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In this study, structural, functional, and mechanistic properties of the Na*/H™ antiporter MjNhaP1 from
Methanococcus jannaschii were analyzed by infrared spectroscopic techniques. Na*/H™ antiporters are
generally responsible for the regulation of cytoplasmic pH and Na™ concentration. MjNhaP1 is active in the
pH range between pH 6 and pH 6.5; below and above it is inactive. The secondary structure analysis on the
basis of ATR-IR spectra provides the first insights into the structural changes between inactive (pH 8) and
active (pH 6) state of MjNhaP1. It results in decreased ordered structural elements with increasing the pH-
value ie. with inactivation of the protein. Analysis of temperature-dependent FTIR spectra indicates that
MjNhaP1 in the active state exhibits a much higher unfolding temperature in the spectral region assigned to
FTIR spectroscopy a-helical segments. In contrast, the temperature-induced structural changes for 3-sheet structure are similar
Attenuated total reflection for inactive and active state. Consequently, this structure element is not the part of the activation region of
ATR the protein. The surface accessibility of the protein was analyzed by following the extent of H/D exchange.
Secondary structure analysis Due to higher content of unordered structural elements a higher accessibility for amide protons is observed
H/D exchange for the inactive as compared to the active state of MjNhaP1. Altogether, the results present the active state of

Protein accessibility MjNhaP1 as the state with ordered structural elements which exhibit high thermal stability and increased
Temperature-induced structural changes hydrophobicity,
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1. Introduction “closed” conformation, while at pH values above 7 a “blocked”

conformation has been proposed [8].

Na*/H™ antiporters are integral membrane proteins that play an Based on the structure of the best-characterized antiporter NhaA

important role in the maintenance of cytoplasmic pH optimum,
sodium concentration and cellular volume [1-3]. They use an
electrochemical gradient to drive the secondary active transport of
protons and sodium in opposite directions. This ion transport is strictly
controlled by pH involving pH-sensitive groups in order to detect the
intracellular and extracellular concentrations. Protonation changes of
a pH-sensor leads to conformational changes which induce the activity
of the protein and consequently enable the transport of ions [2-4].
MjNhaP1 is a Na*/H" antiporter from the hyperthermophilic
archeon Methanococcus jannaschii [5]. Its sequence of 426-amino
acids is folded into 12 or 13 transmembrane domains [6]. MjNhaP1
exhibits higher sequence homology to the mammalian antiporter
NHE1 than to the best-characterized bacterial antiporter NhaA from E.
coli [4,6,7]. In contrast to NhaA and similar to NHE1, MjNhaP1 is active
in the pH range from 6 to 6.5 and is deactivated at pH values above pH
7 and below pH 6 [5,6]. At pH values below 5, it is thought to be in a
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in a down-regulated conformation, binding of charged substrates is
proposed to induce conformational changes that provide alternating
access from both sides [7,9,10]. The binding site for Na™ is thought to
be formed by residues Asp 164, Asp 163 and Thr 132. Exposure of these
sites to either the cytoplasmic funnel or to the periplasm is part of
proposed transport model, which involves conformational changes
and/or changes in helix orientation. However, the precise mechanism
of activation and transport are unclear.

In the present study we use infrared spectroscopy to characterize
two different functional states of MjNhaP1, the active state at pH 6 and
the inactive state at pH 8. The most prominent vibrational modes of the
protein are reflected in the amide I and the amide Il mode, respectively
[11-13]. The amide I mode is mainly composed of the absorption of C=O
stretching mode of polypeptide backbone and gives information about
secondary structure components of the protein. The signal of the amide
Il mode results from coupled N-H bending and CN stretching
vibrations. The structural changes between the inactive and the active
state of MjNhaP1 are followed by analysis of the secondary structure
using the amide [ band profile in H,O and D,0 buffer [ 13-16]. The use of
temperature as an external perturbation is used to compare the
stability ofindividual secondary structure elements for these two states
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[17-19]. The surface accessibility, flexibility and dynamics of the
protein in its inactive and active state was analyzed using H/D
exchange monitored at the amide Il mode [19-22].

2. Materials and methods

2.1. Preparation of MjNhaP1 Na™/H™" antiporter from Methanococcus
jannaschii

The construct used for the expression of MjNhaP1 has been
published earlier [8]. The protein expression was carried out by the
method of autoinduction [23] in bacterial pLysS cells. Cultures grown
at 37 °C were harvested after 16-18 h of growth. The previously
described [8] protein purification protocol was adopted with few
modifications. An additional step of 65 mM imidazole wash was
introduced to the published protocol before finally eluting the protein
with 300 mM imidazole. The eluted protein was dialysed for 2-3 h to
25 mM Na-Actetate pH 4.0, 10% glycerol, 300 mM NaCl, 2 mM beta
Mercaptoethanol or 2-3 mM DTT and 0.05% n-Dodecyl 3-p-maltoside
(DDM, Glycon).

2.2. Secondary structure analysis of MjNhaP1 in H,O and D,0 buffer

For a secondary structure analysis, spectra recorded in a FTIR-ATR
microdialysis perfusion cell were used. This perfusion cell was
developed using a diamond ATR unit with 7 reflections, for details
see [19]. The target protein (5 pl, 1 mM) was kept in contact with the
ATR crystal and separated from the continuous flow buffer by a
dialysis membrane (molecular weight cut-off 25 kDa). The initial
buffer for the protein was a sodium citrate buffer pH 4. Perfusion was
started with a 66 mM H,0 potassium phosphate buffer (pH 6 for the
active state and pH 8 for the inactive state of the antiporter, resp.) with
100 mM NacCl and 0.03% DDM. The protein spectra in H,O buffer were
taken 1 h after beginning of the perfusion to ensure that the initial
citrate buffer was completely replaced. The second perfusion buffer
was a D,0 buffer (pD 6 or pD 8). Switching from pH 6 to pD 6 initiates
the process of H/D exchange of the protein. The spectra recorded after
24 h perfusion with the buffer at pD 8 or pD 6 are used for secondary
structure analysis of the fully exchanged protein in D,0 buffer.

For the evaluation of the amide I band profiles, curve fitting was
performed with the OPUS Software (Bruker Optics). Spectra were
prepared by baseline correction for the amide I band using the minima
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at the low- and high-frequency sides. The number of component
bands and their maxima in the amide I region were determined from
the second and fourth derivative of the spectra. The result of the curve
fits were controlled by a comparison of the second derivatives of the
original and the fitted curve; only fits with matching secondary
derivatives were accepted.

2.3. Thermal profiling of MjNhaP1

Temperature-induced conformational changes of MjNhaP1 were
followed in the course of a temperature ramp. IR spectra were
recorded on a Bruker Vektor 22 FTIR spectrometer equipped with a
DTGS detector. For these experiments, the sodium citrate buffer pH 4
was replaced by a phosphate buffer containing10 mM NaCl and 0.03%
DDM at pD 6 or pD 8, resp., using Microcon Centrifugal Filter Devices
MW(CO 30,000 Da (Millipore). The sample was placed in a thermo-
stated IR cell equipped with Ca,F windows at a path length of 10 pm
[19]. The temperature ramp was started after equilibration of the
samples at 10 °C. For each spectrum 128 scans with 4 cm™ ! nominal
resolution were taken. The temperature was increased stepwise from
10 to 90 °C in 2 °C intervals using a water bath controlled by the
spectroscopy software.

2.4. H/D exchange of MjNhaP1 using an ATR microdialysis cell

A previously described ATR microdialysis perfusion cell [19] was
used to follow the process of H/D exchange. Exchange was performed
starting from an H,O buffer (pH 8 for the inactive state; pH 6 for the
active state) and leading to a D,0 buffer (pD 8 or pD 6, resp.). The
protein sample in H,O buffer was equilibrated by continuous flow of
the phosphate buffer at pH 6 or pH 8 each containing 100 mM Nacl
and 0.03% DDM. As soon as stable IR absorbance spectra were
obtained, the H,0 buffer was exchanged by a continuous flow of D,O
buffer [24]. The volume of the circulating D,0 buffer was chosen big
enough to ensure a high D,0 fraction in the total volume (>99%). After
~24 h at a given pD-value to ensure full equilibration, the pD-value
was again switched (from pD 8 to 6 or reverse) to study activation/
deactivation in D,0 buffers. The temperature of the ATR-perfusion
system was regulated at 4 °C by a water bath. Spectra were recorded
every 5 min with 256 scans at 2 cm™ ! resolution.

For the analysis of the spectra, buffer spectra were first subtracted
as described before in [19]. The ratio of the integrated amide II and
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Fig. 1. ATR-IR absorbance spectra of MjNhaP1 (A) in H,0 and (B) in D,0 buffer at pH or pD 6 (@) and at pH or pD 8 (O). The second derivative (C) of the spectra shown in (A) and (D)

the second derivative of the spectra shown in (B).
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amide I band intensities was used to calculate the extent of H-D
exchange in the protein.

3. Results
3.1. Secondary structure analysis of MjNhaP1 in H,0 and D,0 buffer

A critical point in amide I band based secondary structure analysis
is the comparison of two samples prepared in H,0 and D,0. The use of
the ATR-perfusion method allowed us to analyse the spectra taken in
H,0 and D,0 buffer from the same protein sample.

Fig. 1 shows the IR absorbance spectra in H,0 (Fig. 1A) and in D,0O
(Fig. 1B) buffers together with the corresponding second derivative
spectra in H,O (Fig. 1C) and in D,0 (Fig. 1D). The active forms (pH 6,
pD 6) and the inactive forms (pHS8, pD 8) are shown together.

The absorbance spectrum in H,O buffer (Fig. 1A) in the 1800-
1400 cm™ ! interval is mainly composed of 2 bands, the amide I
centred at 1653 cm™ ' and the amide Il band at 1544 cm™ '. The amide
I maximum is typical for membrane proteins with high a-helical
content [13,16,25].

The second derivative spectra (Fig. 1C) indicate that the amide I
band is dominated by a band appearing at 1655 cm™~ !, which can be
assigned mainly to o-helices with some possible contribution of
unordered structural elements [12,13,26]. The band absorbing at
1628 cm~ ! together with the bands at 1683 cm~' and 1692 cm~!
indicates some extended configurations in the protein (including 3-
sheet structure) [17,27-29]. The amide I band at 1683 cm™ ' could be
also assigned to B-turns [17,25].

Figs. 1B and D show the spectra recorded from MjNhaP1
equilibrated for 24 h in D,0 buffer at pD 6 for the active and at pD 8
for the inactive state. As can be observed, the effect of H/D exchange is
more pronounced for the inactive state of the protein at pD 8. The rate
and extent of H-D exchange depends on protein accessibility,

flexibility and dynamics. The strong decrease of the amide II band
absorbance with maximum at 1547 cm™ ! at pD 8 as compared to pD 6
can thus be taken as evidence for higher protein accessibility in the
inactive state and will be discussed more in detail below.

In the amide I range, the peak positions essentially match for the
active and the inactive form (Figs 1A, B) in H,O. In contrast to this, a
shift to lower wavenumbers is observed after H/D exchange for the
inactive form (Fig. 1D). This indicates some structural difference in the
a-helical parts between the inactive and active state of the protein.
The shift to lower wavenumbers cannot be observed for extended
structural elements absorbing at around 1629 cm™ .

For secondary structure quantification of MjNhaP1 in the inactive
and the active state, curve fitting procedures for the amide I band
profile were applied. Fig. 2 shows the amide I spectrum of MjNhaP1 in
H,0 (pH 6, active form: Fig. 2A and pH 8, inactive form Fig. 2B) and in
D0 buffer (pD 6, active form: Fig. 2C and pD 8, inactive form Fig. 2D)
with a fit from its component bands. Band positions and areas are
listed in Table 1. In addition, the assignment proposed for each band
component is given. The assignment of the band absorbing at around
1640 cm™ ! in H,0 and D,0 buffer is not unambiguous, because other
structures gives also rise to bands in this spectral region such as 3;o-
helix or coupled helical structures [30,31]. Based on these results, the
secondary structure of MjNhaP1 in the active state pH or pD 6 is
composed of ~14% turns, ~50% o-helices and ~35% extended
configurations.

In contrast to the active state a big difference is observed between
samples in H,0 and D,0 buffer in the inactive state (pH/pD 8) of the
protein. This may be explained by the strong overlap of the amide [
component arising from unordered structural elements with that
from a-helices in H,O buffer [11,13]. In contrast to that, the amide I
component from unordered structure shifts to lower wavenumbers in
D,0 buffer, much stronger (~1642 cm™ ') as compared to that from o-
helices (~1652 cm™!).
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Fig. 2. Amide I spectra of MjNhaP1 and the component bands used for band synthesis (A) pH 6, (B) pH 8, (C) pD 6 and (D) pD 8.
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Table 1
Secondary structure composition and assignments for active (pH/pD 6) and inactive (pH/pD 8) state of MjNhaP1.
Hzo DZO
pH 6 (active) % area pD 8 (inactive) % area Assignment pD 6 (active) % area pD 8 (inactive) % area Assignment
v/em~! v/em™! v/cm™! v/ cm~!
1692 1 1692 1 Turns 1691 1 Turns
1681 7 1680 8 1678 4 1677 3
1666 11 1670 2 1664 9 1663 12
1655 43 1655 56 o, unordered 1654 49 1652 24 a

1642 42 Unordered, B
1640 14 1639 13 a, B, extended 1639 19 a, B, extended
1628 18 1627 19 {3, extended 1627 16 1627 16 {3, extended
1613 5 1612 2 Side chains 1611 2 1610 2 Side chains

This difference in the sensitivity to H/D exchange allows a
separation of the amide components involved. At pH 8, the band at
1655 cm™ ! accounts for approx. 56% of the amide I signal, while at pD
8 this amount is decreased to approx. 24%. Consequently, about 30% of
secondary structure absorbing at 1642 cm™! is disordered in the
inactive state, representing the major difference in the secondary
structure composition between these two states.

The residual amount of the band at 1642 cm™ ! is probably caused
by absorbance of the band at 1639 cm ™! that is also seen in H,0 buffer
and assigned to extended structure including 3-sheet and open loops.
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The band at ~1627 cm~ ! is observed in H,0 as well as in D,0
buffer and apparently independent from state of the protein. Bands in
this wavenumber range can be assigned reliably to intermolecular 3-
sheet caused for example by intermolecular hydrogen bonding in the
course of monomer monomer interaction [27,32]. This band thus
indicates the existence of MjNhaP1 as an oligomeric protein and
supports the result from blue native gel which shows that MjNhaP1
exists as dimer [8]. Gel filtration profiles of MjNhaP1 in DDM buffer at
pH 4.0 and pH 8.0 has the same retention volume which allows the
conclusion of dimeric MjNhaP1.
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Fig. 3. Temperature profiling of MjNhaP1 at pD 6. (A) 3D-plot of temperature-induced FTIR absorbance spectra between 10 °C and 95 °C for the amide I and amide II range. (B)
Second-derivative of the amide I band shown in (A). The solid lines represent the second derivative of the spectra taken in the range between 10 °C and 50 °C and dashed lines, of that
taken between 50 °C and 85 °C. The arrows indicate the shift of a-helical band at 1657 cm™ ! and of the 3-sheet band at 1629 cm™ ! with temperature.
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The protein bands at frequencies <1615 cm™ ' are more likely

due to absorbance of amino acid side chains like Tyr-OH, Asn and/or
Tyr [33].

However, the result of secondary structure analysis with FTIR-
spectroscopy shows that the main difference between MjNhaP1 at
pH/pD 6 and MjNhaP1 at pH/pD 8 is a different content of a-helical
structure. With increasing of pH-value the decrease of ordered
structural elements such a-helix is observed. Similar results were
also obtained from secondary structure analysis with CD-spectroscopy
(data not shown).

3.2. Temperature-induced conformational changes

In the inactive state at pD 8, the secondary structure analysis
results in a high amount of disordered structural elements. According
to this result, the thermal stability of the protein at pD 6 should be
much higher than at pD 8 because of higher content of ordered
structure at this pD-value. In order to verify this assumption, the
conformational change of MjNhaP1 as a function of temperature was
studied at pD 6 and pD 8.

Figure 3A shows the absorbance spectra of MjNhaP1 at pD 6 as a
function of temperature. The amide I band intensity decreases and a
new component at lower wavenumbers increases with rising
temperature. The amide II intensity diminishes, indicating an
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increase of deuteration and a loss of tertiary structure with higher
temperature. This increased deuteration is the consequence of a
more flexible and dynamic conformation at elevated temperature.
To resolve the amide I band into its components, the second
derivative was calculated (Fig. 3B).

The second derivative profile of the amide I region indicates three
main minima. At 10 °C the band at 1629 cm™ ! indicates the presence
of B-sheet, while the band at 1657 cm™ ! indicates the presence of a-
helices. As the temperature increases, the band for o-helices
decreases and shifts to lower wavenumbers (approx. 1652 cm™!).
A shift to lower wavenumbers (approx. 1623 cm™!) can also be
observed for 3-sheet. In contrast to the a-helical components, the
intensity of this component rises with temperature. The spectrum at
85 °C shows the typical pattern of a thermally denatured protein
with prominent bands at around 1684 and 1623 cm ™!, indicating the
formation of aggregation -sheet [34-36]. The temperature-depen-
dent denaturation of MjNhaP1 is irreversible (not shown). The
transition temperature of all samples was followed individually for
a-helices and B-sheet components, using second derivative spectra,
by following the degree of shift with respect to temperature. A
sigmoidal fit to the data points (Fig. 4) was performed using ORIGIN
software.

In these diagrams, we can distinguish conformational changes of
protein in three temperature regions. The first region (for example,
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Fig. 4. Thermal profiles of MjNhaP1 for inactive and active state for a-helix and 3-sheet components. The solid lines represent a sigmoidal fit used for determination of Ty (melting
temperature): (A) a-helix at pD 6 with Ty, =74 °C, (B) B-sheet at pD 6 with Ty;=62 °C, (C) a-helix at pD 8 with T\y =34 °C and (D) B-sheet at pD 8 with T;=58 °C.
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Fig. 5. Monitoring of H/D exchange as a function of the deuteration time by using amide
1I/amide I ratio: (A) for the active state (@) at pH/pD 6 and change after ~24 h to pD 8
(O) (B) for the inactive state (O) at pH/pD 8 and change after ~24 h to pD 6 (@).

between 10 °C and ~60 °C in Fig. 4A) describes the protein in the
native state and no conformational changes can be observed with the
temperature. The second region (for example, between ~60 °C and
~80 °C in Fig. 4A) begins with the temperature-induced structural
changes and ends with third region in which the protein is fully
denaturated.

Before these temperature profiles were started, the protein
samples were equilibrated for the same time in D,0 buffer to ensure
a comparable H/D exchange.

However, at 10 °C the protein sample in the inactive state at pD 8
shows a component of a-helix which is shifted by about 1.5 cm™ ' to
lower wavenumbers (1655.5 cm™'). This supports the result of
secondary structure analysis of higher content of unordered structural
elements at pD 8 because peptide groups from unordered structure
are faster accessible for solution and will perform H/D considerably
faster than those in ordered structural elements.

The inactivation of the protein at pD 8 causes a state of the protein
with highly reduced thermal stability as compared to the active state
(pD 6). In detail, the unfolding process, i.e. the second range in the
thermal profile at pD 8 starts already at about 20 °C while it is not
observed at temperatures up to 65 °C at pD 6. At pD 8, this process is
completed at around 50 °C with a melting temperature of 34 °C and at
pD 6 at approx. 85 °C with a melting temperature of 74 °C. The huge
difference in thermal stability of 40 °C between the inactive and the
active state of the protein cannot be explained through minor
structural differences, but rather through substantial conformational
changes between these two states of the protein which were already
suggested in Table 1.

At pD 6 and pD 8, the band related to a-helical structures absorbs
at different positions at 10 °C. In contrast to that, the position related
to the B-sheet components (1629 cm™ ') is the same at pD 6 as well as
pD 8. In both states of the protein, the unfolding process of these
structure elements begins at approximately 45 °C. The melting
temperature amounts to around 60 °C with a difference of 4 °C
between pD 6 and pD 8. Finally, the third region is characterized by

formation of intermolecular 3-sheet at ~1623 cm™ .

3.3. H/D exchange of MjNhaP1

Information about flexibility and dynamics of the protein can be
obtained from the accessibility of the protein backbone groups
through H/D exchange experiments. The rate and extent of H/D
exchange is monitored at the using amide Il band [20,22,28,37,38]. The

IR spectrum of the protein in H,O buffer is characterized the by amide
Il band which extends over a region from 1600 cm™ ! to 1500 cm ™!
with its absorption maximum at 1544 cm™ ! in the case of MjNhaP1.
This band is mainly due to N-H bending (~60%) and C-N-H stretching
vibration (~40%) with some contribution of C-C stretching vibration
of the peptide group [20].

The substitution of H,O buffer through D,O buffer results in the
gradual substitution of N-H by N-D bending vibrations for accessible
amide modes. This substitution causes the amide Il mode to disappear
and a new mode, amide II', to appear at approx 1500-1400 cm ™~ '. The
rate and extend of this exchange depend on global accessibility of the
respective protein domains for water and finally the local accessibility.
This accessibility of MjNhaP1 was calculated on the basis of the amide
Il band amplitudes (or areas) for the inactive and the active state,
respectively. The amide I band was integrated between 1600 and
1500 cm™ ! and normalized with respect to the amide I band, by
division of the amide Il band by the integrated amide I band (1700-
1600 cm™1).

H/D exchange of MjNhaP1 was monitored in two different
experiments. In one experiment H/D exchange was followed first
for the active state (pH 6/pD 6) of MjNhaP1 for a period of 24 h. Upon
increasing the pD-value to pD 8, the protein was brought into the
inactive state, allowing to study the exchange rate with inactivation of
the protein. In the second experiment the reverse procedure was
performed. Fig. 5 shows the accessible fraction of the polypeptide
chain of MjNhaP1 obtained by two different experiments. As can be
observed in first parts of two experiments, the increase of pD-value is
accompanied by an increase of H/D exchange. After approximately
10 min approx. 19% of amide groups were accessible at pH/pD 6 (Fig.
5A). This fraction increased to approx. 26% at pH/pD 8 (Fig. 5B). The
amide hydrogen exchange rise dramatically with pD 8 and reaches
58% after 400 min, while at pD 6 an increase of only about 3% is
observed. At the end of first parts of the two experiments after
approximately 24 h, the inactive protein (pD 8) does not show further
exchange. In contrast, additional approx. 6% exchange of amide
hydrogens are observed in the active state of the protein (pD 6),
indicating the slowly exchanging part of the protein.

In the second part of two experiments, the pD-values were
changed. By increasing the pD-value from pD 6 to pD 8 (Fig. 5A) as
expected, the increase of H/D exchange is observed. The fraction of
exchanged amide groups remains constant by lowering the pD-value
from pD 8 to pD 6 (Fig. 5B).

The results of H/D exchange experiments indicate the conforma-
tion of the protein at pD 8 which is easily accessible for solution.
However, the high H/D exchange at inactive state is observed just in
the first 400 min. This result confirms the high amount of unordered
structure observed with secondary structure analysis as well as high
thermal instability of inactive protein (pD 8) in comparison to active
protein (pD 6).

4. Discussion

In the present study infrared spectroscopic techniques were used
to characterize the conformational alterations in MjNhaP1 from
Methanococcus jannaschii upon activation/inactivation induced by pH.

The IR spectrum of MjNhaP1 with amide I band at 1653 cm™ ! and
amide Il band at 1544 cm™ ! is representative for proteins with high o-
helical content [13,16,25,39]. In comparison with the IR absorption
spectrum of the Na*/H™ antiporter NhaA from Escherichia coli, the
position of the amide I and amide I maxima are shifted to lower
wavenumbers for MjNhaP1 [19]. This indicates a different intermo-
lecular interaction or varieties of the arrangement of o-helical
segments in these two proteins. The position of the amide I band of
NhaA band at 1658 cm ™! points to a-helices which are more flexible
and dynamic than the standard a-helices that are probably related to
the amide I band at 1653 cm™ !, which is found for MjNhaP1 [25,40].
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The result of the secondary structure analysis shows that this
membrane protein in the active state (pH/pD 6) predominantly
adopts an a-helical structure, although some turns and extended
structures including 3-sheet are also present. The band absorbing at
approx. 1640 cm~ ! in H,O and in D,O buffer cannot be
unambiguously assigned because R-sheet as well as a-helix can
contribute to signals in this region [30,31,40]. This band accounts for
about 15% of the secondary structure of the protein. Considering
that the a-helical structure absorbing at ~1655 cm™ ! constitutes to
50%, total a-helical contribution to the protein structure is about
65% in the active state. These probably present the transmembrane
segments of the protein.

This result was also supported by the results of H/D exchange
experiments, which show MjNhaP1 in the active state as much less
accessible, giving rise to an exchange of only 35% of the amide protons.
These results are in very good agreement with results of the model
deduced from the amino acid sequence [6], which proposed that the
polypeptide chain crosses the membrane 13 times with 21 amino acid
residues each, accounting for about 64% of the 426 amino acid
residues of the protein.

Our FTIR secondary structure analysis has also revealed a presence
of B-sheet structure for MjNhaP1, quite similar to the analysis of NhaA
from Escherichia coli [19], which was later confirmed by X-ray
crystallography [7]. As previously reported for ai-helical structure, a
shift to lower wavenumbers for p-sheet structure is obtained for
MjNhaP1 as compared to NhaA, which also points to different
intermolecular interaction in both proteins. The band absorbing at
approx. 1627 cm™ ' which we can reliably assign to intermolecular -
sheet points to the existence of MjNhaP1 as a protein in dimeric or
trimeric form.

However, the main difference between the inactive and the active
state of MjNhaP1 is found in a different content of ordered structural
elements, which decreases with by increasing the pH-value. This high
content of disordered structure in the inactive state is probably also
the reason why Vinothkumar et al. could obtain 2D crystals at low pH
and not at high pH values, which were poorly ordered tubes or small
crystalline patches [8]. The high content of disordered structure of
inactive protein at pD 8 was also supported by following the
temperature-induced structural changes as well as by probing protein
accessibility with H/D exchange.

The temperature profiles show a huge difference for o-helices
between the inactive and the active state of MjNhaP1. While a melting
temperature around 74 °C was observed at pD 6, half of the protein
was already denaturated at 34 °C for pD 8. This finding of a decrease of
the melting temperature by about 40 °C upon increasing the pD-value
to pD 8 confirms the substantial structural differences in the region of
a-helices between the inactive (pD 8) and the active (pD 6) protein.
The unfolding process of this structure at pD 8 starts at a temperature
about 25 °C lower as compared to the begin of the unfolding process of
p-sheet structure at this protein state. In contrast to o-helical
structure, almost no difference in the thermal stability was observed
for B-sheet structure between the two states of the protein: the
melting temperature was 62 °C at pD 6 and 58 °C at pD 8 for 3-sheet
structure.

These results demonstrate that thermal stability of p-sheet
structures is not affected by the activation process of the protein. In
the inactive state the instability of a-helical structure does not cause
the change of 3-sheet.

In the case of NhaA, the p-sheet builds a main contact between
monomers [41-45]. Since the thermal stability of p-sheet structure
is higher (ATy;=25 °C) than that of the a-helices in the inactive
state of MjNhaP1, we assume that the function of p-sheet is the
same or similar to the one found in NhaA. The increase of the
melting temperature for the inactive state can be described as
initiated by the unfolding of the instable a-helical region. After that,
monomerization occurs.

In the active state, the melting point for that ac-helical structure is
approx. 10 °C higher than that for the 3-sheet. Thus, monomerization
does probably not lead to a loss of the antiporter function as in the
case of NhaA [44,45].

The thermal instability of the protein in the inactive state at pD 8 is
due to high amount of unordered structure, which was confirmed by
H/D exchange experiments.

However, the highest temperature stability was observed for a-
helices at pD 6 at 74 °C. This temperature is low considering that
MjNhaP1 originates from a hyperthermophilic archeon-organism
with unique lipids. The reason for this low temperature could be
because of the investigation of the protein in DDM micelles. As
observed by Sukumaran et al. the stability of the protein can be
decreased when investigating the protein in detergent micelles in
comparison to the protein in lipids [46]. But this decreased thermal
stability of the protein in detergent micelles does not have to be in line
with loss of the functionality of the protein. Rather because in case of
MjNhaP1 although it originates from hyperthermophilic archeon with
unique lipids, the recombinant protein could be expressed hetero-
logously in E. coli and extracted from the E. coli membranes in DDM.
The purified protein shows a homogeneous peak at pH 4.0 as analysed
by gel filtration profile over several time points i.e. the protein is stable
in DDM solution at room temperature after elution from the Nickel
column up to 48 h. But the protein appears more stable at pH 4.0 than
at pH 8.0 in gel filtration profiles. This purified protein yields well-
ordered 2D crystals in E. coli polar lipids (Avanti), which were used to
calculate a projection map. This projection map shows structural
similarity to E. coli NhaA.

Also the analysis of MjNhaP1 by blue native gel electrophoresis
functional experiment showed that the protein is functional in
DDM [8].

The H/D experiments provided the information on the accessi-
bility of protein backbone groups for functionally different states.
Extrapolation of the data obtained up to ~400 min show that at pH/
pD 6 approx. 29% and at pH/pD 8 approx. 58% of peptide groups of
MjNhaP1 were exchanged. These results show that the accessible
fraction of the polypeptide chain of MjNhaP1 increases by about 30%
with increasing the pH/pD-value. This corresponds to 30% of the
unordered structure found from the secondary structure analysis of
the protein in the inactive state, which is easily accessible by the buffer
solution. The remaining ~30% of exchanged peptide groups are
proposed to be located in the loops which connect the transmem-
brane helical segments. The same extent of exchange rate is also
observed for the active state at pH/pD 6.

As previously mentioned, the model deduced from the amino acid
sequence proposed 13 transmembrane segments of the protein [6].
The hydrophilic region thus constitutes approx. 36% (154 aa) of the
protein structure. At the end of H/D exchange experiment (after
~24 h), about 35% of peptide groups have been accessible for D,0 in
the active state of the protein. This percentage probably represents the
entire hydrophilic region and supports the folding in 13 transmem-
brane segments.

However, approx. 6% of these accessible peptide groups exchange
relatively slowly. These slowly exchanging groups are only observed in
the active state of the protein. They amount to approx. 26 peptide
groups. It can be argued that this slowly exchanging component could
be due to the peptide groups that are located in the hydrophobic core
of the protein and hence will exchange slowly relative to the buffer-
exposed regions of the protein [14,20,21,47]. This would implicate that
the hydrophilic region accounts for 128 amino acids rather than 154
amino acids, corresponding to 14 transmembrane segments. Another
argument could be that 6% of slowly exchanging peptide groups
observed in the active state belongs to ordered structure elements like
a-helix and R-sheet that are located in the hydrophilic region. Such
ordered groups will exchange with D,O much slower than the
unordered structure or turns [12,20,32].
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Altogether, the results obtained here from IR spectroscopy present
an extremely ordered, thermally stable and hydrophobic active state
of MjNhaP1. In contrast, the inactivation of the protein is accompanied
by conformational changes resulting in more unordered conformation
with decreased thermal stability and an increased accessible fraction
of the polypeptide chain.
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