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ABSTRACT

FTIR spectroscopy was used to structurally characterize the interaction of S-layer proteins extracted from
two strains of Lactobacillus kefir (the aggregating CIDCA 8348 and the non-aggregating JCM 5818) with
metal ions (Cd*?, Zn*?, Pb*? and Ni*?). The infrared spectra indicate that the metal/protein interaction
occurs mainly through the carboxylate groups of the side chains of Asp and Glut residues, with some con-
tribution of the NH groups belonging to the peptide backbone. The frequency separation between the
vCOO™ anti-symmetric and symmetric stretching vibrations in the spectra of the S-layers in presence
of the metal ions was found to be ca. 190 cm™! for S-layer CIDCA 8348 and ca. 170 cm~"! for JCM 5818,
denoting an unidentate coordination in both cases. Changes in the secondary structures of the S-layers
induced by the interaction with the metal ions were also noticed: a general trend to increase the amount
of B-sheet structures and to reduce the amount of a-helices was observed. These changes allow the pro-
teins to adjust their structure to the presence of the metal ions at minimum energy expense, and accord-

ingly, these adjustments were found to be more important for the bigger ions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In general, food and water represent the main sources of expo-
sure to metals. Toxic metals are not degradable and tend to accumu-
late in the exposed organisms causing serious health effects.
Therefore, their removal represents an important task for the care
of both human and animal health and the environment. Bioremedi-
ation (the use of biological agents to remove or neutralize contami-
nants) is a very important tool for the removal of such toxics. In
particular, the use of inactivated microorganisms as adsorbents
(biosorption) has been suggested as an effective and economical
way to remove heavy metals from water. Several genera of microor-
ganisms have been used for such purposes [1-7]. Among lactic acid
bacteria, different species of lactobacilli have been successfully used
in the removal of lead and cadmium [8]. In spite of that, no bacterial
structures have been conclusively assigned as responsible for the
metal removal. To understand the molecular mechanisms involved
in biosorption, a deep insight on the interaction of bacterial superfi-
cial structures with metals is necessary.

In several species of microorganisms, the S-layer represents the
most outer structure covering the cell envelope, being attached to
the peptidoglycan or the outer membrane by non-covalent bonds.
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Most of the S-layers are composed of protein monomers assembled
in two-dimensional arrays with regularly arranged pores of
identical size that enable the exchange of ions and small molecules
between the living cells and their environment. The ability of
S-layers to bind metal ions has attracted the attention due to the
potential application in bioremediation and for the generation of
metal nanoclusters that might receive different practical uses.
For example, the uranium-mining waste pile isolate Bacillus sphae-
ricus JG-A12 was found to be capable of selective and reversible
binding of large amounts of different metals [4], functioning as a
barrier for toxic heavy metal ions in the environment. S-layer ex-
tracts from the same microorganism, incubated in an Au3* solution
in the presence of reducing agents such as molecular H,, were able
to form gold nanoparticles regularly distributed according to the
pores of the protein lattice [9].

In spite of these evidences, the available information regarding
the molecular basis of the S-layer/metal ions interaction and its
consequences on the secondary structure of the S-layer proteins
is still very scarce [9,10]. In contrast with many proteins that inter-
act with metals through a low number of highly specific binding
sites that are conformationally regulated by metal/protein interac-
tions, S-layer proteins bear a high number of metal binding sites,
each one exhibiting low specificity, thus being capable of binding
a large variety of different metals [4,10,11]. In the interaction be-
tween Pd?* and the S-layer of B. sphaericus JG-A12, a predominant
chelation/bridging Pd?* coordination to the side chain carboxylate
groups of Asp and Glu residues, and a possible additional
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participation of nitrogen through side chains (Lys, Asn) rather than
through the peptide backbone has been suggested [10].

In the present investigation, the interaction between the S-lay-
ers from two strains of Lactobacillus kefir and Cd*?, Zn*?, Pb*? and
Ni*? was addressed by FTIR spectroscopy. The characterization of
the S-layer/metal interaction at a molecular level was undertaken
and the impact of this interaction on the secondary structure of
the S-layer proteins was evaluated.

2. Materials and methods
2.1. Bacterial strains and growth conditions

Two strains ofL. kefir,JCM 5818 and CIDCA 8348, were used in this
work. They were cultured in de Man, Rogosa and Sharpe (MRS) broth
[12] (Biokar Diagnostics, Beauvais, France) at 30 °C for 48 h. Micro-
organisms were harvested and washed twice with milli Q water
and the pellets obtained were suspended in 1 mL of Pb(NOs3),,
Cd(NO3),, Ni(NO3),;-6H,0 or Zn(NO3),-6H,O 0.3 mM solution.
Microorganisms non-treated with metal ions were used as controls.
The suspensions were further incubated for 24 h at 30 °C. After that,
they were centrifuged at 6600g for 4 min, and the pellets were used
for transmission electronic microscopy determinations.

2.2. Electron microscopy

Samples for transmission electron microscopy (TEM) were pre-
pared according to Vidgrén et al. [13]. Cells were fixed in 20 g glu-
taraldehyde/L (PBS buffer, pH = 7.2) for 15 h, at room temperature.
Fixed cells were collected by centrifugation and washed three
times with phosphate buffer. All samples were post-fixed with
phosphate-buffered 10 g osmium tetroxide/L and dehydrated for
2 h. Samples were included in Epon 812 and sliced with a Sorvall
MT 2B ultramicrotome. A JEOL 1200-EXII transmission electron
microscope (Jeol Ltd., Japan) was operated at 85 kV.

2.3. S-layer proteins preparation

Bacterial cells were harvested at stationary phase, collected by
centrifugation (10,000 g at 10 °C for 10 min), washed twice with
PBS (pH = 7),and resuspended to an ODssg oy, 0f 10 in the same buffer.
Cells were mixed with 5 M LiCl (J.T. Baker, Mallinckrodt Baker S.A.,
Mexico) in a proportion of 4 mL of solution per mL of bacterial sus-
pension. The mixture was incubated in a shaking incubator (Environ
Shaker, Lab-line Instruments Inc., Melrose Park, IL, USA) at 200 rpm
and 37 °C for 60 min to extract non-covalently bound proteins. Then,
the mixture was centrifuged (12,000 g at 10 °C for 15 min). The
supernatant containing the S-layer protein was concentrated by
ultrafiltration in an Amicon stirred cell 8050 (Millipore Corporation,
US) equipped with a regenerated cellulose membrane (Ultracell
PLGC04310, MWCO 10,000, Millipore Corporation, US), and dialyzed
against bidistilled water at 4 °C for 24 h using a cellulose membrane
(SpectraPor membrane tube, MWCO 6000-8000, Spectrum Medical
Industries, California, US). Taking advantage of the capacity of the
S-layers to aggregate in the absence of chaotropic agents, the dia-
lyzed extracts were centrifuged 4 min at 6600g and the pellets were
then suspended in 1 mL of Pb(NO3),, Cd(NO3),, Ni(NO3),-6H,0 or
Zn(NOs3),-6H,0 0.3 mM solution. S-layers non-treated with metal
ions were used as controls. The suspensions were further incubated
for 24 h at 30 °C. After that, they were centrifuged at 6600 g for 4 min
and the pellets were used for the FTIR determinations.

2.4. FTIR spectroscopy

Thirty microliter of the S-layer pellets were put on a CaF, win-
dow and further dried at 45 °C for 15 min to get a transparent film,

which was directly used for FTIR experiments. The FTIR spectra of
the S-layers were also recorded on KBr pellets to check for eventual
effects of adsorption and the results obtained were found to be
similar to those obtained in CaF, (though of general worst quality,
due to degradation of the optical material), indicating that adsorp-
tion, if taking place, is negligible. Note also that in the present
study we are mostly interested in the differences observed in the
spectra in the presence of the metals selected for the analysis,
and, because the spectra of the proteins in the absence of these
metals were systematically used as controls, possible undesired ef-
fects such as those due to an eventual adsorption were eliminated
from the spectra analysis.

FTIR spectra were recorded in the 4000-500 cm ™! range in trans-
mission mode in a system continuously purged under dry nitrogen
in order to eliminate spectral contributions of atmospheric water
vapor and CO,. The IR spectra collected at room temperature were
obtained co-adding 128 scans with 4 cm~! spectral resolution. All
spectra were recorded in a BOMEM MB40 spectrometer (ABB Ltd.,
Zurich) with a Zn/Se beam splitter and a DTGS detector.

2.5. Data analysis of FTIR spectra

The recorded infrared spectra were analyzed using the OMNIC
suit of programs (Nicolet Instrument Co., Madison, WI). Whenever
necessary, residual contributions due to atmospheric water vapor
and CO, were eliminated by subtraction of the corresponding spec-
tra from the registered samples’ spectra. The resultant spectra were
smoothed with a seven-point (13 cm™!) Savitzky-Golay function.

Inverted second derivative spectra were used to estimate the
number and position of individual elements composing Amide I
band (1600-1720 cm™ '), and this information was taken into ac-
count to fit Amide I bands in protein spectra with Gaussian band
profiles, using the program OMNIC (Nicolet Instrument Co., USA).

The assignment of protein secondary structures to the principal
Amide I frequencies was as previously described in literature
[14-17].

3. Results and discussion

According to previous studies carried out in our group, L. kefir
strains have different surface properties. Among them, aggregation
ability is perhaps one of the most important differential character-
istic among strains, because of its putative role in some bacterial
properties, such as adhesion to intestinal cells, biofilm formation,
and pathogen inhibition [18-20]. Two L. kefir strains, CIDCA 8348
and JCM 5818, were here selected to investigate the bacteria/metal
interaction. Considering that biosorption involves bacterial super-
ficial molecules and that the structure of these molecules ulti-
mately determines the aggregation properties of the whole
microorganisms, the selection of these two strains has been made
on the basis of their differential pattern of superficial properties
(aggregation and co-aggregation abilities) [18,20] (Table 1) and
recognition by antibodies [23]. In these strains, S-layer represents
the most outer structure covering the cell envelope and occupies
ca. 90% of the outer surface [21]. Therefore, the interaction be-
tween the metal ions and the bacteria must essentially involve
the S-layer.

Transmission electron micrographs of the two selected L. kefir
strains before and after the treatment with metal ions clearly
showed the presence of deposited metal on the bacterial S-layer
surface. Fig. 1 shows the images obtained using lead ion. Similar re-
sults were observed after treatment with the other metal ions used
in this work (not shown). This observation reinforced the interest
in studying the interaction between the metal ions and the S-layer
under well-controlled conditions. Therefore, purified S-layers from
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Table 1

Differential properties of L. kefir CIDCA 8348 and L. kefir JCM 5818.%
Strain H (%) AC, CCe H¢ S-layer molecular weight (kDa) %Adh
L. kefir CIDCA 8348 83.0+1.0 40.0+5.0 23.1+98 + 661 45+13
L. kefir JCM 5818 80.0+£5.0 0 0 — 691 ND

2 H (%) = percentage of hydrophobicity as determined by partition in hexadecane [18]; AC, = self-aggregation coefficient: AC,=[1 — (OD./OD;)] x 100, where OD; is the
optical density of the bacterial suspension at 550 nm and t = 0 min, and OD is the optical density at t = 60 min [20]; CC; = co-aggregation coefficient of L. kefir with Salmonella
sp.: CCc=[1 — (OD{/OD;)] x 100 — AC; H; = ability to agglutinate red blood cells [21]; %Adh = percentage of adhesion to Caco-2/TC-7 cells, calculated as: (number of adherent

lactobacilli/number of lactobacilli added to the well) x 100 [22]; ND, not determined.

L. kefir CIDCA 8348
Control

With Pb?

L. kefir JCM 5818

Control With Pb2+

»

46.000x

46.000x

D

Cc

Fig. 1. Transmission electron micrographs of L. kefir CIDCA 8348 and JCM 5818 before (A and C) and after (B and D) the treatment with Pb*2. The arrows indicate the lead
binding to the bacterial surface (S-layers). Note that for JCM 5818, internalization of the metal can also be noticed. The apparent differences in the color (darkness) in the

pictures are just artifacts of different illumination conditions.

L. kefir strains CIDCA 8348 and JCM 5818, were exposed to metal
ions (Cd*?, Zn*?, Pb*? and Ni*?) and analyzed by FTIR spectroscopy.

Fig. 2 shows the FTIR spectra obtained for the S-layers of L. kefir
CIDCA 8348 and JCM 5818 before and after the treatment with the
different metals. All spectra fit a typical infrared protein profile. In
the 1800-1300 cm ™' region, amide I and amide II bands appear as
the most prominent features. These bands correspond to collective
vibrations of the peptide-chain backbone. The amide I band
(1700-1600 cm™!) results essentially from the collective C=0
stretching vibration of the protein chain with a small contribution
of the in-plane SNH bending mode of the peptide bond. This vibra-
tion is particularly sensitive to the secondary structure of a protein,
and a detailed analysis of the observed amide I band profiles of the
spectra shown in Fig. 2 will be presented later on in this paper to
evaluate the effect of metal binding on the secondary structure of
the S-layer proteins. The amide II band (1580-1480 cm™!) corre-
sponds to a combination of the in-plane $NH bending mode with
the stretching of the C—N peptide bond. Another combination of
these two vibrations gives rise to the amide IIl band, which is usually
less intense than both the amide I and amide Il bands and is observed
in the 1300-1230 cm ™' range. The anti-symmetric stretching vibra-
tion of the carboxylates’ side groups of Asp and Glu residues, vCOO~
as., is known to give rise to a band in the high frequency wing of the
amide Il band, in the region 1580-1560 cm~! [10,24]. On the other
hand, the symmetric stretching vibration of the same groups, vCOO™
s., gives rise to the feature observed at 1430-1360 cm !, Finally, the
band appearing in the 1480-1430 cm™! range is mainly due to §CH
bending vibrations of the peptide-chain. Being very little affected by
both direct metal binding effects and indirect metal binding effects
due to changes in the secondary structure of the protein, this latter
band is a good internal reference for quantitative measurements.
The complete list of frequencies of the absorptions maxima, ob-
served in the 1800-1300 cm ™! range, for the different systems stud-
ied and their corresponding assignments are given in Table 2.

3.1. Coordination of the metal ions to L. kefir CIDCA 8348 and JCM
5818 S-layers

The changes in the IR spectra of the S-layer occurring upon me-
tal binding are better noticed in the data presented in Figs. 3 and 4,

where difference spectra resulting from subtracting the spectrum
of the native S-layer (control) to those of the metal-bound S-layer
are shown. The spectral subtractions were performed after normal-
ization of the spectra by the intensity of the sCH bending internal
standard band at 1480-1430 cm™".

In the case of the S-layer of the aggregating L. kefir CIDCA 8348
strain (Fig. 3), the pattern of the difference spectra is identical for
all metals. In regard to the changes induced by the metal binding
in the vibrational frequencies, there are two noticeable shifts: (i)
the frequency corresponding to the maximum of the band due to
the vCOO~ s. vibrational mode decreases from ca. 1407 cm™! to
~1380cm™! and (ii) the amide Il band maximum shifts from
1535 cm™! to ~1495 cm™!. These frequency shifts are, naturally,
accompanied by a decrease of the intensity in the spectral position
of the vCOO~ s. and amide II bands in the non-bound S-layer (see
Fig. 3). Very interestingly, in the difference spectra, the band due
to vCOO™ as. Asp and Glu side chain carboxylates’ vibration can
be clearly observed, with maximum at ca. 1575 cm ™. The observed
changes in the amide I band, mostly an intensity reduction and
contour modification, indicate that metal binding affects the sec-
ondary structure of the S-layer proteins. We will turn to this point
later on.

The first conclusion that can be extracted from the data de-
scribed is that the interaction S-layer/metals mainly occurs
through the coordination of metals to the side chain carboxylates
of the Asp and Glu residues. Extensive infrared studies on the rela-
tionship between the vCOO™ stretching frequencies and the coordi-
nation types have been performed [24-29]. Deacon and Phillips
[25] have found a general tendency in the correlation between
Avgs_s (frequency separation between the vCOO™ anti-symmetric
and symmetric stretching vibrations) and the type of coordination
between the carboxylate group and the metal ions. The frequency
of the vCOO™ as. stretching of unidentate species is higher than
that of the ionic (metal-free) species, which in turn is higher than
that of bidentate species. The opposite behavior occurs in the case
of the vCOO™ s. stretching vibration. As a result, the Av,s_s values
for unidentate, bridging, bidentate and ionic species are in the fol-
lowing order: Avg_s (unidentate) > Avgs_s (ionic) ~ Avgs_s (bridg-
ing) > Avgs_s (bidentate), where Avg_s (ionic) is approximately
160-170 cm™! [24-29]. In the case of the L. kefir CIDCA 8348
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Fig. 2. FTIR spectra of S-layer proteins from L. kefir CIDCA 8348 and JCM 5818,
incubated in the presence of: Ni%*, Zn?*, Cd®>* and Pb?*. Controls: S-layers non-
treated with metals. The vertical dashed-dotted lines indicate the frequencies of the
maximum of the bands ascribed to amide I and vCOO™ s. in the control spectra.

S-layer/metal systems, Avq_s amounts to ca. 190 cm™!, suggesting
that the coordination is predominantly unidentate. In this regard,
the L. kefir S-layer shows a distinct behavior compared to that from

L. kefir CIDCA 8348

Absorbance

Amide |

Amide Il
|

Control

T T I T T T I T T T l T T T I T T
1700 1600 1500 1400
Wavenumber/ cm -1

Fig. 3. FTIR difference spectra of S-layer proteins from strain L. kefir CIDCA 8348
induced by Ni?*, Zn?*, Cd** and Pb** binding. Control: FTIR spectrum of non-treated
S-layer. In obtaining the difference spectra, the original spectra were normalized to
the 6CH internal standard. Dashed horizontal lines define the zero of the ordinate
scale of the difference spectra. Vertical dashed-dotted lines indicate the frequencies
of the maximum of the bands in the control spectrum or are “guide to the eyes”
lines marked at approximately the average frequency maximum value of the bands
ascribed to a given vibration in the spectra of the metal/protein systems (e.g., 1380
and 1575 cm™! for the bands due to vCOOs. and vCOO™ as., respectively. Note that
the band due to this latter mode is buried underneath those of amide I and Il modes
in the control spectrum).

B. sphaericus ]JG-A12, where coordination to Pd*>* was found to be
predominantly bidentate [10]. Such results seem then to indicate
that S-layer/metal interactions are strongly dependent on the
structure of the non-treated S-layers, thus stressing the interest
to extend this type of studies to S-layers from different
composition.

Table 2
Experimental frequencies of the bands observed in the 1800-1300 cm ™! range for the different systems analyzed.
S-layer Amide I/cm™! vCOO~ as./cm™! Amide IIjcm™! SCH/cm ™! yCOO~ s./cm™!
CIDCA 8348 Control 1651 - 1539 1454 1407
Ni2* 1651 1577 1537/1493 1454 1387
Zn?* 1649 1575 1537/1494 1454 1386
cd* 1648 1562 1537/1496 1454 1389
Pb?* 1647 1562 1537/1496 1454 1389
JCM 5818 Control 1651 - 1540 1454 1419
Ni* 1651 - 1541/1496 1454 1380
Zn** 1653 - 1542/1496 1454 1380
cd* 1654 1564 1538/1496 1454 1386
Pb?* 1654 1576 1542/1496 1454 1382
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L. kefir JCM 5818

Absorbance

Ami;de |

Amide Il
|

Control

T T I T T T I T T T I T T T I T T
1700 1600 1500 1400
Wavenumber/ cm

Fig. 4. FTIR difference spectra of S-layer proteins from strain L. kefir JCM 5818
induced by Ni?*, Zn?*, Cd** and Pb?* binding. Control: FTIR spectrum of non-treated
S-layer. In obtaining the difference spectra, the original spectra were normalized to
the 6CH internal standard. Dashed horizontal lines define the zero of the ordinate
scale of the difference spectra. Vertical dashed-dotted lines indicate the frequencies
of the maximum of the bands in the control spectrum or are “guide to the eyes”
lines marked at approximately the average frequency maximum value of the bands
ascribed to a given vibration in the spectra of the metal/protein systems (e.g., 1380
and 1575 cm™! for the bands due to vCOO~s. and vCOO™ as., respectively. Note that
the band due to this latter mode is buried underneath those of amide I and Il modes
in the control spectrum).

The changes observed in the L. kefir CIDCA 8348 S-layer amide Il
region upon metal binding do not follow the pattern previously
found for B. sphaericus JG-A12 either [10]. In this latter case, no
changes were observed in that region, and this fact was taken as
an evidence of non-participation of the peptide backbone nitrogen
atoms in the coordination to the metal ions. Instead, side-chain
nitrogen atoms from mainly Lys and Asn residues of the B. sphaeri-
cus JG-A12 S-layer were considered to be involved in the additional
coordination to the metal ions [10]. In the case of L. kefir CIDCA
8348 S-layer, however, the changes in the amide I band upon me-
tal binding are important (Fig. 3), with a redshift of the band max-
imum of ca. 40 cm~!, which indicates that in this case the peptide
backbone nitrogen atoms are playing an active role in the coordi-
nation to the metal.

For the S-layer of the non-aggregating L. kefir JCM 5818 strain
(Fig. 4), the pattern of the difference spectra resulting from sub-
tracting the spectrum of the native S-layer (control) to those of
the metal-bound S-layer is not identical for all metals. The spectral
changes induced by the bigger Cd?>* and Pb?* metals follow the
same trends as the above discussed for L. kefir CIDCA 8348, and
can be interpreted in the same way. However, the spectral changes

induced by the smaller Ni?* and Zn?* species follow a different pat-
tern. In these cases: (i) the frequency of the maximum of the band
due to the vCOO~ s. mode also decreases from ca. 1419 cm™! to
~1380 cm™ ', still suggesting a dominance of the unidentate coor-
dination in these systems. In spite of that, the position of the
vCOO~ as. mode could not be unequivocally determined, preclud-
ing a more definitive assignment of the unidentate coordination
as the prevalent coordination type in these two cases; (ii) the
amide Il band exhibits an increase of intensity in its high frequency
region and a decrease in the low frequency region. This is just the
opposite trend with regard to that found for all the other cases
studied in this work, and might indicate that these two (smaller)
metal ions are able to penetrate more extensively inside the
S-layer proteins of L. kefir JCM 5818 and perturb their local envi-
ronment making it more hydrophobic, e.g., by replacing residual
solvent molecules or redefining specific contacts involving the
NH moieties of the peptide bonds [8] and (iii) the intensity changes
observed in the amide I band were also of opposite signal com-
pared to those found for the other systems investigated. Since this
must be connected with changes in the secondary structure of the
S-layer upon metal binding, we defer the interpretation of this
result for later in this paper.

In conclusion, Glu and Asp carboxylate side chain groups were
found to be the main interacting molecular fragments with the me-
tal ions in both L. kefir CIDCA 8348 and JCM 5818 S-layers. This re-
sult is in agreement with previously obtained data for the
interaction of B. sphaericus JG-A12 with Pd®" [10]. In addition, in
both L. kefir S-layer proteins analyzed, the type of preferential car-
boxylate/metal ion coordination was determined to be unidentate
and is complemented by interactions which also involve nitrogen
atoms of the peptide linkage. Such findings contrast with those
found for B. sphaericus/Pd>* system, where the preferential coordi-
nation was identified as predominantly bidentate with secondary
coordinations involving Lys and Asn side-chain nitrogen atoms
[10]. Among the two S-layer types investigated in this study, the
S-layer from the aggregating strain L. kefir CIDCA 8348 is known
to have a lower ability to bind metals than that of the non-aggre-
gating JCM 5818 strain [30]. The number of available metal binding
sites in this latter is larger and, according to the present results, the
access of the smaller metal ions (Ni* and Zn?*) to the interior of
the proteins appear to be easier, leading to the observed differen-
tial behavior found for these metal ions in relation to the one ob-
served for the other S-layer/metal interactions.

3.2. Effect of metal binding on the secondary structures of L. kefir
CIDCA 8348 and JCM5818 S-layer proteins

As already mentioned, binding of metal ions to S-layer also pro-
duces changes in the secondary structure of the S-layer proteins.

Table 3
Secondary structure composition (%) for S-layer proteins from L. kefir CIDCA 8348 and
JCM 5818.

S-layer Secondary structure (%)
o-Helix B-Sheet Other?

CIDCA 8348 Control 28.0 19.1 52.9
Ni%* 10.8 23.8 65.4
Zn** 34.0 42.1 23.9
cd? 239 45.8 303
Pb%* 14.3 57.9 27.8

JCM 5818 Control 36.0 153 48.7
Ni* 38.7 253 36.0
Zn%* 29.9 30.2 39.9
Cd®* 21.0 27.9 51.1
Pb%* 13.7 21.9 64.4

2 Includes B-turns and non-ordered structures, as well as side chain vibrations.
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These changes are particularly evident in the alterations produced
in the amide I spectral region upon binding.

Fig. S1 shows illustrative examples of the results corresponding
to the curve-fitting procedure used to determine the relative con-
tributions of the amide I band components. This process allowed us
to obtain the composition of the secondary structure for all the
investigated samples (S-layers of L. kefir CIDCA 8348 and JCM
5818 before and after the treatment with the different metal ions).
Data for S-layer of L. kefir JCM 5818 and for this S-layer in presence
of a Ni?* and Cd?* are displayed in the figure. The whole set of ob-
tained results are given in Table 3.

The interaction with metal ions produces noticeable changes in
secondary structures of both S-layer proteins. In particular, it in-
duces a general trend to increase the amount of p-sheet structures

70 —| L. kefir CIDCA 8348
| Pb 2+
c({) 7n 2+ -
@ 40 ]
R
30
Ni2+
20 —
107 T T T T T
Control 69 74 97 120
lonic radius/ pm
45 7| L. kefir JCM 5818
L2+
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é Zn2+
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Fig. 5. Effect of the ionic radius of divalent metal ions (Ni**, Zn?*, Cd?* and Pb%*) on
the a-helix and B-sheet secondary structures of S-layer proteins extracted from L.
kefir strains CIDCA 8348 and JCM 5818. Controls: non-treated S-layers.

and reduce the a-helices. In addition, the observed decrease in the
a-helix contents for JCM 5818 and the increase of the B-sheet
structures in CIDCA 8348 follow nearly linear relationships with
the radius of the metal ions (Fig. 5). This indicates that bigger metal
ions induce these proteins to change their composition from o-he-
lix to B-sheets in a greater extent. Interestingly, a correlation with
the hydrated radii of the metal ions was not observed, indicating
that the protein/metal interactions are strong enough to replace
the water molecules that are eventually still present in the vicinity
of the metal ions.

The decrease of a-helix structures and increase in p-sheets con-
tents has been frequently observed in different types of proteins
under variations of pH [31], temperature [32], solvent composition
[33], and under mechanical deformation as shown by experiment
and simulation [34-37]. These structural changes lead to a signifi-
cant increase in the protein’s stiffness, strength, and energy dissi-
pation capacity at deformation [38]. It looks then probable that
the decrease in o-helix structures and increase in B-sheets con-
tents observed for the L. kefir JCM 5818 and CIDCA 8348 S-layer
proteins upon metal binding is just the way the proteins found
to adjust its structure to the presence of the metal ions at minimum
energy expense. This interpretation also explains why the effects of
metal binding upon the secondary structure of the proteins tend to
be more pronounced for bigger ions.

4. Conclusions

The experiments reported in this paper allowed us to shed light
on relevant molecular details of the interaction between the S-lay-
ers of two L. kefir strains and a series of divalent heavy metal ions.
From the results obtained, the following main conclusions could be
extracted:

(1) The observed deposition of heavy metals on the bacterial
surface (Fig. 1) clearly demonstrated the relevance of the
S-layer/metal ions interaction.

(2) The interaction S-layer/metal ion induces important changes
in the structure of the S-layers, as observed by FTIR
spectroscopy.

(3) In both studied S-layers, the protein/metal interaction
occurs mainly through coordination with the side chain car-
boxylate groups of the Asp and Glu residues. This coordina-
tion is predominantly unidentate and is complemented by
additional coordinations involving NH groups from the pep-
tide backbone.

(4) In the case of the S-layer of L. kefir JCM 5818, the interaction
with Ni2* and Zn?* does not seem to follow the same pattern
as that corresponding to the interaction with Cd?* and Pb?*
(or that found for the interaction between all studied metal
ions and the S-layer of L. kefir CIDCA 8348). In fact, even if
the interaction with Ni* and Zn?* ions is, with all probabil-
ity, also unidentate, the observed increase in the intensity of
the amide I band upon binding of these metals to the S-layer
of L. kefir JCM 5818 indicates that their smaller size allows
them to penetrate more extensively inside the proteins
and perturb their local environment, making it more
hydrophobic.

(5) The interaction with metals also induces changes in the sec-
ondary structure of the S-layers. These changes were found
to obey a general trend to increase the amount of B-sheet
structures and reduce the o-helices, which allows the pro-
teins to adjust their structure to the presence of the metal
ions at minimum energy expense [38]. Accordingly, as a
trend, bigger ions were found to produce more significant
changes in the secondary structure of the studied proteins.
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Finally, it must also be underlined that the primary structures of
S-layer proteins are known to be extremely variable, even between
strains belonging to the same species [39]. Due to this great diver-
sity, the practical application of S-layers, e.g., in bioremediation,
seems to require an analysis of the interaction S-layer/metal ion
for each particular case. In this regard, due to its high sensitivity
to any changes in environment of protein molecular groups, FTIR
spectroscopy appears as an adequate choice to get an insight on
the functional groups involved in the S-layer/metal interaction.
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