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a  b  s  t  r  a  c  t

BacSp222  is  a multifunctional  bacteriocin  produced  by Staphylococcus  pseudintermedius  strain  222,  an
opportunistic  pathogen  of  domestic  animals.  At  micromolar  concentrations,  BacSp222  kills  Gram-positive
bacteria  and  is  cytotoxic  toward  mammalian  cells,  while  at nanomolar  doses,  it  acts  as  an  immunomod-
ulatory  factor,  enhancing  nitric  oxide  release  in  macrophage-like  cell  lines.  The  bacteriocin  is a cationic,
N-terminally  formylated,  50-amino-acid-long  linear  peptide  that  is  rich  in  tryptophan  residues.

In this  study,  the solution  structure  of  BacSp222  was  determined  and  compared  to  the  currently  known
structures  of  similar  bacteriocins.  BacSp222  was  isolated  from  a  liquid  culture  medium  in a uniformly 13C-
and 15N-labeled  form,  and  NMR  data  were  collected.  The  structure  was  calculated  based  on NMR-derived
constraints  and  consists  of  a rigid and  tightly  packed  globular  bundle  of four  alpha-helices  separated  by
three  short  turns.
Although  the amino  acid  sequence  of  BacSp222  has no significant  similarity  to any  known  peptide
or  protein,  a 3D  structure  similarity  search  indicates  a close  relation  to other  four-helix  bundle-motif
bacteriocins,  such  as  aureocin  A53,  lacticin  Q and  enterocins  7A/7B.  Assuming  similar  functions,  biology,
structure  and  physicochemical  properties,  we propose  to  distinguish  the  four-helix  bundle  bacteriocins
as  a new  Type  A in  subclass  IId of  bacteriocins,  containing  linear,  non-pediocin-like  peptides.

©  2017  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under  the  CC  BY-NC-ND
. Introduction

BacSp222 is an atypical bacteriocin produced and excreted
y Staphylococcus pseudintermedius strain 222, an opportunistic
athogen isolated from dog skin lesions [1]. The peptide kills
ram-positive bacteria at minimal inhibitory concentrations rang-
ng from 0.1 to several micromol/L, but has no activity toward
ram-negative bacteria or fungi. Contrary to the majority of typi-
al bacteriocins, BacSp222 demonstrates significant cytotoxicity. It
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/).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

efficiently lyses human skin fibroblasts, keratinocytes and murine
monocyte and macrophage cell lines at LD50 doses ranging from
3.0 to 24.8 micromol/L. Additionally, at low nanomolar concen-
trations, BacSp222 efficiently enhances interferon gamma-induced
nitric oxide (NO) release in macrophage-like cell lines. NO is not
only bactericidal per se but also acts as a general immunosup-
pressor, inhibiting leukocyte infiltration, lymphocyte proliferation,
cyclooxygenase activity, and cytokine expression. Thus, BacSp222
is likely a multifunctional factor secreted by S. pseudintermedius:
a bacteriocin, a toxin and an immunomodulatory virulence factor
[1].

BacSp222 is a plasmid-encoded, 50-amino-acid-long peptide.

It is produced without a leader sequence and retains a formy-
lated N-terminal methionine. BacSp222 shows no significant
sequence similarity to any known peptide or protein. However,
the general biological and physicochemical properties (length, N-
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erminal formylation, lack of cysteines, abundance of tryptophan
nd cationic residues as well as high overall isoelectric point) of
acSp222 resemble those of four bacteriocins: aureocin A53, lac-
icins Q and Z and epidermicin NI01 [2–5]. Experiments with green
uorescent protein release from recombinant bacteria treated
ith BacSp222 suggest that the peptide forms large pores in the
embranes of susceptible bacteria or is a general lytic factor.

imilarly, the studies using chronocoulometry, polarization mod-
lation infrared reflection absorption spectroscopy (PM-IRRAS),
ttenuated total reflectance infrared (ATR-IR) spectroscopy and
n artificial phospholipid bilayer supported at a metal electrode
evealed that BacSp222 is predominantly �-helical, and the �-
elical parts of the molecule penetrate the lipid bilayer during

nteraction. The studies also indicated that after adsorption to the
embrane, BacSp222 remains �-helical, while significant changes

re observed in the membrane: the conformation of phospholipids
hifts from predominantly trans to a partially melted state, and the
cyl chains become less tilted. These results suggest that BacSp222
nteracts with biological membranes via a barrel-stave pore forma-
ion mechanism [6].

In this study, we solved the structure of 13C- and 15N-doubly
abeled BacSp222 in solution by means of NMR  spectroscopy. The
esults confirmed the predominantly �-helical structure of the bac-
eriocin postulated in our previous works [1,6] and independently
onfirmed, on a structural basis, the previously mentioned simi-
arity to aureocin A53 and lacticin Q, whose structures have been
olved recently by NMR. BacSp222 forms a globular four-helix bun-
le. We  show that the internal mobility of N-H vectors within
acSp222 is uniform to a large extent and heavily restricted on the
ub-nanosecond time scale, while motions on the micro- to mil-
isecond time scale (chemical exchange) have not been detected,
xcept for Arg 13. Structural comparisons demonstrate that the
acSp222 four-helix bundle fold is almost identical to particular
xposed domains present in several prokaryotic and eukaryotic
roteins. We  believe that our structure of BacSp222 in solution is an
ssential prerequisite for further detailed studies concerning both
he mechanism of bactericidal action and the explanation of the
mmunomodulatory properties of the peptide.

. Materials and methods

.1. Materials and chemicals

Unless otherwise stated, all materials and chemicals used in this
tudy were purchased from Sigma-Aldrich (USA).

.2. Purification of 13C- and 15N-labeled BacSp222

Uniformly 13C- and 15N-labeled BacSp222 was obtained by cul-
ivation of Staphylococcus pseudintermedius strain 222 (PCM 2791,
olish Collection of Microorganisms, Wrocław, Poland) in liquid
ioExpress 1000 medium (98% 13C and 98% 15N, Cambridge Iso-
ope Laboratories, Tewksbury, USA) with shaking for 12 h at 37 ◦C.
fter centrifugation, the bacterial pellet was discarded, and the
edium was freeze-dried, dissolved in water, acidified with trifluo-

oacetic acid (TFA) to pH 4.0 and subjected to two consecutive steps
f reversed-phase high-pressure liquid chromatography (RP-HPLC)
sing Discovery Bio Wide Pore C8 10 × 250 mm and Kromasil C4
.6 × 250 mm columns. The separations were performed using typ-

cal water/acetonitrile/TFA solvents and the conditions described in
etail previously [1]. The obtained peptide preparation was char-

cterized by RP-HPLC (with a purity degree greater than 99%) and
y mass spectra analysis using amaZon SL ESI/APCI-IT and Impact

I ESI/APCI-QTOF mass spectrometers (Bruker). The mean molec-
lar mass of the peptide was 6265.39 Da, and this agrees well
gical Macromolecules 107 (2018) 2715–2724

with the theoretical molecular mass of uniformly labeled 13C/15N
BacSp222 (6269.09 Da, assuming the presence of a formyl group
at the N-terminus). Taking into account both theoretical and mea-
sured masses, the degree of labeling was  calculated to be 98.93%.

2.3. NMR  spectroscopy

The NMR  sample (650 �l) contained 0.5 mM labeled peptide dis-
solved in a 90%/10% (v/v) H2O/D2O mixture containing 100 mM
deuterated sodium acetate, pH 5.0. NMR  experiments were per-
formed on a Varian 700 MHz  DDR2 spectrometer equipped with
an HCN probe at 25 ◦C (adjusted with a standard ethylene gly-
col reference sample). In all experiments, a 1.5 s recycling delay
was used. Chemical shifts in the 1H NMR  spectra were reported
with respect to external DSS-d4. Chemical shifts of the 13C and 15N
signals were referenced indirectly, as recommended by Wishart
et al. [7], using frequency ratios of 0.251449530 for 13C/1H and
0.101329118 for 15N/1H. All 3D NMR  experiments were recorded
with sparse sampling of indirectly detected dimensions to increase
the resolution [8]. 2D experimental data were processed with NMR-
Pipe [9], and 3D data were processed with qMDD [10,11] software
packages. Processed spectra were analyzed with SPARKY soft-
ware [12]. Assignment of sequence-specific backbone resonances
was performed using a standard set of 3D heteronuclear tech-
niques consisting of HNCO [13], (HCA)CO(CA)NH [14], HN(CO)CA
[15], HNCA [16], HNCACB [17] and CBCA(CO)NH [18]. The assign-
ments were confirmed by analysis of characteristic, sequential
NOE signals in a 3D 15N-edited NOESY-HSQC spectrum [19]. The
aliphatic side chain 1H and 13C resonance assignment was  based
on the analysis of 1H-13C HSQC, C(CO)NH [20], H(C)CH-TOCSY [21],
HBHA(CBCACO)NH [22] and 13C-edited NOESY-HSQC spectra [23].
The aromatic side chain resonances were assigned from the analysis
of the 1H-13C HSQC, 13C-edited NOESY-HSQC spectra recorded with
the 13C-1H coupling constants, offset and spectral widths tuned
to aromatic carbons and (HB)CBHD, (HB)CBHE spectra [24]. Rele-
vant parameters of the NMR  spectra are provided in Supplementary
Materials Table S1. The 1H, 13C and 15N resonance assignments have
been deposited in BioMagResBank (BMRB) with the accession code
34044.

Longitudinal (R1) and transverse (R2) relaxation rates were
determined using the 13C and 15N labeled sample at a magnetic field
of 16.4 T and the sensitivity enhanced 1H-15N HSQC pulse sequence
[25], with the option of either R1 or R2 measurements of 15N nuclei
[26]. Resonance intensities were used to calculate relaxation rates,
and the errors of relaxation rates were obtained from appropriate
elements of the variance-covariance matrix. Overall, the diffusional
correlation time was  calculated as proposed by Key et al. [27] based
on the ratios of transverse to longitudinal relaxation rates. It was
assumed that the motion of the molecule is isotropic and that the
peptide behaves as a rigid rotor. It was  also assumed that the vibra-
tionally averaged N-H distance, rNH, is equal to 1.04 Å [28] and
that the chemical shift anisotropy of the 15N chemical shift tensor
is �d  = −170 ppm [29].

Distance constraints were derived from 13C-edited NOESY-
HSQC spectra (separately tuned to aliphatic and aromatic regions)
and 15N-edited NOESY-HSQC spectrum. Initial structural calcu-
lations were performed with CYANA 2.1 software [30], and the
automatic NOESY assignment procedure [31] provided 625 dis-
tance constraints. Additional restraints (86) for backbone � and �
angles for regions of well-defined secondary structure were pre-
dicted from the chemical shifts using TALOS-N server [32]. For

the purpose of structural calculations in the XPLOR-NIH 2.26 pro-
gram [33], the topology of an additional amino acid (formylated
methionine at the N-terminus) was  manually included. Initial cal-
culations were performed with NOE and dihedral angle constraints,
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Table 1
NMR-derived constraints and statistics for BacSp222 calculated with XPLOR-NIH
2.26.

NOE distance constraints 625
Intraresidual & sequential (|i–j| ≤ 1) 323
Medium-range (1 < |i–j| < 5) 155
Long-range (|i–j| ≥ 5) 147
Hydrogen bond constraints 30
Restraints per residue 14.8

Torsion angle constraints:
Backbone (�/�) 43/43
Side chains (�1/�2) 0/0

Deviation from idealized covalent geometry (from PDB validation software):
Bonds lengths (Å) 0.011
Bond Angles (deg) 1.6
Number of close contacts 0

Ramachandran plot (1–50):
Residues in the most favored regions (%) 96.8
Residues in additional allowed regions (%) 3.2
Residues in generously allowed regions (%) 0
Residues in disallowed regions (%) 0

RMSD values:
ig. 1. 1H–15N HSQC spectrum of the BacSp222 peptide. For each tryptophan resid
alues  correspond to a side chain NH group of indole moieties.

ut before the final structural calculations, 30 constraints defined
s rHN-O = 1.5-2.5 Å for hydrogen bonds were added based on geo-
etric criteria. If a given hydrogen bond existed in more than 75%

f structures in the ensemble, it was selected for the final refine-
ent. Evaluations of BacSp222 final structures were performed
ith PROCHECK-NMR [34] and What-If [35] programs. Twenty

tructures with the lowest energy (out of 250 calculated in the final
tructural refinement) were deposited in the PDB under accession
ode 5LWC.

. Results and discussion

.1. Sequence specific resonance assignment

The 2D 1H-15N HSQC spectrum of BacSp222 displayed a good
ispersion of NH signals (Fig. 1), indicating that BacSp222 is struc-
ured in aqueous solution. The peptide in 100 mM sodium acetate,
H 5.0, was stable for over 3 months. Based on standard 2D and 3D
MR  techniques, all of the amide correlations (including 5 corre-

ations originating from tryptophan side chains) were assigned. In
otal, 88% of possible chemical shifts were assigned (96% of back-
one atoms, 84% of aliphatic side chain atoms and 81% of aromatic
ide chain atoms). Analysis of backbone chemical shifts using the
SI 3.0 server [36] demonstrated that BacSp222 is mostly alpha-
elical.

.2. Structure of BacSp222

The three-dimensional structure of BacSp222 was calculated
rom NMR-derived restraints. The statistics describing the quality
f the final ensemble of the 20 most energetically favorable struc-
ures are provided in Table 1. A total of 96.8% of all residues are
ocated in most favored region, and a further 3.2% are located in the

dditionally allowed region of the Ramachandran plot. In Fig. 2A
he ribbon diagram for a representative structure of BacSp222 is
hown. The peptide folds into a tightly packed, well-defined, globu-
ar bundle of four short alpha-helices (helix 1, residues 2–11; helix
All backbone atoms 0.4 Å
All  heavy atoms 1 Å

2, residues 13–21; helix 3, residues 23–32 and helix 4, residues
36–48). The helices are separated by short turns of one to three
amino acids. What is particularly interesting is that the biophysi-
cal properties of the surface of BacSp222 differ depending on which
side of the molecule is analyzed. When viewed from the C-terminal
side, the surface is predominantly hydrophilic and mostly neutral,
with some negatively charged residues (Fig. 2, right part of panel B).
Completely different properties are observed from the N-terminal
side: in several places, the patches of hydrophobic residues are
exposed to the solvent (Fig. 2, left part of panel B). Moreover, almost

the entire N-terminal side of the peptide is positively charged
(Fig. 2, panels C and D). BacSp222 is an antimicrobial peptide that
acts on the bacterial membrane. The determined structure of the
bacteriocin suggests that the N-terminal part of the peptide is most



2718 M.  Nowakowski et al. / International Journal of Biological Macromolecules 107 (2018) 2715–2724

Fig. 2. The lowest-energy structure of BacSp222 (PDB entry 5lwc). (A) The structure
is  color coded along the sequence from N-terminus (blue) to C-terminus (red). (B)
Hydrophobicity surfaces are presented as colored from dodger blue for the most
hydrophilic through white to orange and red for the most hydrophobic. (C) The
Poisson-Boltzmann potential maps determined with APBS 1.3 in Chimera [64]. (D)
T
s
c
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c
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s
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Fig. 3. Sequence-specific values of R2/R1 (part A) and R1R2 (part B) in the BacSp222
molecule for the backbone amide N-H vectors (blue circles). Solid horizontal lines
represent the 10% trimmed mean values, and the dashed lines are shifted by one
standard deviation from the mean values. Red circles represent corresponding val-
ues for the N-H vectors in Trp side chain indole moieties. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
he ambient view of the Coulombic potential generated in Chimera based on the
tructure and protonation state for pH 5.0. (For interpretation of the references to
olour in this figure legend, the reader is referred to the web version of this article.)

ikely responsible for recognition and interaction with negatively
harged (due to the presence of phosphate groups) bacterial cell
embranes. Additionally, the exposed hydrophobic patches on this

ide of the peptide surface likely favor interactions with non-polar
igands.
.3. Backbone dynamics

Analysis of nuclear magnetic relaxation provides insight into
he molecular motions of proteins [37]. One of the most successful
of  this article.)

and widely used approaches to the analysis of relaxation data is the
model-free approach (MFA) [38]. In this model, the local mobility is
described by two  parameters, the generalized order parameter, S2,
which corresponds to the spatial freedom of motion, and the inter-
nal correlation time, �int, corresponding to the rate of the motion
in the sub-nanosecond time scale. �int is thus smaller than the
single correlation time describing the overall isotropic molecular
tumbling, �R. The additional term, Rex, accounts for the confor-
mational exchange contribution to R2 resulting from processes in
the micro–to millisecond time scale, often referred to as chemical
exchange effects [39]. The MFA  model is ineffective with an insuf-
ficient amount of relaxation data. If longitudinal R1 and transverse
R2 relaxation rates are solely available, their ratio, R2/R1, may  be
employed to estimate the overall correlation times for identifica-
tion of residues undergoing chemical exchange [27]. The product of
relaxation rates, R1R2, permits identification of chemical exchange,
Rex, and estimation of the generalized order parameter, S2 [40].

Joint analysis of R2/R1 and R1R2 values allows one to obtain
semi-quantitative insight into the protein dynamics owing to the
different dependencies of these two  quantities on the MFA  parame-
ters (Supplementary Materials Fig. S1). The R2/R1 ratio is insensitive
to both local MFA  parameters, S2 and �int. Therefore, it is well suited
for the evaluation of the overall tumbling correlation time within
proteins comprising residues with diverse local mobilities. On the
other hand, the R1R2 value is insensitive to �int, but decreases con-

siderably with increased local mobility, as manifested by smaller
values of the S2 order parameter. Both these values, R2/R1 and R1R2,
increase with chemical exchange.
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Fig. 4. (A) Structure-guided sequence alignment of bacteriocin sequences based on Dali server structural alignment [43]. Different types of amino acids are marked with
colors  (orange for methyl groups, magenta for aromatic side chains, blue and red for positively and negatively charged side chains, respectively). The amino acids that are
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onserved among compared peptides are marked with boxes. (B) Overlay of the stru
A  (PDB entry 2m5z) and enterocin 7 B (PDB entry 2m60) in ribbon representation.
o  the web version of this article.)

Careful examination of the R2/R1 and R1R2 values shown in Fig. 3
eveals that the single residue of BacSp222 (Arg 13) likely displays
hemical exchange. Thus, it has been excluded from mean calcu-
ations. The 10% trimmed mean value of the R2/R1 ratio of 2.42
esults in �R = 3.11 ns, with an estimated uncertainty of 0.11 ns. Such

 value agrees well with an expected value of a monomeric peptide
ith a molecular mass close to 6 kDa. The total correlation time

alculated from Stockes law for BacSp222 [42] is equal to 3.1 ns. A
imilar value of the overall correlation time (3.3 ns at 25 ◦C) was
lso obtained for the IgG-binding domain of protein G (56 amino
cids) [41].

Residues 49–50, which belong to the unstructured C-terminal
ail of the polypeptide chain, exhibit increased motional freedom
s evidenced by lower R1R2 values (see Fig. 3B). The remaining
esidues display comparable R1R2 values, except those of Leu 4 and
ly 12. Estimation of the average <S2> value followed the method
roposed by Kneller et al. [40]. The 10% trimmed mean value of
1R2, <R1R2>, is equal to 12.84, while the R1R2

max value calculated
or the estimated �R = 3.11 ns equals 13.33, resulting in <S2> = 0.98.
ince this value is close to unity, it is concluded that the motions
f backbone amide N-H vectors are uniformly strongly restricted.
here are, however, two exceptions. Residues Leu 4 and Gly 12 dis-
lay significantly decreased R1R2 values, while their R2/R1 values
o not deviate from the trimmed mean. This indicates an increased
obility of these residues. Leu 4 is located at the beginning of

elix 1, while Gly 12 constitutes a residue splitting helices 1 and
. Therefore, their increased mobility is not surprising. The S2 val-

es estimated for Leu 4 and Gly 12 are 0.88 and 0.86, respectively.
he R1R2 values calculated for the N-H vectors of the Trp side chain
ndole moieties are much smaller than those obtained for back-
one amide N-H vectors, indicating that Trp side chain motions are
 of BacSp222, lacticin Q (PDB entry 2n8p), aureocin A53 (PDB entry 2n8o), enterocin
terpretation of the references to colour in this figure legend, the reader is referred

superposed on the dynamics of the backbone. The average value of
S2 obtained for N-H side chain vectors in Trp has been estimated at
0.73.

3.4. Structural similarities of BacSp222

Algorithms that evaluate protein similarities based on amino
acid sequence (such as BLAST) fail to identify any significant resem-
blances for BacSp222. To the contrary, several structurally closely
related peptides have been found by employing structural-based
algorithms implemented in a Dali server [43]. The full list of the
most similar peptides and proteins characterized by a Z-score equal
to or greater than 3.0 is presented in Supplementary Materials
Table S2. Four peptide bacteriocins were identified as the closest
structural homologues of BacSp222: aureocin A53 (Z-score = 5.4,
backbone RMSD = 2.1 Å, 27% of sequence identity, PDB entry 2n8o),
lacticin Q (Z-score = 4.9, backbone RMSD = 2.2 Å, 25% of sequence
identity, PDB entry 2n8p), entrocin 7A/JSA (Z-score = 4.2, back-
bone RMSD = 2.2 Å, 18% of sequence identity, PDB entry 2m5z)
and enterocin 7B/JSB (Z-score = 3.8, backbone RMSD = 2.4 Å, 21% of
sequence identity, PDB entry 2m60). The structures of all these
peptides have been recently solved by NMR  spectroscopy [44,45].
A structure-guided sequence alignment of all above-mentioned
bacteriocins based on Dali server superpositions is presented in
Fig. 4A. Despite low general sequence similarity, all these polypep-
tides share certain similarities: length (43–53 amino acid residues),
lack of cysteines, abundance of tryptophan and positively charged

residues, and conserved pattern of regions containing amino acids
with comparable physicochemical properties (see boxes and color
codes in Fig. 4A). Of note, a glycine residue at position 33 (accord-
ing to BacSp222 sequence numbering) is conserved in all discussed



2720 M.  Nowakowski et al. / International Journal of Biological Macromolecules 107 (2018) 2715–2724

Fig. 5. Comparison of the lowest-energy structure of BacSp222 (PDB entry 5lwc) with structures of lacticin Q (PDB entry 2n8p), aureocin A53 (PDB entry 2n8o), enterocin
7A  (PDB entry 2m5z) and enterocin 7 B (PDB entry 2m60), identified as structurally close molecules by Dali server [43]. (A) The backbone trace is color coded from the
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-terminus (blue) to the C-terminus (red). (B) The amino acids with methyl groups a
ide  chains are shown in blue. (D) The negatively charged amino acid side chains ar
he  references to colour in this figure legend, the reader is referred to the web  versi

eptides. This amino acid starts the loop between helix 3 and helix
. Superposition of all five discussed peptide structures (Fig. 4B)
learly shows that the conserved residues are responsible for the
onstruction of the general scaffold. All are buried, and their inter-
ctions define and hold the bundle of four helices together. A more

etailed comparison of structures is presented in Fig. 5. The fold
f all discussed bacteriocins is very similar (Fig. 5A). The spatial
rganization of methyl-containing groups and aromatic residues
s similar (Fig. 5B and E). This is because these residues and the
rked orange, and their side chains are shown. (C) The positively charged amino acid
n in red. (E) The aromatic side chains are shown in magenta. (For interpretation of

this article.)

interactions between them are responsible for the globular fold of
the four-helix bundle. We further hypothesize that at least several
conserved hydrophobic residues are likely essential for interac-
tion with the bacterial membrane and the putative mechanism
of the pore formation, but this requires further evaluation. On the

other hand, the locations of the charged amino acids (Fig. 5C and
D) are different among structurally similar bacteriocins. This phe-
nomenon may  explain different patterns of killing activity of these
bacteriocins toward particular microorganisms [1,4,5,46].
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enterocins 7A/7 B have similar lengths (53 and 51 residues for lac-
ticin Z and epidermicin NI01, respectively), do not contain cysteine
residues, are rich in tryptophan and lysine, and are characterized
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y a highly conserved glycine residue at position 33. Unfortu-
ately, no 3D structures are available for these bacteriocins so far.
evertheless, it is highly probable that BacSp222, aureocin A53, lac-

icins Q and Z, enterocins 7A and 7B, and epidermicin NI01 form a
unctionally, physicochemically and structurally coherent group of
acteriocins. Based on these similarities, we propose to name them
s the four-helix bundle bacteriocins and to distinguish this group
s a new Type A in the subclass IId bacteriocins, containing linear,
on-pediocin-like peptides [47]. Classification of bacteriocins pro-
uced by Gram-positive bacteria is currently controversial and is
till under debate; however, we propose here their intuitive taxon-
my  (Fig. 6) based on structural and functional criteria published
y Klaenhammer [48] and other authors [49–55].

.5. Structural similarities to proteins

Intriguingly, among molecules characterized by high structural
imilarities to BacSp222 according to Dali server results (Z-score
qual or greater than 3.0, see Supplementary Materials Table S2),
e found certain domains of larger proteins, both prokaryotic and

ukaryotic (Supplementary Materials, Fig. S2). Among prokary-
tic proteins, BacSp222 has a similar fold (Z-score = 3.4, backbone
MSD = 2.9, PDB entry 3fri) to an N-terminal domain of 16S rRNA
ethylase, an enzyme involved in modification of 16S rRNA in a

mall ribosomal subunit, which constitutes one of the mechanisms
riving the resistance to aminoglycosides. Although the domain

tself is not involved in methyl group transfer, it is required for
ull enzymatic activity of the methylase [56]. The similar structural

otif was also found in a phage inhibitor protein (Z-score = 3.2,
ackbone RMSD = 2.9, PDB entry 5he9) from Staphylococcus aureus
hage 77. This protein interacts with a helicase loader protein

nvolved in DNA replication. The C-terminal domain of aspar-
ate decarboxylase (PDB entry 2zy5), an enzyme decomposing
-aspartate to alanine and carbon dioxide [57], also superimposes
ith BacSp222 (Z-score = 3.7, backbone RMSD = 2.4). Finally, the
acSp222 fold also resembles region 2 of the alternative sigma fac-
or of RNA polymerase [58,59] (Z-score = 3.3, backbone RMSD = 2.3,
DB entry 1h31). Alternative sigma factors are involved in stress-
nduced gene expression regulation.

Interestingly, the structure of BacSp222 is also significantly
imilar (Z-scores 3.0-4.6, backbone RMSD 2.3-3.3) to structural
otifs found in mammalian proteins, including the MLLE domain

f polyadenylate-binding protein (PABP, PDB entry 3kus), E3 ubiq-
itin ligase (PDB entry 3ntw), ubiquitin-associated proteins (PDB
ntries 2mj5 and 4ae4) and a specific ribonuclease, regnase (PDB
ntry 2n51). PABP is an essential protein that mediates the stim-
latory effect of the poly(A) tail on translation initiation. The
-terminal MLLE domain recruits various regulatory proteins and
ranslation factors to poly(A) mRNAs through the binding of a
onserved 12-amino acid peptide motif called PAM2 (for PABP-
nteracting motif 2) [60]. In turn, E3 ubiquitin ligase, mammalian
utophagy receptor NBR1 containing C-terminal ubiquitin associ-
ted (UBA) domain and ubiquitin associated protein 1 are involved
n the degradation and sorting of proteins, including ubiquitiny-
ated cell surface receptors [61,62]. Regnase, known as MCPIP1,
s a specific RNAse that directly cleaves transcripts of inflamma-
ory cytokines such as interleukin(IL)-1�, IL-2 and IL-6 negatively
egulating cellular inflammatory response [63]. BacSp222 shows
tructural similarity to the C-terminal domain (CTD) of MCPIP1.

We emphasize, however, that the above-described structural

imilarities are evident but, simultaneously, are unlikely to reflect
he functional correlations. Rather, the four-helix bundle consti-
utes a stable scaffold on which different proteins established
ifferent functions.
gical Macromolecules 107 (2018) 2715–2724

4. Conclusions

We  determined a high-resolution NMR  structure of BacSp222 in
solution. The structure allowed us to identify the similarity of the
peptide fold to other known four-helix bundle bacteriocins, thus
establishing a novel family of antimicrobial peptides. Structural
similarities of BacSp222 to the selected domains of the proteins
involved in the different biological processes were also identified.
The significance of this phenomenon is currently unknown. Further
studies are required to elucidate whether this similarity has some
functional implications or, alternatively, reflects only the universal
character of a four-helix bundle as a building block.
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