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Abstract Mn’" ions influence the activity, temperature
dependence, and thermostability of the psychrophilic
Shewanella-PPase (Sh-PPase), and are required to function
in cold environments. The functional characteristics of
Sh-PPase on activation with Mn®" ions are possibly related
to conformational changes in the molecule. In this study,
conformational changes of Sh-PPase on activation with
Mn* ions were analyzed in solution by fluorescence
spectroscopy analysis of intrinsic tryptophan residues,
I-anilino-8-naphthalene sulfonate fluorescence, and circu-
lar dichroism spectroscopy. For Pase, Mn>" ions did
not affect the flexibility of the tryptophan residu nd
secondary structure of the enzyme. However, the micro-
environment of the tryptophan residues and surface area of
Sh-PPase were more hydrophilic on activation with Mn**
ions. These results indicate that activation with Mn>" ions
causes conformational changes around the aromatic amino
acid residues and affects the hydrophobicity of the enzyme
surface, which results in conformational changes. Sub-
strate-induced conformational changes reflect that metal-
free Sh-PPase in solution indicated an open structure and
will be a close structure when binding substrate. In com-
bination of our spectroscopic analyses on Sh-PPase, it can
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be concluded that activation with Mn”" ions changes some
conformation of Sh-PPase molecule in solution.
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Abbreviations

ANS 1-Anilino-8-naphthalene sulfonate

Bs-PPase  Inorganic pyrophosphatase from Bacillus subtilis
47 Circular dichroism

EDTA Ethylenediamine-N,N.N' N'-tetraacetic acid

Ec-PPase Inorganic pyrophosphatase from Escherichia
coli

Sg-PPase  Inorganic pyrophosphatase from Streptococcus
gordonii

Sh-PPase  Inorganic pyrophosphatase from psychrophilic
Shewanella sp. AS-11

Trp Tryptophan

1 Introduction

%rganic pyrophosphatase (PPase) is an enzyme that cat-
alyzes the hydrolysis of inorganic pyrophosphate into two
phosphates [1]. This is essential gpm all living organisms,
and has also been demonstrated 1n bacteria [2] and yeast
[3]. The two soluble PPase families that have been found
were I and I which different fully in their primary struc-
tures. Homodimer family I PPases are found in eukaryotes,
whilst those found in prokaryotes are homohexar with
both having one-domain subunits [4]. While the g‘lily I
PPases are found in all living organisms, the family II
PPases can only be found in archaebacteria and bacteria [5,
6]. A homodimer structure was found in family II PPases
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that have two-domain subunits (the N- and C-domains) [7,
8]. These two domains are connected flexibly with a hinge,
and the active site i1s situated between these domains [5].

Both families of PPases are only active in the presence
of metal ion cofactors, which are involved in physiolog-
ical hydrolysis of inorganic pyrophosphate but differ in
their catalytic properties and structures. Family 1 PPases
show strong metal ion dependency, with Mgz' ions pro-
viding the highest inorganic pyrophosphate-hydrolyzing
activity [9]. Family II PPases are more active with Mn**
or Co*" ions than Mgz' 1ons [6]. The activity of family II
PPases is 20 times higher with Mn”" ions than with Mg2 :
ions [10].

In an earlier study, @asc from Shewanella sp. AS-11
(Sh-PPase) was successfully cloned as (DDBIJEMBL/
GenBank, accession number: AB775531) and expressed in
Escherichia coli. Sh-PPase was found to be a family II
PPase. The molecular mass of Sh-PPase was 34 kDa [11].
Shewanella sp. AS-11 is a psychrophilic bacterium that can
be isolated from shellfish living in the Antarctic ice-cov-
ered sea where temperatures are close to and often below
0 °C. Compared with enzymes from mesophilic bacteria,
the homologues enzymes from psychrophilic bacteria
generally have higher activities at low temperatures [12]
and lower thermostability. Preliminary studies on Sh-PPase
have shown that its activity, temperature dependence, and
thermostability are greatly influenced by Mn*" ions. Fur-
thermore, Mn** ions are required for the cold-adaption of
Sh-PPase [ 11]. These functional characteristics of Sh-PPase
on activation with Mn®" jons are possibly related to con-
formational changes of the enzyme. Therefore, it is
essential to study the conformational changes of inorganic
pyrophosphatase from the psychrophilic Shewanella sp. on
activation with Mn”",

In this study, the conformation of Sh-PPase upon acti-
vation with Mn®" waj nalyzed using spectroscopic
methods. In order to find ##&conformational changes of the
protein, the intrinsic fluorescence spectra of tryptophan
residues was used as a useful tool because of its extreme
sensitivity to the local environment [13-16]. In addition, to
detect the structure of the protein, a quenching of fluores-
cence was also commonly used [16-18]. Sh-PPase has two
tryptophan residues per monomer (Trpl09 and Trp286).
These two residues were used as an intrinsic fluorescence
probe and the acrylamid encher to monitor enzyme
conformational changes. nilino-8-naphthalene sulfo-
nate (ANS) was used as an extrinsic fluorescent probe to
analyze the changes in the structure of the ANS binding
site of the enzyme. This probe binds to hydrophobic sites in
proteins and is extremely sensitive to the polarity of
its environments [13, 19]. The secondary structure of
Sh-PPase was examined by using circular dichroism (CD)
spectra [20].

@ Springer

2 Materials and Methods

2.1 Expression and Purification

The recombinant Sh-PPase was expressed in E. coli BL21
(DE3) at 20 °C using pET16b as an expression vector and
purified from the cell extracts by a
sulfate fractionation and anlon-exchange
chromatography using a Hi-Trap Q HP column (GE
Healthcare Bio-Sciences, Sweden), as described in [11].
The protein concemltions were determined by the Brad-
ford method [21] using the protein dye reagent (Bio-Rad
Laboratories, Life Science Group, Hercules, CA) and
bovine serum albumin as the standard.

bination of
ammonium

2.2 Preparation of Metal-Free and Mn-Activated
Sh-PPases

EEStal-free  (non-activated) Sh-PPase was prepared by
Ethylenediamine-N,N,N' N'-t cetic acid (EDTA) treat-
ment of the enzyme followed by ultra filtration on Amicon
ultra centrifugal filter devices (30-kDa cutoff). The enzyme
lution (10 mg/mL) was diluted 50-fold with 100 mmol/L
ﬂisiHCl buffer (pH 7.5) containing 2 mmol/L EDTA
50 mmol/L KCI, and subjected to ultra filtration. g
ymc was then diluted 50-fold again with 100 mmol/L
Trs/HCI buffer (pH 7.5) containing 20 umol/L EDTA and
50 mmol/LL KCI and subjected to two dilution/concentra-
tion cycles by ufdl ultra filtration. The final solution was
adjusted to 3-5 mg/mL enzyme and stored at —80 °C.
Mn-activated Sh-PPase was prepared by incubating the
metal-free enzym@fgr 2 h at 5 °C with 15 mmol/L MnCl,
in 100 mmol/L. Tns/HCI buffer (pH 7.5) containing
20 pmol/L. EDTA and 50 mmol/LL KCI. The activated
enzymes containing Mn*" ions in the active sites were
prepared by three dilution/concentration cycles with the
same buffer but containing 40 pmol/L. MnCl, using ultra
filtration on Amicon ultra centrifugal filter devices. The
Mn-activated g#g-PPase contained two Mn atoms per
monomer as determined by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES), while no Mn
atom was detected in the metal-free Sh-PPase [11].

2.3 Fluorescence Spectroscopy

Fluorescence spectra were recorded on a Hitachi 850
fluorescence spectrophotometer. Each spectrum was a

aged from three scans. The excitation wavelength was set
at 295 nm to preferentially excite the two tryptophan res-
idues per monomer rather than tyrosine residuesgfhe non-
activated and Mn-activated Sh-PPase sampjgg(0.1 mg/mL)
were prepared in 100 mmol/L Tris—HC1 buffer (pH 7.5)
containing 50 mmol/L. KC1 and 20 pmol/L. EDTA. The
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Mn-activated Sh-PPase sample also contained 40 pmol/L
MnCl,. The fluorescence spectra on non-activated and Mn-
activated Sh-PPases for substrate induced conformational
changes; enzpkl contained 1 mmol/L imidodiphosphate
(PNP). The emission spectra were recorded at 25 °C
between 310 and 400 nm with 5-nm excitation and emis-
sion band passes.

n fluorescence quenching experiments, acrylamide was
added to the samples and the fluorescence spectra were
recorded. The final quencher cmenlmlion in each sample
was 400 mmol/L. Steady-state fluorescence quenching data
were analyzed by the following Stern—Volmer equation to
obtﬁ quantitative quenching parameters [13]:

Fo/F =1 _st[Q]:

where F,, and F are the relative Auorescence intensities in the
absence and pr@hce of the quencher, respectively: [Q] is
the quencher concentration; and K, is Stern—Volmer
quengymo constant. The values of K, with different samples
weﬂo tained from the slopes of plots of F /F versus [O].

Steady state fluorescence anisotropy was red
using the same instrument. After measuring the parallel
(I,,) and perpendicular (I.) comp{mcmsaf emission
against the vertical excitation, fluorescence anisotropy (r)
was calculated using the following equation:

r= (Iw - GI\Ih)/(IW + 2GLw )s

where G is the grating factor, which is determined PiLhe
intensity ratio of the vertical component to the horizontal
co! nent against the horizontal excitation.

or ANS assays, the excitation wavelength was set at
380 nm while the emission was recorded between 400 and
600 nm. The concentrations of ANS and the enzyme were
50 umol/L and 0.1 mg/mL, respectively. ANS fluorescence
spectra for substrate inducing the corgmmmational change
enzyme contained 1 mmol/L. PNP. All measurements were
performed at 25 °C.

2.4 Circular Dichroism P]Zectroscopy

CD spectra were recorded at 25 °C on a Jasco spectropo-

imeter (Jasco International Co., Ltd., Tokyo, Japan).

amples were placed in a rectangular quartz cell with
0.1 mm path length. The concentrations ofgmon-activated
and Mn-activated Sh-PPase were both 0.2 mg/mL in
20 mmol/L. Tris—-HCI buffer (pH 7.5) containing 50 mmol/L
KCl and 20 pmol/L EDTA. The Mn-activated Sh-PPase also
contained 40 pmol/L of the activating metal ion. Measure-
ments were recorded at 2 0 nm. CD data were aver-
aged from four scans. The spectra of the appropriate
buffers were recorded and subtracted from the protein
spectra. The CD data are expressed in terms of mean residue
ellipticity (6).

Fluorescence intensity

0 T T T T
310 330 350 370 390 410

Wavelength (nm)

Fig. 1 The fluorescence spectra of non-activated (circle) and Mn-
activated (square) Sh-PPases in the absence (open symbols) or the

ence (closed symbols) of substrate analog PNP. The enzymes
(0.2 mg/mL) in 100 mmol/L Tris— buffer containing 50 mmol/L
KClI and 20 pmol/L EDTA, pH 7.5 were recorded between 310 and
400 nm at an excited wavelength of 295 nm with excitation and
emission band passes of 5-nm, at 25 °C. The Mn-activated sample
also contained 40 pmol/L MnCl,. The PNP concentration was
I mmol/L.

2.5 Construction of Molecular Model Structure

The three-dimensional (3D) model structure of Sh-PPase
was built using a program MODELLER (http://salilab.org/
modeller) [22] on the basis of the sequence homology to

family II PPase from Bacillus subtilis as the template
structure (PDB ID: 1K23, 1WPM).

3 Results
3.1 Tryptophan Fluorescence of Sh-PPase

The intrinsic fluorescence emission spectra of non-acti-
vated and Mn-activated Sh-PPases are shown in Fig. 1. The
emission maxima wavelengths of non-activated and Mn-
activated Sh-PPases were 348 and 352 nm, respectively,
when excited at 295 nm. Furthermore, the fluorescence
spectra of non-activated and Mn-activated Sh-PPases were
not change-induced strate for conformational changes.

Figure 2 shows Stern-Volmer plots of fluorescence
quenching of the acrylamide of non-activated and Mn-
activated Sh-PPases. The values of Stern—Volmer quench-
ing constant (K,) of the non-activated Sh-PPase were 7.40
in the absence of the substrate and 4.62 M~
strate-induced conformational changes. The values of K,
of Mn-activated Sh-PPase were 4.18 in the absence of the
substrate and 3.93 M~ with substrate-induced conforma-
tional changes. The results indicated that fluorescence

with sub-

quenching of the acrylamide of Mn-activated Sh-PPase was
lower than the non-activated Sh-PPase. On the other hand,
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o] 0.1 0.2 0.3 0.4
Concentration of acrylamide (M)
3

Fig. 2 S.Iem—Volmer plots of fluorescence quenching for acrylamide
of non-activated (circle) and Mn-activated (square) Sh-PPases.
Sh-PPases without substrate analog PNP are open symbols and while
the substrate analog PNP are closed symbols. Fluorescence intensities
of non-activated enzyme were measured at 348 nm and Mn-activated
enzyme was at 352 nm. They were excited at 295 nm with various
concentrations of acrylamide quenchers. All other conditions for
fluorescence measurements were the same as in Fig. 1. F, is the
fluorescence intensities without acrylamide and F was the fluores-
cence intensities with acrylamide. The values of the K, quenching
constant of the non-activated Sh-PPase were 7.40 in the absence of
PNP and 4.62 M~! in the presence of PNP. The values of the K.,
quenching constant of Mn-activated Sh-PPase were 4.18 in the
absence of PNP and 393 M™" in the presence of PNP

Stern—Volmer quenching constant of the Mn-activated
Sh-PPase was not significantly changed although it was
induced by the substrate. Based on Fig. 2 is showing that
the acylamide quenching of non-activated and Mn-acti-
vated Sh-PPases revealed linear Stern—Volmer plots.

Fluorescence from tryptophan is known to be sensitive
to the polarity or rotational motion of its local environment
[23]. The anisotropies of non-activated and Mn-activated
Sh-PPases were 0.117 and 0.112, respectively. The fluo-
rescence anisotropies of tryptophan of the non-activated
and Mn-activated Sh-PPases were similar.

g Circular Dichroism Spectra of Sh-PPase

Figure 3 ‘Jﬁ« the CD spectra of non-activated and activated
Sh-PPases. The CD spectrain the farultravioletiggion both of
non-activated and Mn-activated Sh-PPases had two negative
bands at 222 and 208 nm, and a positive bandat ~ 190 nm all
of which were typical of a-helical structure [20]. Therefore,
there are no differences in secondary structures of non-acti-
vated and Mn-activated Sh-PPases.

3.3 Fluorescence Changes on the Binding of ANS
to Sh-PPase

The extrinsic fluorescence results obtained using ANS as a
fluorescent probe are shown in Fig. 4. The maximum
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Fig. 3 The CD spectra of non-activated and activated 5h-PPases. The
CD spectra of non-activated (sofid line) and activated enzyme
(dashed line) (0.2 mg/mL) were recorded at 250-190 nm at 25 °C for
four scans and the averaged data was shown after subtraction of the
buffer blank data

g
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w
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Fluorescence intensity

Wavelength (nm)

Fig. 4 The ANS (50 umol/L) fluorescence spectra on nfEactivated
(apen circle) and Mn-activated (open sguare) Sh-PPase (0.2 mg/mL)
in 100 mmol/L Tris-HCE Buffer contained 50 mmol/L KCl and
20 pmol/L EDTA, pH 7.5 were recorded between 400 and 600 nm at
an excited wavelength of 380 nm with excitation and emission band
passes of 5-nm, at 25 °C. The ANS (50 umol/L) fluorescence spectra
on non-activated (closed circle) and Mn-activated (closed square) for
substrate inducing conformational change enzymes contained
I mmol/L. PNP. Mn-activated Sh-PPase also contained 40 pmol/L
of activated metal ion. The open triangle is a 50 umol/L. ANS in
100 mmol/L. Tris-HCl buffer containing 50 mmol/L KCl and
20 pmol/L EDTA, pH 7.5

emission of non-activated Sh-PPase bound to ANS was
500 nm and Mn-activated Sh-PPase bound to ANS was
520 nm, when excited at 380 nm. These results show the
maximum emission of Mn-activated Sh-PPase bound to
ANS was red shifted. Figure 4 also shows the fluorescence
intensity of Mn-activated Sh-PPase bound to ANS was
decreased compared with the non-activated Sh-PPase
bound to ANS. This could be attributed to the hydropho-
bicity of the binding site and the restricted mobility of ANS




Spectroscopic Analyses of Manganese lons Effects

[19]. The fluorescence intensity of non-activated Sh-PPase
bound to ANS was increased inducing a substrate for
conformational changes. On the other hand, there was no
change to the extrinsic fluorescence of Mn-activated
Sh-PPase bond ANS induced substrate for conformational
changes.

4 Discussion

The study of Sh-PPase in solution showing the intrinsic
fluorescence tryptophan residues of Sh-PPase were affected
by activation with manganese ions. The microenvironment
of both Trpl09 and Trp286 residues became more hydro-
philic and decreased the quenching effect. These results
indicate that the tryptophan residues were buried within the
enzyme on activation with manganese ions but still inter-
acted with a neighboring polar group. However, being
buried in the tryptophan residues did not change the flex-
ibility of these residues.

Trpl09 and Trp286 residues both of non-activated and
Mn-activated Sh-PPases are equally quenched by acryl-
amide [13] that is shown in the linear Stern-Volmer plots.
Activation with Mn”" ions decreased the quenching effect
of Sh-PPase indicating that conformational changes with
the binding of the catalytic metal ion (Mn*" ions) reduced
collisional quenching of the tryptophan residues in the
enzyme [24].

The results of an earlier study showed relative molecular
masses for non-activated and Mn-activated Sh-PPases of 34
and 61 kDa, respectively [11], and these values indicate
that non-activated Sh-PPase was a monomer and Mn-acti-
vated Sh-PPase was a homodimer. The conformations of
non-activated and Mn-activated Sh-PPases showed that
dimerization of the enzyme occurred, which changed the
environment around the tryptophan residues. These results
are consistent with those of other studies, and suggest that
binding divalent cations to thermophilic PPase causes
conformational changes around the aromatic amino acid
res s and leads to dimerization of the enzyme [25].

the other hand, no change in the secondary structures
of the enzyme was found, indicating that the conforma-
tional change may be rather subtle, e.g., a change in the
state of aromatic acid residues as detected by the fluores-
cence spectra. These results are similar to earlier results
that showed the secondary structure of thermophilic PPase
was not changed on the addition of divalent cations [25]
and the polypeptide backbone of Escherichia coli-PPase
(Ec-PPase) was unaltered by chemical modification [26].

The results of extrinsic fluorescence using an ANS
probe also showed the conformational changes of Sh-PPase
on activation with Mn>" ions. Activation with Mn®* ions
caused the surface of Sh-PPase to become hydrophilic

Fig. 5 Model structures of open (lefi) and closed (right) Sh-PPases.
The open and closed structures were built using the known structures
of PPase from Bacillus subtilis as templates (PDB ID: 1K23 and
IWPM, respectively). The N-domain is shown in cyvan and C-domain
including the interdomain hinge region shown in green. Two metal
ions (M1 and M2 shown as red spheres) are located at the positions
corresponding to those of Mn™" bound to B. subtilis enzyme. Trpl09
and Trp286 are shown as sticks (magenta). The diagrams were
prepared using PyMOL (Color figure online)

compared to non-activated Sh-PPase that showed increased
solvent polarity. Increased solvent polarity will generally
decrease the fluorescence intensity and cause a red shift in
the X, of emission [15]. These results also reveal that
dimerization changed the hydrophobic surface of this
enzyme. While the surface of the Sh-PPase monomer was
hydrophobic, two monomers packed together on dimer-
ization. This concealed the hydrophobic surfaces and made
the homodimer surface hydrophilic.

A three-dimensional model of S#-PPase was built using
a program MODELLER to determine the positigig of the
tryptophan residues in the Sh-PPase. The model was based
on the known structure of the mesophilic PPase from
Bacillus subtilis (Bs-PPase) (PDB ID: 1K23 for open
structure and 1WPM for closed structure) (Fig. 5). The
amino acid sequence of Sh-PPase has a 36.69 % identity
with Bs-PPase. The model structure of Sh-PPase is showing
that the two tryptophan residues per monomer are Trpl109
and Trp286, and the two manganese ions are M1 and M2.
The manganese ion-binding site (M1) was 24 A from Caof
Trpl09 and 23 A from Co of Trp286, but activation with
manganese ions modified residues in the environment
surrounding the tryptophan residues. This suggests that the
conformation of the Sh-PPase molecule could be changed
upon activation with manganese ions providing details
about the dynamics [17] of 5h-PPase.

The structures of family II PPases (Bs-PPase*Mn core,
5. gordonii-PPase*Zn (Sg-PPase) and Bs-PPase) from
X-ray crystallography revealed that all of these structures
are similar [7, 8, 27] on bound metal ions or metal-free
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structures. But, these results of the structure of Sh-PPase in
solution clearly show the conformational change of the
enzym n the binding metal ion.

Theegljily II PPases are homodimers of two-do:
subunits (the N- and C-domains) [7, 8] that are linked by a
flexible hinge. The enzyme active site is located at the
interface between the N- and C-doma@ [5], which are
substrate bound at the active site. Movement of the
C-domain over the N-domain creates a catalytically com-
petent structure [7, 8] which indicates the open and closed
structure of PPase. Therefore, the interesting point is the
open and closed structure of Sh-PPase in solution. In this
regard, the substrate-induced conformational changes are
observed. The intrinsic fluorescence emission maxima of
the substrate bound non-activated Sh-PPase was not
changed compared to the free substrate. However, the K,
value was decreased by acrylamide quenching of the sub-
strate-bound non-activated Sh-PPase. It shows that both
tryptophan residues would be buried when substrate bound
indicated conformational changes. The conformational
changes caused by the substrate-bound non-activated

PPase denoted the open-closed structure of Sh-PPase.

ubstrate binding induces a conformational change on the
closed form, as represented by the Sg-PPase structure [8].
The 3D structure of Bs-PPase bound sulfate (PDB; 1WPM)
shows a closed structure on the metal-free [27]. On the
other hand, the non-activated $h-PPase that did not bind
the substrate indicated an open structure. The conforma-
tional changes of the non-activated Sh-PPase by substrate-
induced conformational changes resemble Mn-activated
Sh-PPase based on K, value. But, the intrinsic fluorescence
maxima and K, of Mn-activated Sh-PPase were not
changed although they were induced by a substrate. It
shows that Mn-activated Sh-PPase is still a closed structure
in solution. The structure of family IT PPases (Bs-PPase and
Sg-PPase) [27] showed sulfate binding to the C-domain
which is correlated with the closed conformation on
binding metal ions.

The conformational changes of non-activated Sh-PPase
by an induced substrate is supported by the results of
extrinsic fluorescence obtained using ANS as a fluores-
cence probe. These results revealed that bound-substrate
changed the surface area of non-activated Sh-PPase bound
ANS. On the other hand, bound-substrate did not change
the surface area of Mn-activated Sh-PPase bound ANS. It
could also indicate that the conformational changes from
opened structure to closed structure of non-activated Sh-
PPase are induced by substrate.

In conclusion, activation with Mn>" ions caused some
conformational changes of psychrophilic Sh-PPase in
solution and provided conformational changes/dynamics of
Sh-PPase. Conformational changes of psychrophilic Sh-
PPase in solution may be rather subtle, as detected by the
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fluorescence spectra but did not change the secondary
structure. However the conformation change of Sh-PPase
in solution on activation with Mn*" ions did not delineate
the functional characteristics of the Sh-PPase. The high
activity of Mn-activated Sh-PPases at low temperatures
(cold-adaptation) could be attributed to the flexible struc-
ture around the active center [28], or related to the flexible
geometry coordination [27] of the amino acids in the PPase
and the Mn?" ions.
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