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and gene regulation.

Staphylococcus aureus remains a public health threat with the WHO classifying the pathogen as a high priority

in the development of new antimicrobial agents. Whole genome sequencing has revealed a number of conserved
genes that may be essential for cell viability and infection. Characterising the structure and function of these proteins
will inevitably aid development of new antimicrobials. Therefore, this study elucidated the structure of hypothetical
protein DUF3055 from S. aureus stain Mu50. The protein possesses an as yet undefined function and a unique fold.
The size of DUF3055 made it an ideal candidate for NMR characterisation which in conjunction with circular dichroism
revealed the protein to be folded. Crystallisation and structural solution found that the overall dimer fold has a nega-
tively charged surface formed by a 3-bulge and tightly crossed a-helices, with a complementary size to a DNA single
turn. Our structural observations suggest that hypothetical protein DUF3055 from S. aureus has a role in DNA binding

Keywords Staphylococcus aureus, Surface charge, DUF3055, Structure—activity relationship, Hypothetical protein

Introduction

Proteins perform essential functions that facilitate physi-
ological processes; these functions are tied to their struc-
ture with surface shape playing a pivotal role. As such,
investigations into protein structure can aid us in under-
standing the function of unknown proteins. Currently,
180,000 protein structures are available in the RCSB PDB
database representing less than 0.1% of proteins iden-
tified through genome sequencing [1]. Computational
methods can assist in the structural analysis of unknown
proteins but predictive models produced by PROSITE,
SWISS-MODEL, and Alphafold can be spurious in the
case of novel folds, unique structure, or fail to consider
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quaternary structure. Therefore, it is crucial to experi-
mentally determine protein structure in order to confi-
dently understand biological systems.

Staphylococcus aureus is a pathogenic bacteria consid-
ered to be of high priority to the World Health Organisa-
tion (WHO). The pathogen caused over 1 million deaths
in 2019 primarily from lower respiratory and blood-
stream infections [2]. S. aureus can acquire a wide range
of antibiotic resistances and currently 99% of S. aureus
strains are resistant to penicillin [3]. In healthcare set-
tings both vancomycin-resistant (VRSA) and methicillin-
resistant strains (MRSA) are frequently observed with
some hospitals reporting that>50% of strains exhibit
resistance to methicillin [4].

The genome of S. aureus strain Mu50 is made up of
2,878,529 nucleotides encoding~2700 genes that will
produce proteins organised into~2400 families [5, 6].
Presently,>1500 proteins from S. aureus have been
structurally solved with proteins from the Mu50 strain
accounting for less than 200. About 20% of assigned fam-
ilies also include domains of unknown functions (DUFs),
which categorize functionally uncharacterized proteins
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[7]. Although functional information is limited, evolu-
tionary conservation suggests that many DUFs are essen-
tial. By converging the database of essential genes on
Pfam DUF database, over 300 essential proteins from 16
different bacterial species are found to contain 238 DUFs,
and most of which represent single-domain structure [8,
9]. DUF3055 domain possessing proteins are highly con-
served in Alkalihalophilus, Bacillus, Macrococcus, and
Staphylococcus. All proteins classified in the DUF3055
domain-containing proteins are single-domained with
less than 100 amino acids. This implies biological essen-
tiality of DUF3055 in bacteria. In the present study, the
crystal structure of DUF3055 domain-containing protein
from S. aureus is determined (;4 DUF3055). The unique
fold possesses an abundance of glycine residues in both
its a-helices and B-strands which typically disfavour sec-
ondary structure. Our studies highlight that DUF3055
most likely functions as a DNA mimic and may form one
component of an toxin-antitoxin pair.

Methods/experimental

Cloning, expression and purification

The SAV0927 gene coding for yDUF3055 was ampli-
fied from the genomic DNA of S. aureus Mu50 by poly-
merase chain reaction using 5 -GAACATATGATTGAT
ATGTATTTATATGAT-3’ and 5'-GATCTCGAGATG
AATGACTTCATTTAAATA-3" as the forward and
reverse primers, respectively. The gene for ¢,DUF3055
was cloned into the Ndel and Xhol restriction site of the
pET2la (+) vector. The resulting construct has addi-
tional residues (LEHHHHHH) that encodes a C-ter-
minal histidine tag. The sequence of the cloned vector
was confirmed by DNA sequencing (data not shown).
The recombinant plasmid was transformed into E. coli
BL21 (DE3). Cells were grown with ampicillin (50 pg/
ml) in LB medium for circular dichroism and crystallog-
raphy and M9 medium supplemented with *N-NH,Cl
for NMR spectroscopy. The cultures were incubated at
37 °C with shaking at 180 rpm until OD, reached 0.5
and expression was induced with 0.5 mM isopropyl-B-D-
1-thiogalactopyranoside (IPTG). Cells were harvested by
centrifugation at 4500 g at 4 °C after 4 h of additional
growth. For purification, the cell pellet was resuspended
in buffer (50 mM Tris—HCI, pH 7.5, and 500 mM NacCl)
and disrupted using an Ultrasonic processor (Cole-Par-
mer, U.S.A.) at 4 °C. After centrifugation at 20,000 X g for
1 h at 4 °C, the supernatant was purified by binding to
His-Trap affinity column (Cytiva, England) and eluted
with elution buffer containing 300 mM imidazole. The
purified protein was analyzed with>99% purity by SDS-
PAGE and was concentrated to 10 mg/ml by ultrafiltra-
tion in 3,000 Da molecular-mass cutoff spin columns
(Millipore, U.S.A.).
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Circular dichroism and NMR spectroscopy

Circular dichroism experiments were carried out on a
Circular Dichroism Spectropolarimeter J815 (JASCO,
Japan). ,DUF3055 was diluted to 20 uM in 50 mM
sodium phosphate (pH 7), 100 mM NaCl at 20 °C. A
1 mm path quartz cuvette was used for measurements.
The far-UV CD spectra were recorded from 195 to
260 nm with a scan speed of 2 cm/min. The spectra were
plotted as a mean ellipticity 8 (degreexcm?®xdmol™)
versus wavelength A (nm). Thermal unfolding scan exper-
iments were conducted by increasing temperature from
20 °C to 95 °C in steps of 0.2 °C.

For NMR spectroscopy, 0.5 mM '°N labeled pro-
tein was prepared in 20 mM sodium phosphate (pH
6), 100 mM NaCl, 1 mM dithiothreitol, in 90% (v/v)
H,O and 10% (v/v) D,O buffer. The NMR spectrum
was recorded at 298 K on a JEOL 600 MHz NMR spec-
trometer equipped with a cryoprobe. The 2D-['H-!°N]
HSQC spectrum was acquired for uniformly >N labelled
saDUEF3055. The spectrum was processed with NMRPipe
and analyzed using NMRview] [10, 11].

Crystallization and data collection

saDUF3055 samples for crystallization were diluted to
10 mg/ml with 50 mM Tris—HCI (pH 7.5), 150 mM NaCl.
Initial crystallization screening was established in 96-well
sitting drop (MiTeGen, U.S.A.) at 20 °C. ;,DUF3055 was
crystallized in a variety of conditions, which were further
improved by hanging-drop vapor diffusion methods. For
the optimal growth of 5, DUF3055 crystals, 1 ul of pre-
cipitant solution (1 M (NH,),SO,, 1% (w/v) PEG3350,
100 mM Bis—Tris pH 5.5) and 1 pl of protein solution
was mixed on a siliconized cover slip and equilibrated
against a 1 ml reservoir of precipitant solution. This con-
dition yielded block-shaped crystals in 5 days which were
cryo-protected in artificial mother liquor supplemented
with 20% (w/v) glycerol. Diffraction data was collected
at 100 K to a resolution of 3.0 A on beamline 5C at the
Pohang Light Source, Korea. Data were processed and
scaled through HKL2000 program suite [12]. Further
structural analysis was performed using the CCP4 suite
[13]. The ¢,DUF3055 crystals belong to space group
P6,22 and contained 6 monomers (3 dimers) per asym-
metric unit.

The structure was determined by molecular replace-
ment technique using Phaser with the coordinates of a
model predicted by program AlphaFold from Google
Deepmind as a starting model [14]. Refinement was con-
tinued with Refmac5 and model was built using Coot [15,
16]. 5% of data was set aside for the refinement calcula-
tions of Ry, and the final crystallographic statistics are
summarized in Table 1.
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Table 1 Crystallographic data collection and refinement

statistics
DUF3055 (8XFU)
Data collection
Beamline BL-17A
Wavelength (A) 0.99
Resolution range (A)? 50.06-2.99
Space Group P6522
Unit cell parameters A a=106.08
b=106.08
c=454.03
Observations (total/unique) 54,753/30,588
Completeness (%) 95.9 (82.5)
Rierge 0.35(0.85)
CC,pp 0.96 (0.10)
Redundancy 10.1 (4.4)
I/sigma 129 4.2)
Refinement
Ruor” / Reee” (%) 27.15/33.80
Protein atoms 4258
Average B value (A2 20.71
rm.s.d. bond (A) 0.008
rm.s.d.angle () 1.603

?Numbers in parentheses indicate the statistics for the last resolution shell

® Rwork = ¥ (|Fobs-Fcalc|/Y Fobs, where Fobs = observed structure factor
amplitude, and Fcalc = structure factor calculated from model. Rfree is
computed in the same manner as Rwork, but from a test set containing 5% of
data excluded from the refinement calculation

Accession number
The coordinates of ,DUF3055 was deposited in the
PDB database as entry 8XFU.
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Result

Physical stability of ,DUF3055

Initial characterisation of ¢ DUF3055 focused on thermo-
dynamic stability and secondary structure analysis using
CD [17]. Our far UV spectra showed two distinguishable
peaks with the lowest negative peak near 220 nm and an
adjacent minor peak at 212 nm, which indicated the pro-
tein had a predominantly B-sheet secondary structure.
However, the spectra was slightly shifted to lower wave-
lengths compared to a theoretical -sheet indicative of
a smaller proportion of «-helix. Conversely, secondary
structure prediction using K2D2 and BeStSel suggested
that (,DUF3055 had a greater a-helix content of 60% [18,
19]. Given the lack of signal for random coil it is unlikely
that the protein contains unstructured regions. Tempera-
ture scans at 220 nm show that ¢, DUF3055 is remarkably
stable at all temperature below 70 °C, exhibiting a melting
transition (T,,) at 72 °C (Fig. 1A). To study the changes
in protein conformation and structural determination,
protein NMR spectroscopy was conducted. Attempts to
produce "H-">N-13C triple-labeled 5,DUF3055 were not
successful since inefficient amount of cells were grown
using 13C-glucose as a carbon source. 'H-'>N 2D NMR
HSQC spectrum showed a few dispersed broad peaks
with around 50 counts. This confirmed the protein was
folded and supports our CD observations. However, it is
also apparent that many residues are showing dynamics
in different timescales because of the uneven intensity
distribution (Fig. 1B). As such, for structural elucidation
crystallography was performed.

Structural analysis of DUF3055

The crystal structure of i, DUF3055 was determined to a
3.0 A resolution with clear density from residue 2 to the
C-terminal histidine tags (at residue 92). The monomer
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Fig. 1 Protein stability of ;,DUF3055. A (left) Circular dichroism spectrum in the form of molecular ellipticity against wavelength (nm)

for ¢, DUF3055 (colored in black). The experiment was measured from 195 to 260 nm in Tris—=HCI buffer, pH 6.0 at 20 °C. Standard CD spectra are
drawn as references (blue, a-helix; red, -sheet; green, random coil). Values are the mean of three separate determinations. (Right) Thermal stability
of ¢,DUF3055 was analyzed using circular dichroism at 222 nm. B NMR contour plots for the ¢,DUF3055 'H-"*N HSQC experiments conducted

at 600 MHz frequency



Kim and Kim Applied Biological Chemistry (2024) 67:60

shows an antiparallel 3-sheet and 3 consecutive a-helices
with B1-p2-p3-p4-al-a2-a3 topology (Fig. 2A and B).
The ,DUF3055 crystal belongs to the P6;22 spacegroup
with unit cell dimensions 106, 106, 454 A, that harbors 3
dimers in an asymmetric unit. In contrast to our previ-
ously characterised crystal system which adopted a lin-
ear polymer this new crystal form has molecules packed
in a ball-like state with substantial solvent volume (43%)
[20]. Although the dimerization is mainly dependent
upon [-sheet backbone hydrogen bonds, some interac-
tions are observed between side chains. 25 out of 87 resi-
dues (30%) participate in hydrogen bonding or salt bridge
interactions with the neighbouring monomer with a large
1900 A? contact surface formed by the long B1 strand.
A small repeating sequence FVGFVG in the strand sup-
ports dimer formation through a m—m stack between
Phe20 and Tyr5 and m-cation interaction between Phel?
and Arg36. We surmise that the stability observed in our
CD experiments is largely granted by the tight bonding
between two monomers (Fig. 2C).

Additionally, the B1 strand in both monomers are
distorted and irregular. When the standard [B-strands
are exposed to solvent area, they become aggregation-
prone structure and favors to form insoluble fibrils.
Therefore, natural proteins adopt alternative [-strand
architecture rather than ordinary shape to protect
B-strand on the edge (B-edge). Therefore, natural
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proteins adopt alternative p-strand architecture rather
than ordinary shape to protect B-strand on the edge
(B-edge) [20, 21]. In contrast to a typical B-strand, the
B1 strand of (,DUF3055 shows a loss in planarity, fea-
turing a~115° bend with Glul2 serving as the apex
of the protrusion. The bulged B-strand also exhibits
twisted edges, incorporating atypical glycine residues
for B-strands (Glyl9 and Gly52) [22]. Sheltered beneath
a canopy, three consecutive a-helices occupy the pocket
area, establishing secure interactions with bulged
B-strands. In addition to the B-strands, the a-helices
exhibit distinctive characters. Despite glycine being one
of the most destabilizing residues for an «-helix due to
the wider range of backbone dihedral angles, it is fre-
quently observed in membranous proteins, especially
in the region of helix crossings [23-25]. This allows
helix packing, providing favorable hydrophobic interac-
tion in the confined space between adjacent helices. In
the structure of ;,DUF3055, Gly76 on a3 is close prox-
imity to a2, enables helix crossing (Fig. 2B). Through
this arrangement, three o-helices are tightly packed
into a narrow space with the charged side chains of
helices oriented toward the solvent region. Structural
analysis by the DALI server revealed a very low Z-score
(less than 4.3 for top scored structure), indicating that
saDUEF3055 has a unique fold [26].
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Fig. 2 Structural overview and secondary structure topology of ;,DUF3055. A Secondary-structure diagram of the ,DUF3055 dimer. The two
monomers are colored light and dark cyan. B Crystal structure of the 5,DUF3055 dimer in ribbon representation. The glycine residues that are
involved in secondary structure elements are indicated as red and showed in an enlarged inset. The two a-helices, a2-helix and a3-helix are
separated by a short distance of 4.5 A. C Visualization using LIGPLOT depicts the amino acid residues at the dimer interface, with green dashed lines

indicating hydrogen bonds
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Structure and function relationship of s DUF3055

Our previous investigation asserted that ;. DUF3055 may
form a long chain polymer as part of its function, owing
to observations from the crystal packing. However, the
crystallographic oligomer does not correlate with the
solution state. The altered packing observed in our new
crystal form suggests ;,DUF3055 most likely functions as
a dimer. Indeed, analysis using PISA confirms the likely
solution state is dimer with a calculated AG of — 23.5,
— 21.2, — 23.3 kcal/mol, for monomer pairs AB, CD and
EF respectively.

Analysis of the surface area shows a prominent nega-
tive charge due to solvent exposed aspartate and gluta-
mate residues. In total, all 17 negatively charged residues
(7 aspartates and 10 glutamates) have side chains dis-
played on the protein’s exterior. Comparing the sequence
of (4,DUF3055 to homologs in other bacteria show that
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these negatively charged residues are well conserved and
aligned (Fig. 3A). Moreover, the residues occur as con-
secutive pairs in the amino acid sequence or are local-
ised within the 3D structure. These characteristics are
often observed in nucleic acid related functional proteins
[27]. This observation, together with the curved shape
afforded by the B-bulge would allow for the protein to
mimic the DNA major groove, showing 34 A of width
(Fig. 3B). As the dimer imparts a symmetry operator onto
the protein known DNA binding motifs such as a zinc
finger and helix-turn-helix would be accommodated by
<aDUF3055. Using ClusPro, a reasonable binding model
between ¢, DUF3055 and a helix-turn-helix transcription
factor can be generated [32]. Substantial hydrogen bonds
and ionic interactions are found in the proposed repre-
sentation, suggesting potential protein—protein interac-
tion (Fig. 4).

A p1 B2 p3 B4 al
1 1.9 2.9 39 40 S0
Staphylococcus MYISUDNE|E SQVIQIF VIGIJVIHEHSIAYDIAML VHEINR H Y[ed T L\YT M []T N K )3 T
Bacillales MFIR@IDEEQSIQAQIFVIGIAVIHEHSIAYDPIAML T QDR H Y (e T L\AT. )L [(O]JT N K)JGRS T [T I E
Mammaliicoccus MFIR@IDOSEAKIQFVIGIEVHEHSIAYDPIATL I YUNDR HF (63T T\ATINT[OJN N T YGRS (&K IIT. E
Macrococcus MYIR'§ID TEKANIR|FV|SIAVEEN . BIHPIAATL T QUNDR H Y[ed T T \ALINT[0]JS N K)JGR4I [eJREIIT. D
Salinicoccus FFIR@IESEDTINTR|Y VISIFVIEEHAJAYPIAA T T QUNDR Y F[e34S L\YLINT[*]S SRIYGITI [eISPIL E
Abyss.icoccus FY)®'®ID TEDANVR|FT|SIJV[EDE SIAYPIATL L QUNNR HF[e3 4T T \AM)NM[IJN N K)3S M [eIR T, N
Nosocomiicoccus HYIR@IDNETPNAR|YVIGIFA[EDFGIYPIAA T T QUYS|KF F[ed S L\YLINM[JN N T} JS gV (] T PRI, D
LN J L N J L J [ ] LN J
Staphylococcus
Bacillales
Mammaliicoccus
Macrococcus
Salinicoccus
Abyssicoccus
Nosocomiicoccus [SP@IAHAL[F SD

Fig. 3 Sequence alignment and protein electrostatics. A Sequence alignment of DUF3055 from different bacterial species. Identical residues are
colored white on a red background and similar residues are red on white background. Secondary structure elements (springs, a-helices; arrows,
B-strands) are shown above. Negatively charged residues in (,DUF3055 is denoted as red dots. Sequence alignments were performed using
ClustalX and visualized by ESPript [30, 31]. B Side chains for residues denoted as red dots in A are represented as sticks. All shown side chains are
heading toward the solvent area. Corresponding electrostatic potential at the molecular surface of ¢, DUF3055. The negatively charged surface
is shown as front and flipped view (by 180° rotation)
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Fig. 4 Proposed function of ;,DUF3055. A Surface representation of (,DUF3055. The negative charges are distributed on the 3-bulge region. B
An alignment of typical B-DNA with 5,DUF3055 31-strand. C Refined ClusPro docking simulation with a common transcription factor from our
previous study [32]. Favored docking model interacts directly with ,DUF3055

Discussion

saDUF3055 is a well-conserved hypothetical protein pre-
sent throughout pathogenic staphylococcus with an as yet
uncharacterised role. Our previous study elucidated the
structure with an alternative packing state that suggested
the protein formed a linear polymer [28]. However, the
packing adopted by our new structure strongly suggests
the native form of the protein is likely a dimer. Our struc-
tural analysis shows ¢,DUF3055 has a highly negative
electrostatic surface which is conserved in closely related
homologs. From its shape, size, and charge, we surmise
that ;,DUF3055 interacts with DNA binding proteins.
saDUF3055 acts as a DNA-mimetic, with the length of
the major beta strand ~ 34 A, mirroring that of a B-DNA
single turn. Further studies such as pull-down assay to
find partner molecule, DNA dissociation activity test to
compare the binding affinity, or RNA sequencing under-
stand its network are expected to confirm ¢,DUF3055
function.

Staphylococi represent a threat to public health with
species such as S. aureus, S. epidermis, or S. haemolyticus
gaining multi-drug resistances [29]. (yDUF3055 is highly
conserved in many species of Staphylcocci, implying this
would perform a key role in its pathogenicity. Whilst the
structure has elucidated the likely function, a subsequent
microbiological investigation would be required to deter-
mine the protein’s impact on virulence phenotypes. This
study presents structural analysis, which can widen our
understandings regarding bacterial physiology.
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