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Abstract: The crystal structure of the extracellular region of the second pneumococcal LCP, a
polyisoprenyl-teichoic acid-peptidoglycan teichoic acid transferase Psrsp, was determined and re-
fined to 2.15 A resolution. Despite the low sequence homology with other LCP proteins, the Psrg,
maintains the fold of the LCP domain, and the positions of the residues suggested to participate in
the transferase function are conserved. The tunnel found in the Psrg,, between the central 3-sheet and
three o-helices is wide enough to accommodate polyisoprenyl-teichoic acid. Comparison of the crys-
tallographic temperature factors of LCP from distinct bacteria demonstrated that the four long loops
located close to the teichoic acid and peptidoglycan binding sites have different relative mobilities. To
compare the dynamics of the Psrg, in crystalline state and in solution, NMR spectra were recorded,
and 88% of the residues were assigned in the 'H-'N TROSY HSQC spectra. Perfect accordance in the
secondary structure of the crystal structure of Psrs, with NMR data demonstrated correct assignment.
Moreover, the relative mobility of the essential loops estimated from the crystallographic B-factor is
in good agreement with order parameter S?, predicted from chemical shift. We hypothesize that the
dynamics of these loops are important for the substrate promiscuity of LCP proteins.

Keywords: S. pneumoniae; LCP; cell wall teichoic acid; capsular polysaccharide; crystal structure;
NMR; protein dynamics

1. Introduction

Glycopolymers in Gram-positive bacteria play a crucial role in the maintenance of
the structural integrity and functionality of the cell wall, significantly contributing to the
bacterial ability to interact with their environment and to resist external stresses [1-3].
In addition to the defense of the cell against the immune system of the host, bacterial
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glycopolymers bind to a large ensemble of other cell surface proteins, regulating their func-
tional activity. They also participate in transport processes, cation homeostasis, resistance
to antimicrobial peptides and lysozymes, regulation of cell elongation and cell division,
as well as many other additional processes [4]. Despite the varied composition of these
glycopolymers across different bacteria, they share several key features in their structures
and their biosynthesis [3].

Teichoic acids (TA) are important cell wall polymers present in almost all Gram-
positive bacteria [5]. TAs are commonly divided into two classes; (i) lipoteichoic acid
(LTA), which are anchored in the cytoplasmic membrane using a lipid anchor, and (ii) wall
TA (WTA), which are covalently bound to the peptidoglycan (PG). Importantly, TA in
Streptococcus pneumoniae is a major cell wall polymer with a unique identity, including
several unusual sequence and structural features compared to other Gram-positive bacteria.
First, the chemical composition of both LTA and WTA is identical in S. pneumoniae. Secondly,
the S. pneumoniae TA is unusually complex and contains the rare positively charged amino
sugar 2-acetamido-4-amino-2,4,6-trideoxy-D-galactose (AATGal) [6]. Third, pneumococcal
TA contains phosphorylcholine attached to the N-acetyl-galactose-amine residues, which
is a binding site for several choline-binding proteins [7]. Altogether, pneumococcal TA
comprise four to eight repeating units (RU), all composed of AATGal, D-glucose, ribitol-
phosphate, and two N-acetyl-galactose-amine residues modified by phosphorylcholine [8].

The biosynthesis of streptococcal TA RUs and their polymerization takes place on
the cytoplasmic side of the bacterial cell membrane, and involves at least 18 different
cytosolic and membrane-associated enzymes [8]. The polymerization of TA-RUs occurs
on the membrane-bound C55-undecaprenyl lipid carrier (Figure S1). When the synthe-
sis of these RUs is completed, the transmembrane transporter TacF presumably moves
the C55-PP-linked TA chains across the membrane. The last step of the WTA synthesis
is implemented by a specific set of transferases from the LytR-CpsA-Psr (LCP) enzyme
family, which catalyzes the transfer of TA from the lipid carrier to the PG [9]. Most often,
covalent linkage occurs via the formation of a phosphodiester bond to the C6-OH group
of the N-acetylmuramic acid of the PG [10]. LCP transferases can catalyze not only TA
attachment to the PG in S. pneumoniae but are also responsible for the linkage of many
capsule polysaccharides to the PG, which plays a crucial role in the bacteria structure and
pathogenicity [6,11]. The LCP proteins are transmembrane proteins with a catalytically
active extracellular C-terminus and cytoplasmic N-terminus. They have been described
as important potential antimicrobial targets for Gram-positive pathogens due to the im-
portance of their multiple functions, as well as their conserved structures [11]. Several
independent studies have revealed that a large array of different Gram-positive bacteria
commonly have multiple copies of LCP enzymes that are seemingly functionally redundant.
Three different genes encoding for LCP proteins have been hitherto identified in Streptococ-
cus pneumoniae, Streptococcus agalactiae, Staphylococcus aureus, and Bacillus subtilis [11,12].
It was shown for B. subtilis that the deletion of a single LCP member had no or only a
minor effect on cell growth under normal conditions. However, the removal of all three
LCP proteins is lethal to the bacteria [12]. In contrast, it should be noted that the deletion of
even a single LCP gene in S. pneumoniae or S. agalactiae results in a reduced capsule volume,
significantly decreased viability over time, and reduced cell wall integrity [11,13].

The three-dimensional structures of several LCP molecules from a large ensemble
of bacterial species have been previously determined, including LcpA from S. aureus
(6eux.pdb) [14], Cps2A from S. pneumoniae (2xxq.pdb, 4de8.pdb, 3tep.pdb) [11,12], S. agalac-
tiae (3okz.pdb), TagT (4de9.pdb, 6mps.pdb) [11,15], TagV (6uf3.pdb) and TagU (6uf6.pdb),
all from B. subtilis [14]. Although the sequence identity among LCPs is low, ranging be-
tween 20 and 40% (Figure S2), the overall fold of the determined LCP domains is similar.
The core of each determined LCP molecule has an a—f3—« fold that contains a central [3-sheet
surrounded on both sides by several o-helices. Importantly, since the active site of different
LCP proteins is surrounded by several flexible loops with different sequences, an enhanced
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understanding of the dynamic behavior of the active site is, in our opinion, crucial for
adequate drug discovery targeting LCP proteins and/or a specific LCP protein.

The crystal structure of the S. pneumoniae LCP protein Cps2A has been previously
determined, revealing how it binds to polyisoprenyl-pyrophosphate—a crucial step for
attaching capsular polysaccharides to the cell wall PG [12]. However, although the 3D-
structure of Cps2A and LCP proteins from other bacteria provided fundamental insights
into how this enzyme catalyzes the final steps of the polysaccharide attachment process,
the molecular bases underlying the importance of each S. pneumoniae LCP for attaching
TA or other glycopolysaccharides on PG remain unclear. Here, in an effort to enhance our
understanding of these functions, we determined the crystal structure of the extracellular
region of the second pneumococcal LCP, the polyisoprenyl-teichoic acid-peptidoglycan
teichoic acid transferase Psrgp,, (previously named MsrM), combining static high-resolution
X-ray structural information with dynamic NMR analyses. We report the near-complete
assignment of the 1H, 13C, and >N backbone resonances for the Psrg,, domain, as well as the
13CpB side chain assignment of this protein. To resolve ambiguities in the crowded areas of
the Psrgp, LCP domain spectra, we compared the assigned resonances with those at different
stages of deuterium exchange in the amide groups. Based on these data, the secondary
structure of the Psrgp, in solution was determined and compared with the crystal structure
of the same protein, allowing us to evaluate the flexibility of this protein. Our results
provide a structural basis for understanding the intra- and intermolecular interactions of
the LCP domain of Psrgp.

2. Materials and Methods
2.1. Cloning, Expression and Purification of Psrsy130.424

The sequence of the extracellular LCP domain of Psrgy, (residues 130-424; UNIPROT
Q8DPD6_STRR6) was cloned into the vector pET28 in frame with a N-terminal His-tag for
NMR studies and in frame with a C-terminal His-tag for crystallization assays. Plasmids
were transformed into the BL21 (DE3) pLys E. Coli strain, and cells were cultured at
37 °C in LB broth supplemented with 50 ug/mL kanamycin until an ODgq of 0.8 was
reached. Protein transcription was then initiated by reaching a final concentration of
0.5 mM isopropyl-B-D-1-thiogalactopyranoside (IPTG), which was added to the culture
after reducing the culture temperature to 20 °C before overnight incubation. Cells were
harvested by centrifugation and thereafter resuspended in a lysis buffer (20 mM Tris pH
7.5,250 mM NaCl, 20 mM Imidazole) supplemented with a Complete protease inhibitor
(Roche). Cells were lysed by sonication during a 10 min period with 30 s ON and 30 s OFF,
with 30% of the maximal amplitude, and the cell debris were pelleted by centrifugation. The
supernatant was loaded on a 5 mL HisTrap FF column (Cytiva) and after column wash, the
protein construct Psrgp130-424 was eluted with 500 mM Imidazole and concentrated down
to 5 mL with an Amicon Ultra centrifugal filter. The protein was further purified via size
exclusion chromatography with a HiLoad 16/60 Superdex, 75 pg and eluted in 20 mM Tris
pH 7.5, 150 mM NaCl as a monomeric peak. Peak fractions were pooled and concentrated
to 25 mg/mL for crystallization assays. Protein purity was assessed using SDS-PAGE. For
NMR studies, the buffer of Psrgp130-424 was exchanged into 25 mM NaPhosphate, 100 mM
NaCl, and concentrated to 200 uM.

2.2. Crystallization and Structure Determination

Psrgy, crystals were obtained at 20 °C using the sitting drop technique, mixing equal
amounts of the protein Psrgp, and the reservoir solution (25 mM NaPhosphate pH 6.8,
100 mM NaCl), in a 400 nL drop. Plate-like crystals of about 150 pm x 60 pm were
cryo-protected by adding 20% ethylene glycol to the crystallization drop and thereafter
flash-frozen in liquid nitrogen. Diffraction data were collected at the BioMax Beamline at
the Max IV Laboratory (Lund, Sweden). The crystal diffraction was anisotropic and the inte-
grated data were shared with the STARANISO web server (http://staraniso.globalphasing.
org/cgi-bin/staraniso.cgi, accessed in 20 October 2020) for elliptical truncation after data
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processing in XDSAPP3 to 2.15 A. We were able to determine the crystal structure of
Psrsp130-424 by molecular replacement only by using a three-dimensional molecular model
generated with AlphaFold [16] as a search template. Three molecules were present in
the asymmetric unit of the crystal according to the calculated Matthews coefficient. The
first two monomers were found with PHASER [17], while the third monomer was found
by MOLREP [18], based on the PHASER output. Model building and refinement were
performed with Phenix (Version 1.19.1-4122) [19], CCP4 [20] and Coot (Version 0.9) [21].
All structural figures as well as electrostatic potential calculations were performed using
PyMOL (The PyMOL. Molecular Graphics System. Version 1.8 Schrodinger, LLC).

2.3. Expression of Isotope-Labeled Psrs), and Preparation of NMR Samples

The DNA sequence encoding for Psrgp130-420 and an N-terminal MHisc ENLYFQ-tag
was cloned into the pET28a expression vector (Novagen). The tag-Psrg, construct was
transformed into the BL21 (DE3) pLys E. coli express competent cells, and the protein
was thereafter expressed in different isotopic labeling combinations in 1/2H, 1°N, 12/13C-
labeled M9 medium. Chemicals for isotope labeling including ammonium chloride, >N
(99%), D-glucose, 13C (99%) and deuterium oxide were purchased from Cambridge Isotope
Laboratories. Psrg, for NMR experiments was expressed in 1 L D,O M9 medium using
3¢g/Lof U—[13C,2H]-glucose (CIL, Andover, MA, USA) as the main carbon source, and
1 g/L of ®NH4CI (CIL, Andover, MA, USA) as the nitrogen source. Bacterial growth
was continued for 16 h at 16 °C, and cells were harvested by centrifugation. Cells were
resuspended in a lysis buffer (20 mM Tris pH 7.5, 250 mM NaCl, 20 mM Imidazole)
supplemented with a complete protease inhibitor (Roche) and lysed using an ultrasonicator,
followed by centrifugation at 40,000 g for 30 min to remove cell debris. The purification
steps were the same as for the construct used for the crystallographic study. The final
Psrgp130-424 protein sample was subsequently exchanged to a buffer composed of 25 mM
sodium phosphate (Na,HPO4*NaH,PO,) PO43~, 100 mM NaCl, pH 6.8, 1 mM NaNj3,
10 (v/v) % D;0, suitable for NMR experiments using gravity flow PD10 desalting columns
(GE Healthcare). All NMR experiments were performed by adding 0.1 mM DSS (4,4-
dimethyl-4-silapentane-1-sulfonic acid) as an internal 'H chemical shift standard. Protein
concentration was about 0.7 mM, and spectra were acquired in a 3 mm tube. 3C and °N
chemical shifts were referenced indirectly to the 'H standard using a conversion factor
derived from the ratio of NMR frequencies [22].

2.4. NMR Experiments

NMR experiments on U-['"N,13C,2H], 75%U-[°N,13C 2H] and U-[*’N,*3C] labeled
samples of Psrsp130-424 Were acquired either on a 700 MHz Bruker Avance III spectrometer
equipped with a 3 mm cryo-enhanced QCI-F probe, or on a 600 MHz Bruker Avance III
spectrometer equipped with a 5 mm cryo-enhanced QCI-P probe. The experiments were
performed at 308 K to improve relaxation parameters. Backbone resonance assignments for
Psrgp130-424 Were obtained as previously described using the conventional strategy [23-25]
and were based on a set of 3D TROSY or HSQC triple resonance experiments from the
Bruker library. In summary, to increase resolution in the indirect dimensions, and to
reduce acquisition time for the 3D experiments, the iterative non-uniform sampling pro-
tocol (NUS) [26] was used in the experiments comprising TROSY-HNCO, TROSY-HNCA
and TROSY-HN(CO)CA, TROSY-HN(CA)CO, TROSY-HN(CO)CACB, TROSY HNCACB,
H(CC)(CO)NH, TOCSY-'"N HSQC, HCACO and TOCSY-13C HSQC experiments. Ad-
ditionally, NOESY I5N-HSQC, NOESY-13C- HSQC spectra were collected [27-29]. The
combined 3D NUS NMR target acquisition (TA) data were processed using the IST algo-
rithm in the NUS module in TopSpin4.0.6 (Bruker, Billerica, MA, USA), and analyzed using
CcpNmr2.4.2. [30] and Dynamics Center2.8 (Bruker, Billerica, MA, USA). Data submitted
to the BioMagResBank with accession code BMRB ID is 52556. The chemical shifts (CS) of
TH(N), N, 13Cq, 13CB and '*C’ nuclei for every amino acid of Psrgp130-424 were analyzed
with the TALOS-N 4.12 software [31] to extract the secondary structure prediction (S.S.
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Prediction) index, random coil index (RCI) [32] order parameter S2, and confidence index.
In case of no chemical shift, TALOS-N uses a database of sequences to predict the secondary
structure. Standard nomenclature for amino acids of the carbon atoms was used in both
the main text and the figures, where 13C, is the carbon next to the carbonyl group 3C’
and BCB is the carbon next to 3C [33]. Bruker standard pseudo 2D pulse sequence
tractf3gpphwg was used to obtain a quick estimate of the rotational correlation time of the
Psrgp [34].

3. Results
3.1. The Extracellular Domain of Psrsy, Is a Monomer with a Classical LCP Fold

The S. pneumoniae Psrgp, has a short N-terminal cytoplasmic region (residues 1-90),
a single transmembrane helix (comprising residues 91-114) and an extracellular catalytic
LCP domain encompassing residues 115-428. The construct used within the present X-ray
crystallography study of Psrsp,, comprises almost the entire extracellular region of this
protein (residues 130-424) and a C-terminal His-tag. Size exclusion and circular dichroism
analyses demonstrated that Psrgp, is a monomer with a molecular weight of 33 kDa and
significant overall stability, with a melting temperature Tr, of about 63 °C. The crystal of
Psrgp, belongs to the space group P321 (Table S1), and it contains, according to solvent
content analysis [20], three Psrg, molecules in the asymmetric unit. The crystal structure of
Psrsp, was determined by molecular replacement. Interestingly, the program Phaser [17]
was unable to find any solution with initial models from any of the previously determined
crystal structures of LCP domains, including Cps2A, the first structurally determined
member of the pneumococcal LCP (2xxq, [12] nor LepA from S. aureus (6eux, [14]). However,
two molecules of Psrs, were unambiguously identified by Phaser using a molecular model
obtained from the AlphaFold server [16]. The third molecule in the asymmetric unit was
found only upon using MolRep [18], after establishing the first two solutions with Phaser.
The final crystal structure of Psrs;, was refined to 2.15 A resolution.

Although the three Psrgp, molecules found in the asymmetric unit display highly
similar three-dimensional structures, specific differences were identified in their backbones,
testifying to the flexibility of this protein (Figure 1a). The superposition of molecules A and
B on C resulted in root mean square deviation (rmsd) values of 0.5 and 0.49 A, respectively.
The main difference between the three molecules relates to the conformation of the two
loops, A (residues 153-162) and B (residues 285-292), which are similar in molecules A and
B but very different in molecule C (Figure 1a). In addition, the backbone conformation of
residues 342-348 is different in molecule B compared to molecules A and C, due to close
contacts with symmetry-related molecules in the crystal asymmetric unit.

All three subunits form crystallographic trimers around the three-fold axis of Psp;.
The 700 A? interface between neighboring subunits is formed by the N-terminal stretches
of residues 130-139 and 368-390. However, we believe that this hypothetical trimer forma-
tion mainly reflects a crystallographic artifact since Psrs, behaves as a monomer during
purification. NMR provides an alternative way, compared to gel filtration analyses, to
discriminate monomeric and multimeric protein forms in a solution, through the direct
estimation of the rotational correlation time 7. The experimental T¢ can be compared with
the values predicted using an empiric equation that takes into account the temperature and
molecular weight [35]. Such estimates at 35 °C gave t¢ values of 15.6, 31.1, and 46.6 ns for
the monomeric, dimeric, and trimeric forms of Psrg,, respectively. The former value agrees
well with 14.7 ns obtained at 35 °C by using ['H-1°N] TRACT type NMR experiment [34],
thus confirming the predominantly monomeric form of Psrgp, in solution.
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(a)

(c) (d)

Substrate-binding
tunnel

Figure 1. Crystal structure of the S. pneumoniae-associated Psrsp. (a). Superposition of the three
Psrgp, molecules found in the asymmetric unit of the crystal structure indicates flexibility in three
different regions annotated by the corresponding residues. The three Psrs, molecules A, B and C
found in the asymmetric unit are in red, blue, and green, respectively. (b). The crystal structure of
Psrgp, reveals a typical overall LCP fold despite low sequence homology to other members of the
LCP protein family. (c). Superposition of Psrgp, (in green) on the crystal structures of the three most
similar LCP, LcpAs, from Staphylococcus aureus (in blue, 6uex.pdb), TagT from Bacillus subtilis (in red,
6uf5.pdb) and Cps2A from S. pneumoniae (in orange, 4de8.pdb) demonstrates that the main difference
between these LCP molecules resides in the length of the P1-P3 protrusions and in the conformations
of four loops, that we named A, B, C, and D. (d). The A, B, C, and D regions of Psrsp, suggested to be
important for substrate binding, are displayed in red, blue, yellow and magenta, respectively. The
localization of the substrate binding tunnel is indicated.

3.2. Psrsy Takes a Classical LCP Fold with Some Unique Features

The central core of the extracellular LCP domain of Psrgp, is composed of a five-
stranded (3-sheet (6—3—pf—p—[310) with the middle 2-strand running antiparallel to all
other 3-strands (Figure 1b). The central 3-sheet is surrounded by eight x-helices, three of
which, «1, «2, and «8, are located on one side of the -sheet, and five additional «-helices
on the other side. Analysis of the crystal structure of Psrg, using the Dali server [36]
demonstrated the similarity of its fold to other previously determined LCP domain crystal
structures. The structures that are most similar to Psrgp, are the S. aureus-associated LepAs,
(6uex.pdb) [14], TagT from B. subtilis (6mps.pdb) [15] and Cps2A from S. pneumoniae
(4de8.pdb) [11]. The cores of these three proteins, consisting of 230 residues, align well
to Psrgp, with rmsd values of 2.0 A for LcpAg,, 2.7 A for TagTpg, and 2.3 A for Cps2A
(Figure 1c). Superposition of these four proteins clearly demonstrates that despite their
similarity in the overall fold, the sequence identity among LCP is not high, and pairwise
alignment shows only 37% of identical residues between Psrg, and LcpAs,, and 21-22%
with TagT and Cps2A. Multiple sequence alignment of the six proteins with the most similar
three-dimensional structures to Psrgp, confirms the overall low sequence homology among
these members of the LCP family, with only 15 residues that are absolutely conserved
(Figure S2). Superposition of the crystal structure of Psrg, with three other LCP proteins
illustrates that there are three 3-hairpin-like protrusions in Psrsp,, which are not present in
other LCP proteins (Figure S1 and Figure 1d). Protrusion P1 composed of the stretch of
residues 188-206, with the two antiparallel (3-strands 34a-f5b and 34b-f35a, separates the
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3-strand from the helix «1. Despite the insertion of nine residues, the conserved essential
lysine residue K208 superposed very well with lysine residues on other LCP proteins
(Figure S2). The relatively short protrusion P2 (residues 217-222) is located between helices
al and «2. Finally, the longest protrusion P3 comprises residues 271-288 (Figure 1c). It
should be noted that the length of these protruding chains is also significantly different
among these LCP proteins.

3.3. The Substrate-Binding Site of Psrs, Comprises Common LCP Features

A wide and long empty tunnel is present in Psrg, between the central (3-sheet and
helices a3, a4, and o5 (Figure 1d). It should be noted that unlike LcpAg, and TagT,
Psrgp, was expressed and crystallized without any endogenous hydrophobic undecaprenyl
molecule. However, the compound C4y-PP-GlcNAc found in LcpAg, can be easily modeled
inside the tunnel of Psrg;, by simple superposition of Psrg;, onto LcpAs,. Small changes in
the conformation of only three residues, D165, R314 and L337, are enough to remove all
steric clashes for the appropriate binding of the ligand C49-PP-GlcNAc docked to substrate-
free Psrg), (Figure 2). While the side chains of residues D165 and R314 localized in the
binding site have to move to allow adequate binding to the polar moiety of the substrate
binding, the conformation of the side chain of residue L337 positioned on helix &5 has to
be changed to allow binding to the lipid part of C49-PP-GlcNAc. A detailed description of
the substrate-binding site of LcpAs, and probable mechanisms underlying the function
of LCP transferases has been previously provided [12,14]. The present crystal structure
demonstrates that the catalytic mechanism of Psrgp, is most probably highly similar to
other LCP proteins. Indeed, despite the low sequence identity within LCP proteins, all
twelve amino acids that have been suggested as important for the teichoic acid transferase
activity are conserved in Psrgp, (Figures S1 and 2b,c). Though the residues that bind the
pyrophosphate moiety of the ligand are highly conserved in LCP, the four loop-like regions
that surround the active site are very different. Following previous descriptions [14], we
will call these regions A (residues 152-164), B (267-298), C (315-322), and D (390-410)
(Figures S1 and 1d). The B region of Psrg, includes the protrusion P3, which makes region
B the longest among LPC proteins (Figure 1c,d). Regions A and C form loops that connect
strands 31 and 32, and helices x4 and o5, respectively. Multiple sequence alignment
(Figure S2) and the superposition of 3D structures (Figure 1c) demonstrate that the length
and conformation of all these four regions are different among LCP proteins. Several
residues suggested to be essential for the catalysis activity, such as D152, R163, D165 and
5166, are located on the N- and C-termini of region A. The shorter region C is also located
between the four essential residues R314 and R316 from helix «4, and D322 and R325
from helix «5. Regions B and D are the most divergent among LCPs, since they do not
comprise any conserved residue, which can reflect the different chemical structure of TA
from different bacterial species.

Calculation of electrostatic surface potentials demonstrates that the entrance to the
tunnel contains positively charged residues in all LCP molecules from S. pneumonia as
well as in LepAs, (Figure 3). A molecular model of the Psrgp, /Cyo-PP-GlcNac complex
demonstrates that the five positively charged residues, R154, R186, R314, R316, and R325
are located at the entrance of the active site, ready to interact with the PP moiety of the
TA-PP-polyisoprenyl molecule (Figure 2b). A comparison of the electrostatic potential on
the surface of other LCP proteins emphasizes also the low conservation of surface residues
outside the entrance (Figure 3). Psrgy, is the most acidic within the LCP region compared to
LcpAg,, TagT, or Cps2A. This is not surprising since the overall number of acidic residues
in the LCP domain of Psrgp, amounts to 41, with only 30 basic residues, which stands in
sharp contrast to LcpAg,, which has 30 acidic and 37 basic residues. The main contribution
to the overall acidity of the Psrgp, surface is provided by regions B, C, and D, which contain
five, five, and four negatively charged non-conserved residues, respectively. Since the WTA
of S. pneumoniae contains the positively charged sugar AATGal, which must be connected
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to the N-acetyl muramic acid (NAM) of PG, the presence of these acidic residues close to
the active site is favorable for binding of WTA to Psrsgy,.

(a) C44-PP- . D (c)

Peptidoglycan
binding site

C.o-PP-GIcNAC

(b)

Peptidoglycan
binding region S166

Figure 2. Superposition of LcpAs,/Cqo-PP-GIcNAc onto ligand-free Psrg, reveals that the ligand
fits well to the substrate-binding site of Psrg;, and that all catalytic residues are located appropri-
ately. (a). The C4p-PP-GlcNAc ligand found in the active site of LcpAg,, is displayed as light blue
spheres inside the tunnel within Psrs;,. The four regions A-D that are suggested to be important for
substrate binding are colored in red, blue, orange and magenta, respectively. (b). LCP-conserved
residues are located in Psrgp, close to the pyrophosphate moiety of the ligand. (c). The hydrophobic
part of the ligand is surrounded either by conserved residues (pink) or non-conserved but still

hydrophobic residues (gray) of Psrgp,.

LytRg,_alphaFold

Psrsp

6uf3 TagV_Bs

Figure 3. Comparison of electrostatic surface potentials in different LCP indicates different substrate
preferences. The surfaces of LCP from different bacterial species, including Psrgp,, LepAg,, Cps2A, and
TagTps are colored according to their electrostatic potential. Positively and negatively charged regions
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are in blue and red, respectively. The entry of the tunnel for the ligand is indicated by a yellow
arrowed circle. This structural comparison indicates differences in sizes at the entry of the tunnel.
It also reveals that the entry of the tunnel is surrounded mainly by positively charged residues.
Differences in size and in residue charge distribution can be related to different substrate preferences.

It is known that the function of LCP transferases is Mg-dependent [12]. The Mg?* ion
is not essential for substrate binding, since no ion has been found in some crystal structures
of LCP proteins, even if these bound efficiently to the octaprenyl-pyrophosphate moiety
of the ligand. However, the presence of Mg?* significantly increases phosphotransferase
activity [12]. The crystal structures of TagTps [15] and Cps2A [12] demonstrate that the
Mg?* ion binds to six oxygen atoms in perfect tetrahedral symmetry, with two oxygen
atoms from the pyrophosphate moiety, two from water molecules, and two from the
conserved aspartate residues. Comparison of the structures of the same protein with and
without Mg?* ion revealed that ion binding modifies the conformation not only of the
two aspartates directly involved in the Mg?* binding but also of several arginine residues
that bind the pyrophosphate moiety. Thus, Mg?* stabilizes the active conformation of the
active site facilitating catalysis. Multiple sequence alignment as well as comparison of the
crystal structures of Psrgp, with Csp2A and TagT clearly illustrate that residues D152 and
D165, located at the C-terminus of the 1-strand and at the N-terminus of the 32-strand,
respectively, are Mg?* binders (Figure S2).

The poly-isoprenyl-binding tunnel contains several LCP-conserved residues, including
G150, F247, F250, Q329, and V332. Although other residues lining the tunnel, such as M168,
L170, M179, L333, 1336, L337, F357, V364, L369, V376, and L377 are not conserved among
LCP proteins, they keep a hydrophobic nature within the tunnel that is favorable for
binding to the undecaprenyl moiety (Figure 2c). In addition to the pocket aimed for the
hydrophobic carrier bearing the TA, LCPs have a binding site for the second substrate, the
PG. Based on comparative analyses of crystal structures of different LCPs, the PG-binding
site was proposed to be localized between regions A, C, and D (Figure 2a,b), with the four
conserved residues R163, D187, K208, and D322 that could interact with the PG moiety
in Psrgp,.

3.4. Differential Flexibility of the Four ABCD Regions Explains the Ability of LCPs to Adapt to
Different TA and PG Substrates

The actual substrates of LCP enzymes are much longer than the compounds found in
the LCP crystal structures that have been determined until now. To illustrate the relative
size of the teichoic acid (TA), the peptidoglycan moiety (PG), and the LCP molecule, a hypo-
thetical molecular model of the Psrg, complex with these two substrates was created (Figure
53). Our model clearly indicates that regions A and B could be important for TA binding
and that region D is positioned close to the PG. Comparison of substrate-free LCPs with
different LCP/substrate complexes revealed that the binding of the undecaprenyl-PP com-
pound to LCPs does not require large conformational changes within the protein [12,14,15].
However, the importance of the mobility of regions A, B, C, and D for binding to the
full-length LCP substrates remains unclear. Region A is very flexible in the substrate-free
Psrgp, and the conformation of the stretch of residues 153-162 depends on the environment,
since it is different in the three molecules found in the asymmetric unit of our Psrg, crystal
(Figure 1a). In other ligand-free LCPs such as TagT (6uf5.pdb), region A is not visible in
the electron density. High flexibility of the B-region also follows from the fact that residues
288-291 are not visible in the electron density in two out of the three chains of Psrgp, in the
asymmetric unit. Poor electron density represents an extreme case of flexibility, and more
limited differences in the mobility of the protein within the crystal can be estimated by dif-
ferences in temperature B-factors [37]. The analysis of the B-factor values along the protein
chain can identify flexible regions in the protein. Figure 4 presents the crystal structures of
several LCP proteins colored according to their B factors with rigid residues/sections (low
B-factor) displayed in blue and flexible regions (higher B-factor) in red.
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Figure 4. Comparison of crystallographic temperature B-factors in LCP crystal structures from
different bacteria demonstrates differences in the mobility of specific loops. The rigid parts of each
LCP protein are colored in blue, while the flexible parts are in red. This comparison allowed us to
differentiate between the relative flexibility of the loops in the LCP proteins, allowing us to establish
patterns. While loops A and B are significantly more flexible than C and D in Psrgp, (A =B >>C=D),
loops B and C are more flexible than loop A, which in turn is much more flexible than loop D in
Csp2A from S. pneumoniae (B = C > A >> D). In contrast, the LCP protein LcpA from S. aureus has a
pattern in which D = C > B >> A».

This comparative analysis demonstrates the rigidity of the central core of the Psrgp
protein (comprising the central 3-sheet and the helices «1, 02, «8. Regions C and D are
rigid in Psrgp,, while regions A and B are significantly more flexible. Interestingly, all three
molecules within the asymmetric unit of the Psrg, crystal have a similar distribution of
temperature B-factors over their structures. Remarkably, similar analyses of other LCP
molecules revealed different rankings of mobile regions (Figure 4). Region A is not very
flexible compared to region D in Csp2A, whereas region A is the most rigid and region D
is the most flexible in LcpAg,. A comparison of four different crystal structures of TagTgs,
crystallized without ligands (PDB ID 3mei and 6uf5) and with undecaprenyl-PP (4de9) or
with undecaprenyl-PP-sugar (6mpt), demonstrated that the presence of these ligands does
not significantly alter the range of flexibility of the ABCD regions (Figure 4, lower panel),
possibly due to a short sugar chain.

B-factor values characterize the flexibility of a protein in the crystalline state. Nuclear
magnetic resonance (NMR) experiments can allow us to assess the mobility of protein
domains in a solution. Therefore, in an effort to evaluate the dynamics of Psrgp ina solution,
we performed NMR experiments to assign the backbone nuclei of this LCP.

3.5. Successful Assignment of Backbone Psrs, Resonances Allows Dynamic Studies

The validity of the secondary structure analysis based on chemical shifts (CS) depends
on the knowledge of the chemical shifts (CS) of the 1H(N), 5N, 3Cw, 13CB, 13C " nuclei.
Our crystal structure revealed that the secondary structure of Psrgp, is composed of a five-
stranded [3-sheet (36-31-32-3-310) (Figure 1b), surrounded by eight o-helices and several
potentially disordered regions. Folded and intrinsically disordered regions of proteins
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exhibit different relaxation properties, requiring optimal NMR conditions tailored to each
region. This necessitates finding the best sample preparation conditions to achieve the
highest quality NMR experiments. Additionally, it is well established that the amide 'H
and PN chemical shifts in disordered regions and loops are highly sensitive to buffer
conditions, including pH and temperature. To optimize data collection, we first performed
NMR experiments at two different temperatures, 298 K and 308 K. We also conducted
experiments in a physiological buffer at pH 6.8, with a low salt concentration. These
conditions are optimal for future analysis of Psrg, protein interactions with ligands.

NMR data collection showed that the Psrg, sample remained stable at temperatures
up to 313 K. No loss of signal intensity in the NMR spectra was detected over a period of
two years. A notable issue was the recovery of amide protons in the U-[1°N,'3C,2H]-labeled
samples of Psrgp,, which took us nearly a year to achieve full proton recovery in some cases.
These amide protons belong mainly to amino acids involved in hydrogen bonds within
the -strand core of the protein, shielding them from water exposure. Several refolding
processes were used to potentially overcome this problem, but this approach was ultimately
not applicable since Psrgp, did not fully fold into its starting conformation. Nevertheless, we
used these U-['°N,13C,2H]-labeled samples of Psrgy, to assign backbone resonances in less
crowded, simplified NMR spectra due to the absence of 2H-N amide resonances. As a next
step, we made use of 75% U-['°N,'3C,2H]-labeled samples of Psrg, to detect and assign the
missing 'H-N backbone resonances. As a control for the recovery of all 'H-'N amide
cross peaks in the U-['°N,!3C,?H]-labeled samples of Psrgp,, we additionally analyzed the
2D TROSY spectrum of these U-['°N,13C]-labeled Psrgp, samples.

Since no program is available for the automatic assignment of large proteins with
both folded and disordered regions, we used a conventional manual assignment strategy
based on an approach described in the Section 2. To achieve the best resolution in the 3D
experiments, especially for disordered regions, NMR experiments were mostly performed
with the NUS option [26]. The 'H-15N TROSY HSQC spectrum at 308 K shows well-
dispersed and narrow line widths for the amide signals for the 100% U—[15N,13C,2H]—labeled
samples of Psrg;, (Figure 5). Under these conditions, with the back-exchange of Hto 'H,
we observed and assigned 259 out of 295 amino acids, including prolines (Figure 5d). In
total, 79% 'H(N) and >N excluding proline, 87% of '3C«, 93% of 13C3 and 85% of '3C’ were
assigned successfully. All 'H, 1°N and '3C chemical shifts in the LCP domain of Psrg, at
pH 6.8 and at 308 K have been deposited in BioMagResBank (http://www.bmrb.wisc.edu)
accessed on 13 August 2024 under the accession code BMRB ID 52556. Although the
assignment of 36 Psrg, amino acid residues is still missing and distributed throughout the
structure (marked in red in Figure 5d), we successfully assigned signals for the residues in
the structural regions of interest. Backbone resonances were fully assigned in the B and D
regions (Figure 5d), while all backbone resonances were also assigned for region A, except
for the NH groups of residues D152 and 5159. Finally, most of the backbone resonances
were also assigned for the C region, Additionally, all LCP-conserved residues, which are
located close to the polar moiety of the ligand (including D152, R154, R163, D165, S166,
R186, D187, K208, R314, R316, and R325), were successfully assigned, except for D322.
Similarly, most of the Psrg, hydrophobic residues that surround the hydrophobic part of
the ligand (including M168, L170, M179, F247, F250, Q329, L333, 1336, L337, and V364) were
fully assigned. In contrast, the hydrophobic residues L369, V376, G150, V332, and F357
were not found in the spectra, likely due to incomplete recovery of amide protons.
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Figure 5. 'H-'>N TROSY HSQC spectra of Psrgy, at T = 308 K with backbone amide assignments.
(a). The amino acid sequence of the Psrgp, construct used in our NMR analyses is presented. Residues
from the His-tag are indicated in italic blue. (b). 'H-'N TROSY HSQC spectrum at T = 308 K with
its extended crowded part (c). from the 15N, 13C, 2H labeled Psrsp at 0.7 mM concentration in a
25 mM sodium phosphate buffer (Na2HPO4+*NaH,PO,4) PO4%, pH 6.8 containing 100 mM NaCl,
1 mM NaNg3, 10 (v/v) % D,0O and 0.1 mM DSS. The chemical shift assignment of NH backbone is
shown by the number and amino acid symbols corresponding to the sequence. The assignment is
presented only for residues which have cross-peaks observed at T = 308 K. (d). Residues of Psrg,
with fully assigned peaks in the NMR spectrum are displayed in yellow. Carbon-assigned residues
are shown in green, and non-assigned residues in red. (e). The overall structure of Psrg}, colored in
red-white-blue according to the predicted order parameter S? with flexible regions in red, and rigid
regions in blue.

3.6. The Flexibility of the Psrs, Regions in Solution Is in Agreement with
Crystallographic B-Factors

The chemical shifts in the backbone of the full-length Psrg,, protein were analyzed
using the TALOS N program [31] (Figure S4). Our results demonstrate that the secondary
structure analysis of the folded domain of Psrgp from our NMR data closely matches the
crystal structure of Psrgp,, validating our resonance assignments. Twelve 3-strands and
seven «-helices were identified in the NMR-derived secondary structure. Small variations
at the beginning and end of the « and  structural elements of Psrg}, can be attributed to
environmental differences, including a significant temperature difference of approximately
100 K between our NMR measurements and the crystallographic conditions. Notably, the
fully unassigned region between residues 242-258, corresponding to the 36 strand and
a3 helix in the crystal structure, showed no amide signals in the NMR spectra due to
incomplete deuterium exchange. However, TALOS N predicted the secondary structure of
this region based only on its sequence, and it matched the expected structure (Figure 54).
Next, we focused on the regions A-D, where amino acid assignments were either fully
complete (regions B and D) or nearly complete (regions A and C) (Figure S4). Notably,
some residues in region B (285-292) could not be observed in the crystal structure of Psrgp,,
rendering our NMR data the primary source of structural information for these segments.
In regions B and D, the short 3-strands 38-f39 and 311-312, were identified in both the
crystal structure and the NMR secondary structure (Figure S4). Region A is predicted by
TALOS-N as a random coil element, which is also consistent with the results from the
crystal structure.

To further investigate the conformational flexibility in regions A-D of Psrs,, NMR
spectroscopy offers detailed, site-specific insights into protein motions across various time
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scales. Traditionally, the measure of protein dynamics using NMR involves experimental
data like NOEs, T1, and T2, which are interpreted using model-free parameters [38,39].
These parameters describe the spatial and temporal motion of N-H(N) amide bonds in the
protein backbone, with order parameters (S?) ranging from 0 to 1. An S? value between
0.8 and 1.0 indicates limited motion, while correlation times describe motions on the ps-
ns timescale. A simplified alternative method based on the backbone of N and '3C
nuclei chemical shifts has been previously proposed [32] and thereafter implemented in
TALOS [31]. This enables the accurate, site-specific mapping of protein backbone mobility
without the need for extensive NMR relaxation experiments beyond standard backbone
assignments. This approach, known as the Random Coil Index (RCI) [32], predicts the
model-free backbone order parameters S?. In the present study, these predicted order
parameters are presented in Figure S4 and mapped on the three-dimensional structure of
Psrgp, (Figure 5e).

For secondary structural elements like 3-strands and «-helices, the predicted order
parameters S? are typically high, around 0.8, indicating their rigidity. However, in regions A—
D of Psrgp,, differences in flexibility are evident. Region D consists of a twisted antiparallel
beta sheet formed between the 311-312 strands, connected by a loop between residues
400-405. The predicted S? values for the amide bonds in both the p sheet and the loop are
close to 0.8, indicating low mobility on the ps-ns timescale. This suggests that region D has
a stable conformation, which may play a role in substrate recognition and selectivity in
the Psrg;, protein. Region C, characterized by a sharp turn between helices a4 and o5, has
predicted S? values ranging from 0.7 to 0.8. Although these values are still relatively high,
the prediction confidence from TALOS analysis is slightly lower due to the incomplete
assignment in this region compared to the fully assigned region D. Nonetheless, the rigidity
of the C-turn might be crucial for maintaining the correct positioning of a4 and «5 in the
active site.

A more complex conformational behavior is observed in region B, which spans the
longest chain of residues (262-304) and has the most complete NMR assignment. Consis-
tent with both X-ray and NMR data, the secondary structure of this region includes two
antiparallel 3-sheets, formed by the 37-39a and 38—39 strands, with higher predicted
S? values, indicating rigidity. Region B also contains two coil elements. The first is a
loop between residues 286-294 connecting the 3839 strands, with low S? values, which
suggests high flexibility. This loop is part of the substrate recognition site in the protein,
and its conformational plasticity allows it to accommodate different substrates through
a conformational selection mechanism. It is however possible that the entire element,
including the 38-p9 strands and the loop, experiences slow dynamics, which were not
fully explored in this study.

An interesting discrepancy between the X-ray and NMR data is observed in the region
comprising residues 267-275. This stretch of residues connecting the 38-f9a strands is
disordered in the crystal structure. However, the 37 strand is extended by five amino acids
in the NMR structure, with higher S2 values, followed by a short turn between residues
271-275, where the S? value decreases to 0.6. These differences could be due to crystal
contacts since residues 267-275 are close to the neighboring molecule in the crystal. Region
A, which corresponds to a loop that connects the 31 and 32 strands, does not contain any
secondary structure elements, as confirmed by both X-ray and NMR data. The predicted
S? values drop to as low as 0.4, indicating its conformational heterogeneity and plasticity.
We suggest that the close spatial proximity of the flexible loop in region A to the similarly
flexible loop in region B is key to the capacity of Psrgp, to accommodate various substrate
shapes within the active site.

4. Discussion

LCP proteins are attractive therapeutic targets since these enzymes catalyze a reaction
essential for Gram-positive bacteria, resulting in the attachment of a secondary cell wall
glycopolymer to the peptidoglycan. Inhibition of this process disrupts cell wall assembly,
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cell division, and pathogenicity. Importantly, since LCP enzymes are located on the ex-
tracellular part of the bacterial cell, inhibitors of LCP enzymes are not required to cross
the membrane which renders the creation of antimicrobial compounds significantly easier.
Here, we describe the crystal structure and NMR dynamic analyses of Psrg,, the second
LCP enzyme from S. pneumoniae that catalyzes attachment of wall teichoic acid as well as
capsular polysaccharides to the PG. The crystal structure of Psrg), reveals a typical LCP
fold, despite low sequence homology. A comparison with several other LCP structures
confirmed that substrate binding and functional mechanisms are the same as in all other
LCP proteins. The conservation of the residues participating in the catalysis suggests a
common mechanism for this reaction. Thus, all the hitherto gathered structural and muta-
tional data from different LCP reveal a common binding mode of the pyrophosphate-lipid
carrier moiety by LCP transferases. However, it should be noted that the real substrates
of LCP enzymes are much larger than the ligands found in crystal structures. Moreover,
their chemical composition is different not only for different bacteria but even within
the same organism. For example, there are almost 100 serotypes described for S. pneu-
moniae, with different capsular polysaccharides on their surfaces [40]. Many of these are
covalently linked to the PG in the same way as for WTA. Though it has still not been
demonstrated experimentally that LCP transferases catalyze the reaction for WTA and all
capsular polysaccharides, LCP genetic and bioinformatics suggest that it is the case.

Most of the bacteria contain three genes codings for three different LCP enzymes.
Differences in the electrostatic potential on the surface of the three LCP from S. pneumoniae
(Figure 3) could reflect the different specificity of each LCP. It has been shown that all
three LCP from S. aureus can catalyze the attachment of the staphylococcal WTA to the
PG [10]. However, LcpA is the most important enzyme among these three LCPs for the
attachment of WTA [15]. Interestingly, another LCP enzyme, LcpC, is the most impor-
tant for the PG attachment of the type 5 capsular polysaccharide in this bacterium [41].
Similarly, all three LCP proteins contribute to the catalysis of the reaction between PG
and secondary glycopolymers in S. pneumoniae [11]. However, we still do not know the
variation nor the basis in the preference of the catalysis performed by the different LCP for
different polysaccharides.

We hypothesize here that the mobility of the loops interacting with the polysaccharide
could be of the greatest importance to create a promiscuous binding. The connection
between flexibility of proteins and promiscuity of their interactions is well-established
for intrinsically disordered proteins [42,43]. Interactions via flexible regions of separate
molecules, which become ordered during assembly, allows the same protein to interact
with multiple partners. A similar relation was found for several enzymes when increased
flexibility of their active sites resulted in increased numbers of possible substrates [44,45].
Two methods were used in the present study to estimate the mobility of the essential
regions of Psrgp,. First, flexibility was estimated using B-factor values obtained for the
crystal structure of Psrgp,. Second, flexibility was also estimated for Psrg), in a solution from
predicted order parameter S obtained from chemical shifts in the NMR spectra.

There was consistency in the secondary structure elements obtained from the crystal
structure and NMR experiments, despite a temperature difference of 200 °C between the
conditions used in the different experimental procedures, which is evidence for the stability
of the Psrgp, molecule and for the correct assignment of the peaks in our 1H-1°N TROSY
HSQC spectrum. In this study, we found that the chemical shifts predicted by ShiftX2
for rigid secondary structures in proteins closely match those obtained through NMR,
particularly for the 13Cy, 13Cp, and 13C’ nuclei. This finding suggests that it may not
always be necessary to aim for a full assignment of all parts of very large proteins. In large
protein production, deuteration is essential but often problematic because fully recovering
the amide protons is difficult, expensive, and can lead to protein loss. Since amide recovery
mainly affects the most stable parts of the protein, the results from the present study
indicate that it might be more efficient for large proteins to focus on recovering amide
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protons only from flexible regions. This approach could simplify the analysis by reducing
spectral crowding.

Our results reveal that loops A and B in Psrgp, responsible for interactions with WTA
or capsular polysaccharides, are significantly more mobile compared to loop D, which
is suggested to be involved in the interaction with the PG. This is not true for the other
LCP protein Cps2A from S. pneumoniae. Analysis of the B-factors in the crystal structure of
Cps2A shows that this LCP has a very rigid region A (Figure 5) and a short flexible region B,
which contrasts significantly with Psrsp,. Furthermore, the staphylococcal protein LcpAsg,
has a rigid region A, a B region with some flexibility, and highly mobile C and D regions
(Figure 4). We find it interesting that the number of serotypes and the chemical variety of
capsular polysaccharides is much smaller in S. aureus compared to S. pneumonia [46,47].
One of the many remaining questions is thus, how can this flexibility be converted to
substrate specificity?

Unfortunately, we do not have enough biological data on the substrate specificity nor
on the promiscuity of the three different LCP phosphotransferases. It has been previously
shown that all three LCP molecules in S. pneumoniae contribute to the maintenance of
the normal volume of polysaccharides on the cell surface [11]. Deletion of Cps2A is
not defective in capsule attachment [48]. While a Cps2A mutant of the strain D39 of S.
pneumoniae produces only 30-40% of the capsule, a Psrg, mutant produces about 70%
of the capsule [11]. D39 has a serotype 2 capsule, with its repeating units formed by
glucose, glucuronic acid, and rhamnose. Although the previous results of Eberhardt et al.
demonstrate that Cps2A is more active with a serotype 2 capsule compared to Psrgp, it
still does not provide a definitive answer in regard to which protein is active with more
different serotypes.

5. Conclusions

LCP proteins are an important antibiotic target. The crystal structure of the extracellu-
lar region of the second pneumococcal LCP, the polyisoprenyl-teichoic acid-peptidoglycan
teichoic acid transferase Psrgp,, can help to understand the substrate specificity of pneumo-
coccal LCP. The present study, based on a combination of X-ray crystallography and NMR
analyses, revealed that regions A and B in Psrg;, are significantly more flexible compared to
other parts of this key LCP protein. We speculate that the flexibility of the A and B loops
could be important, providing the LCP Psrsp, with the possibility to catalyze PG attachment
for a large array of different glycopolymers. Identification of the most promiscuous LCP
enzyme could be of great importance for the development of future antibiotics.
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/ /www.mdpi.com/article/10.3390/cryst14121094/s1, Figure S1. Teichoic acid biosynthesis pathway
suggested for S. pneumonia [8]. Figure S2: Multiple sequence alignment of the LCP domain of Psrg),
with the five best structural hits found by DALI demonstrates low sequence conservation; Figure
S3: Hypothetical molecular model of the undecaprenol-WTA /PG/Psrs, complex; Figure S4: The
secondary structures of Psrg, and predicted order parameter obtained from NMR are in agreement
with the crystal structure of Psrgp; Table S1: Data collection and refinement statistics for Psrg,.
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