein, belonging to a group of enzymes with scarce structural
information. By eliminating the C-terminal region of NDH-2, a water soluble version with significant
enzymatic activity was previously obtained. Here, NDH-2 structural features were established, in
comparison to those of the truncated version. Far-UV circular dichroism, Fourier transform infrared
spectroscopy and limited proteolysis analysis showed that the overall structure of both proteins was
similar at 30 �C. Experimental data agree with the predicted NDH-2 structure (PDB: 1OZK). The absence
of C-terminal region stabilized in w5e10 �C the truncated protein conformation. However, truncation
impaired enzymatic activity at low temperatures, probably due to the weak interaction of the mutant
protein with FAD cofactor.

� 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

Type II NADH dehydrogenase (NDH-2) is a member of the
pyridine nucleotide disulfide reductases (PNDR) protein family that
catalyzes the electron transfer from NADH to quinones without
energy transduction [1,2]. NDH-2s are membrane-bound flavo-
proteins found in a broad range of organisms including plants,
fungi, protozoa, and bacteria [3e5]. These enzymes have been
proposed either as chemotherapeutic targets against pathogens or
as complex I substitute in human gene therapy [6e9].

Respiratory NDH-2 of Escherichia coli has been biochemically
characterized [10,11]. It consists of a single polypeptidic chain of
433 residues (47,200 Da), containing a non-covalently bound FAD
as a redox cofactor [11]. 3D-model is restricted to theoretical
studies based on sequence similarity using the flavoenzyme NAD(P)
H peroxidase as template [12]. Also, several controversial models of
how the enzyme is attached to the membrane have been described
[2,12,13]. As a first experimental approach to specify the nature of

the protein membrane interaction, we have recently reported that
NDH-2 is a peripheral membrane protein, interacting with the
membrane by at least a C-terminal amphipathic a-helix [14].

Based on these results, a water soluble NDH-2, named Trun-3,
has been obtained by deletion of the C-terminal region [14]. Puri-
fied Trun-3 lacked FAD, rendering the enzyme inactive. The cofactor
addition to the apoenzymewas necessary to restore Trun-3 activity.
Studies have shown that Trun-3 and NDH-2 kinetics parameters
were similar.

Trun-3 cytosolic nature offers a number of advantages, such as:
time reduction and yield enhancement in the purification protocol;
absence of detergent during the purification and storage; and
increase of enzyme stability to freezeethaw cycles.

In this work, we demonstrated that the overall structure of the
truncated protein resembles the wild-type. Since the elimination of
the C-terminal region apparently does not affect the globularity of
NDH-2, Trun-3 could be an interesting tool for further structural
characterizations of the enzyme. The absence of the C-terminal
region contributes to the protein thermal stability. However, the
mentioned region may stabilized the FAD binding in NDH-2, as
seen by the decrease of Trun-3 activity at lower temperatures in
respect to that of wild type protein.
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2. Materials and methods

2.1. Chemicals and media

All chemicals and media were purchased from SigmaeAldrich
(St. Louis, MO, USA).

2.2. Protein expression and purification

Expression of His-tagged NDH-2 and Trun-3 proteins was
induced with 0.1 mM IPTG in early log phase cultures of BLNdh and
BLTrun-3 strains, respectively [14]. Both proteins were purified by
affinity chromatography using a Ni-NTA column following the
protocol adapted by Villegas et al. [14]. Protein concentration was
determined by the method of Lowry et al. [15]. All structural assays
were performed in 50 mM potassium phosphate buffer, pH 7.5, and
0.5 M NaCl, in the presence of a 4-fold molar excess of FAD.

2.3. Circular dichroism

Far-UV circular dichroism (CD) spectra were performed on
a Jasco 810 spectropolarimeter under constant N2 flush, equipped
with a Haake temperature control unit. Scans were carried out in
a 2 mm path 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. Buffer scans were subtracted from the proteins spectra.
The results were expressed as mean residual ellipticity [q], given in
deg cm2 dmol�1 [16].

2.4. Fourier transform infrared spectroscopy

Lyophilized NDH-2 or Trun-3 samples (5 mg ml�1) were
resuspended in D2O. Spectra were recorded in Nicolet 5700 spec-
trometer equipped with a DTGS detector (Thermo Nicolet, Madi-
son, WI) in thermostated cell between two CaF2 windows. The
sample chamber was permanently purged with dry air to reduce
distortions of water-vapor. Scans were collected at a nominal
resolution of 2 cm�1 and apodized with a HappeGenzel function.
Solvent subtraction, deconvolution, determination of band position
and curve fitting of the original amide I band were performed as
described [17]. The error in estimation of the percentage of
secondary structure depends mainly on the removal of spectral
noise, and it was estimated to be 2e3% [18].

2.5. Limited proteolysis

Samples (0.5 mg ml�1) were incubated with bovine pancreas
chymotrypsin at 30 �C (protease/protein ratio 1:30). Reaction was
stopped after 1 h by adding SDS-PAGE loading buffer and boiling at
100 �C for 5 min. Proteolysis reaction products were analyzed by
10% SDS-PAGE [19], and stained with Colloidal Coomassie Blue. A
w42 kDa proteolytic band was then excised and sequenced
(CEQUIBIEM, Argentina).

2.6. Activity assays

NADH dehydrogenase activity was measured as reported by
Rapisarda et al. [20]. Briefly, NADH oxidation was followed by
absorbance decrease at 340 nm using duroquinone (Q0) as electron
acceptor. It is worth to mention that in this case, 10 mM FAD was
added to the reaction mixture.

2.7. Differential scanning calorimetry

Calorimetric experiments were obtained using a MicroCal VP-
DSC calorimeter from MicroCal Llc. (Northampton, MA, USA). The
protein concentration was 0.5 mg ml�1. All the solutions were
degassed. The reference cell was filled with buffer and a pressure of
26 p.s.i. was applied to both cells. A scan rate of 60 �C/h was used in
all experiments. Bufferebuffer 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).

2.8. Fluorescence spectroscopy

Measurements of intrinsic fluorescence were carried out on
a PerkinElmer Life Sciences LS50 fluorimeter equipped with
a thermostated cell holder. All experiments were performed
following an excitationwavelength of 295 nm, known to be specific
for tryptophan (Trp). Fluorescence emission was scanned from 300
to 450 nm. Sample solutions were prepared at a protein concen-
tration of 0.2 mg ml�1.

3. Results

3.1. Comparison of Trun-3 and NDH-2 structural features

There is scarce structural information yet on any type II NADH
oxidoreductase. Structural model is restricted to theoretical studies
based on sequence similarity with other flavoenzymes used as
templates such as the lipoamide dehydrogenases and NAD(P)H
peroxidases [12,21]. 3D-model for E. coli NDH-2 comprises 385
amino acid residues, since the last C-terminal residues were not
located in detail due to ambiguities in the alignment [12]. Here,
E. coli NDH-2 structural features were studied by different tech-
niques, such as circular dichroism (CD), Fourier transform infrared
spectroscopy (FTIR), fluorescence spectroscopy and limited prote-
olysis. Structural studies were also performed with Trun-3,
a soluble variant that mimics the modeled fragment, in order to
investigate similarities to wild type enzyme and to corroborate
bioinformatics data.

Far-UV CD spectra were used to estimate the secondary struc-
ture of wild-type and Trun-3. Both proteins presented a character-
istic a/b spectrum at 30 �C (Fig. 1A). As observed, spectra did not
reveal any major difference, indicating that the conformation
adopted by the two proteins were similar. Infrared spectroscopy
analyses were also performed in order to compare secondary
structure contents. Fig. 1B and C shows NDH-2 and Trun-3 decon-
voluted amide I spectra at 30 �C. The band at w1654 cm�1 reflects
the a-helices content while the band component at w1632 cm�1

indicates the b-sheet fraction. The band located around 1665 cm�1

corresponds to b-turns. The band at 1675 cm�1 indicates a small
contribution of the high-frequency vibration of the antiparallel b-
strands. Bands at about 1642 cm�1 are assigned to non-structured
conformation. On the basis of the mentioned assignments, NDH-2
contains 28% a-helix, 20% b-sheets, and 16% b-turns, while Trun-3
structure consists of 20% a-helix, 26% b-sheets, and 19% b-turns
(Table 1).

Both proteins have two tryptophan residues at positions 46 and
272. When NDH-2 intrinsic tryptophan fluorescence was moni-
tored at 30 �C, an emission peak centered at 345 nmwas observed,
while the Trp emissionmaximum of Trun-3was around 4-nm blue-
shifted in respect to that of the native protein (data not shown).
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When NDH-2 chymotryptic digestion was carried out, a major
42 kDa product was observed at 15 min and 1 h of treatment,
similar in mass to Trun-3 (Fig. 2, lane 4 and 6). This fragment lacked
C-terminal region, as confirmed by sequence analysis. Besides,
comparable digestion band profiles were seen for both proteins till
1 h of treatment (Fig. 2, lane 4e7). After 2:30 h, wild-type protein
was more prone to degradation than the mutant version (Fig. 2,
lane 8 and 9).

3.2. NDH-2 and Trun-3 thermal profiles

The effect of increasing temperature on NDH-2 and Trun-3
activity was investigated. As reported in Fig. 3, Trun-3 enzymatic
activity progressively decreased from 20 �C, whereas the wild-type
protein activity drastically declined after 34 �C. Both proteins were
almost inactive from 41 �C.

Thermal transition curves of NDH-2 and Trun-3 were followed
by CD intensity at 222 nm, which reflect a-helices content (Fig. 4A).
No significant changes were observed in CD ellipticity at 222 nm up
to 41 �C, although both enzymes activity were lost at this temper-
ature. For NDH-2, loss of secondary structure occurred over a range
from 43 to 50 �C, and the apparent midpoint transition temperature
(Tm) was 44.8 �C. For Trun-3, these changes occurred between 45
and 55 �C, with a Tm of 48.9 �C. Thermal profiles were further
analyzed by plotting the full-width at half height of FTIR amide I
band as a function of temperature (Fig. 4B). Loss of secondary
structure in NDH-2 occurred within a range from 45 to 50 �C with
a Tm of 47 �C, while for Trun-3 was between w47 and 55 �C, with
a Tm of 50 �C. From the deconvolution analysis of amide I band at
increasing temperatures (data not shown), it was observed that a-
helix content decreased (mainly in NDH-2), whereas the bands
related to random coil and b-sheets increased. Simultaneously,
a shift to higher wavelengths in the band at w1654 cm�1 occurred,
demonstrating an a-helix distortion. Taken together, these data are
indicative of protein unfolding and aggregation processes.

To further characterize the thermal transitions of NDH-2 and
Trun-3, high-sensitivity differential scanning calorimetry (DSC)
measurements were carried out. As shown in Fig. 5, the heat flow
profile versus temperature contained several endothermic peaks,
suggesting that the thermal unfolding of both proteins contained
stepwise transitions. Both calorimetric scans consisted of three
entities melting at different temperatures. The lower transition
peak for NDH-2 had a Tm of 36.8. The other peaks were located at
42.3 and 44.7 �C, being the last one the higher transition peak
(Fig. 5A and Table 2). On the other hand, Trun-3 presented tran-
sition peaks at 43.8, 50.4 and 53 �C (Fig. 5B and Table 2). It is worth
to mention that for both proteins, the endothermic unfolding
transition was followed by an abrupt exothermic transition (data
not shown). This led to an uncertain baseline correction and,

Table 1
FTIR band position and percentage area corresponding to the components obtained
after curve fitting of Trun-3 and NDH-2 amide I band at 30 �C.

Trun-3 NDH-2

Position (cm�1) Area (%) Position (cm�1) Area (%)

1611 2 1611 2
1622 5 1622 7
1632 26 1632 20
1644 23 1642 21
1654 20 1652 28
1665 19 1665 16
1675 3 1676 4
1686 2 1687 2

Fig. 2. Limited proteolysis with chymotrypsin. 10% SDS-PAGE of NDH-2 and Trun-3
chymotryptic products. Samples were incubated in the presence of 4-fold molar
excess of FAD for 1 h at 30 �C. Gel was stained with Colloidal Coomassie Blue. Lane 1:
Low range prestained SDS-PAGE standards (BIO-RAD); lane 2: NDH-2 before digestion;
lane 3: Trun-3 before digestion; lane 4e9: NDH-2 and Trun-3 after 15 min, 1 h and
2:30 h digestion, respectively. Representative results from three sets of experiments
are shown.

Fig. 1. Far-UV CD and FTIR spectra. (A) NDH-2 (black line) and Trun-3 (dashed line) far-
UV CD spectra at 30 �C. Data are expressed as mean molar residue ellipticity [q]. Each
CD spectrumwas the average of five scans. (B) Trun-3 and (C) NDH-2 FTIR amide I band
deconvolution at 30 �C. FTIR spectra were the average of 16 scans. CD and FTIR
experiments were repeated three times and performed in the presence of 4-fold molar
excess of FAD.
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therefore, a rigorous thermodynamic analysis could not be
performed.

Temperature transition curves monitoring tryptophan-
fluorescence emission were also studied. Fig. 6 shows at least two
transitions: a change in the intensity at 41 and 45 �C for NDH-2 and
Trun-3, respectively, followed by a major breakpoint at 55 �C, from

where the intensity started to decrease in both cases. Unfolding at
60e70 �C was marked by a red shift to w346 nm for both proteins
(data not shown).

4. Discussion

For the first time, we were able to experimentally establish
NDH-2 structural features and compared to those of its soluble
variant, Trun-3. Experimental data obtained by the different
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Table 2
Thermal transition mid-points of Trun-3 and NDH-2 as determined by different
approaches.

Trun-3 NDH-2

Tm (�C)

DSC 43.8 36.8
50.4 42.3
53 44.7

Trp fluorescence 45 41
55 55

Far-UV CD 48.5 45
FTIR 50 47
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Fig. 3. Thermal profile of enzymatic activity. NADH:quinone oxidoreductase activity of
NDH-2 (open circles) and Trun-3 (filled circles) measured in the presence of 10 mM
FAD. For each protein, data were normalized by the enzymatic activity at 20 �C.
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techniques agree with NDH-2 structure predicted by Schmid and
Gerloff (PDB: 1OZK) [12]. Both proteins have similar secondary
structure profiles, as observed by far-UV CD. Due to the limited
resolution of this technique, complementary data by infrared
spectroscopy were appropriate [22]. FTIR analyses showed that
Trun-3 had 8% less a-helices content compared to NDH-2. This is in
agreement with the fact that 33 aminoacids predicted to form two
C-terminal amphipathic helices are absent in Trun-3 [12,14]. Since
the FTIR assignations are expressed as relative values, the decrease
in a-helices content resulted in a larger b-sheets fraction. By
analyzing the PDB file with Visual Molecular Dynamics (VMD)
program [23], solvent-accessible surface area (SASA) was calculated
for Trp-46 and Trp-272, obtaining values of 33.5 and 8.96 �A,
respectively. This indicates that both tryptophan residues are
partially buried to the solvent, compatible with the wavelengths of
maximum tryptophan fluorescence emission obtained for NDH-2
and Trun-3. However, intrinsic fluorescence revealed subtle
differences between both enzymes, indicating that at least one of
the tryptophan moieties in the truncated protein is surrounded by
a slightly more hydrophobic microenvironment [24]. This fluores-
cence changemay be due to the FAD cofactor that could be closer to
Trp in Trun-3 than in NDH-2. Further, limited proteolysis experi-
ments showed a similar fragmentation pattern between both
proteins, indicating a comparable conformation. Taken together, we
consider that the elimination of C-terminal regionwould not affect
NDH-2 globularity, since no significant differences in the overall
topology of both proteins were observed. These data, com-
plemented with the similar Km values obtained in previous
biochemical characterization [14], allow us to propose that the
substrate binding site(s) of both enzymes remained unchanged.

Both proteins suffered functional/conformational changes when
the temperature increased, including loss of enzymatic activity,
alteration of tertiary structure, loss of some secondary structure
elements and unfolding with aggregation. For NDH-2, changes in
intrinsic fluorescence and DSC measurements, reflecting modifi-
cations in tertiary structure, occurredwithin the temperature range
in which activity decreased. On the other hand, Trun-3 enzymatic
activity decreased over a broader temperature range and it was lost
prior to any detectable structural change. This gradual drop of
activity may be related to the weak interaction between Trun-3 and
FAD [14]. For NDH-2 and Trun-3, changes in tertiary structure
preceded the major change in secondary structure. Interestingly,
modifications in secondary structure occurred at temperatures that

agree with the second transition seen by DSC. At 60e70 �C,
a disorder of the overall proteins structure was observed, denoted
by an exposure of buried tryptophan residues toward the solvent as
seen by fluorescence spectroscopy. This thermal unfolding was also
observed by DSC, where a sharp exothermic transition followed the
endothermic transition in both proteins. In IR spectra, characteristic
bands at 1611 and 1687 cm�1 became significant at these temper-
atures. These DSC and IR phenomena are indicative of protein
aggregation [17,25].

An interesting finding from this study is thatmidpoint transition
temperatures, detected by various experimental techniques, were
approximately 5e10 �C higher for the truncated version than for
NDH-2, indicating that the absence of C-terminal region increased
the structural stability of Trun-3 toward increasing temperatures.
As observed by FTIR, the early unfolding events occurred through a-
helices, probably leading to a destabilization of the C-terminal
region that seems to be more flexible and susceptible to tempera-
ture changes. Also, short-times limited digestion of NDH-2
produced a fragment lacking C-terminal region, supporting the
proposed instability of this region. It should be considered that
NDH-2 natural environment is the membrane, which can
contribute to the enzyme stability by the attachment of its
amphipathic helix. It has been demonstrated that NDH-2 activity
was improved by pre-incubation in the presence of phospholipids
[26].

The absence of C-terminal region impaired the enzyme ability to
maintain the cofactor bound [14], which could explain the fact that
Trun-3 enzymatic activity profile did not agree with its higher
structural stability. Moreover, temperature caused a more abrupt
tryptophan fluorescence change in Trun-3 than in wild type, which
is in agreement with the weak interaction of FAD and Trun-3. In
other flavoproteins, increasing temperatures produce break down
of flavin interactions, usually leading to large increase in intrinsic
fluorescence [27].

In conclusion, the overall structure of Trun-3 resembles the
wild-type protein, and the absence of C-terminal region contributes
to the protein thermal stability. However, the decrease of Trun-3
activity indicates that the C-terminal region improves enzymatic
activity at low temperatures, possibly by a stabilization of FAD
binding. A broad knowledge about NDH-2 enzymes could promote
their potential applications in medical science and biotechnology.
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