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Abstract

The SYLF domain is an evolutionary conserved protein domain with phosphatidylinositol
binding ability, whose three-dimensional structure is unknown. Here we present the solution
structure and the dynamics characterization of the SYLF domain of the bacterial BPSL1445
protein. BPSL1445 is a seroreactive antigen and a diagnostic marker of Burkholderia
pseudomallei, the etiological agent of melioidosis, a severe infectious disease in the tropics.
The BPSL1445 SYLF domain (BPSL1445-SYLF) consists of a B-barrel core, with two flexible
loops protruding out of the barrel and three helices packing on its surface. Our structure allows
for a more precise definition of the boundaries of the SYLF domain compared to previous
knowledge and suggests common ancestry with the bacterial EipA domain. We also
demonstrate by PiP arrays and NMR titrations that BPSL1445-SYLF weakly interacts with

phosphoinositides, thus supporting lipid binding abilities of this domain also in prokaryotes.



Introduction

The SYLF domain is an evolutionary conserved domain, whose name derives from its
representative protein members SH3YL1, Ysc84p/Lsb4p, Lsb3p and plant EYVE. It is also
termed YAB (Ysc84 Actin Binding) domain because it confers actin binding ability to the yeast
protein Ysc84'2, In the human SH3YL1 (SH3 domain-containing YSCB84-like protein 1) protein,
where it is responsible for the regulation of dorsal ruffle, it acts as phosphoinositide-interacting
module®. Its lipid binding properties have been further confirmed in other studies performed in
yeast Ysc842 and in the Arabidopsis thaliana CSF1 protein®. While the structures of several
phosphoinositide binding domains such as PH (pleckstrin homology), ENTH (epsin N-terminal
homology), CALM (clathrin assembly lymphoid myeloid), ANTH (AP180 N-terminal homology),
PTB (phosphotyrosine binding), BAR (Bin, amphiphysin, and Rvs), PX (phox homology),
postsynaptic density protein, Drosophila disc large tumor suppressor, PDZ (Zonula occludens—
1 protein), FERM (F-actin binding ezrin, moesin, and radixin), FYVE (Fab 1, YOTB, Vac 1, and
EEA), C2 and Tubby domain (reviewed in >7) are well described, the three-dimensional
structure of the SYLF domain is still unknown, and the molecular details of its phospholipid
binding activity are still elusive. To gain structural and functional insights into this poorly
characterized domain, we have solved the structure of the SYLF domain of BPSL1445
(BPSL1445-SYLF). BPSL1445 is a serodiagnostic protein of Burkholderia pseudomallei, a
pathogenic, aerobic, soil-dwelling Gram-negative bacterium responsible for melioidosis. This is
a severe endemic disease, ubiquitous in the tropics®? with a high fatality rate (10-50%)1%* and
clinical presentations ranging from abscess formation to pneumonia and sepsis®. Due to its
airborne transmission, high mortality, multi-drug resistance and absence of both efficient
diagnostic methods and a protective vaccine, B. pseudomallei is listed as potential biological
warfare and biological terrorism agent®. BPLS1445 is a highly reactive antigen against immune
sera from B. pseudomallei infected patients'? and is thus considered as a diagnostic signature
protein®3. As such, within the framework of a structural vaccinology project'*8, BPSL1445 was
also indicated as a potential candidate for the discovery of new antigens/epitopes for the
development of a melioidosis vaccine and/or of diagnostics!®. BPSL1445 is conserved in all
strains of B. pseudomallei, but very little information on its function is available: it is annotated
as putative lipoprotein, with documented high expression during the early log phase of growth??
and up-regulation upon exposure of the bacterium to human serum or insulin®. Over-

expression of BPSL1445 has also been observed in a hamster model of melioidosis??,
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confirming its potential diagnostic relevance for the disease. Despite the current limited
knowledge of this seroreactive antigen, its possible clinical relevance makes it an ideal target
on which to study the structural and functional characteristics of SYLF domains. In this work we
offer the first molecular insights into the SYLF domain fold, and show that it consists of a [3-
barrel core, with two flexible loops protruding out of the barrel and three helices that pack on its
surface. Moreover, we demonstrate by lipid-protein interaction assays and nuclear magnetic
resonance (NMR) titrations that BPSL1445-SYLF weakly interacts with phosphoinositides, thus
supporting the lipid binding propensity of this domain.

Results and Discussion

Three-Dimensional Structure of BPSL1445-SYLF domain.

Preliminary amino acid sequence analysis of BPSL1445 highlighted the presence of two distinct
regions within BPSL1445 primary structure. The first is composed of an N-terminal signal
peptide (residues 1-34) harboring a consensus lipobox LxxC (x, any amino acid) motif
(L21AGC24)?2 with a putative cysteine lipidation site and two predicted cleavage sites at position
G23 and A34, respectively (Supplementary Figure S1A). The second region, about 160
residues in length and covering the rest of the protein, is annotated in several protein family
databases (CDD?3, Pfam?4, InterPro?°) as belonging to the SYLF (or Ysc84) family. The SYLF
domain is conserved from bacteria to mammals (Figure1A). Intrigued by the presence of a
SYLF domain within the BPSL1445 sequence and aiming to provide insight into the structural-
functional relationship of this poorly explored domain, we expressed and purified a construct
comprising residues A35 to 1195 of BPSL1445 and determined its solution structure by
multidimensional heteronuclear NMR spectroscopy (Table 1). The good peak dispersion of the
"H-N-HSQC (heteronuclear single quantum coherence) spectrum?®, the far-UV Circular
Dichroism (CD) spectrum and the high melting temperature (Tm=77°C), indicated that the
construct is stable and well-folded (Figure 1B,C). The domain is monomeric in solution, as
assessed by its elution volume in size exclusion chromatography, that is compatible with a
protein domain of 17kDa (Supplementary Figure S2A,B). The structural core of BPSL1445-
SYLF consists of eight twisted antiparallel p-strands and two well-ordered loops, L3 (V152-
P168) and L4 (T175-T188), that together form a B-barrel of =15A length and =10A diameter.
Two flexible loops L1 (V78-G90) and L2 (L109-S119) link 1 with B2 and B3 with (4,

respectively, and a well-ordered double turn (DT) connects B5 with 6. Two amphipathic a-
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helices (a1 and a2), consisting respectively of a long N-terminal a-helix (N37-T58) and a two
turn a-helix (S62-K68) are connected by a three-residue turn (T1) and are arranged in a L-

shaped fold, that packs on one side of the B-barrel, herewith creating extensive hydrophobic

contacts.
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Figure 1: Sequence alignment and Circular Dichroism (CD) of SYLF-domain (A) Multiple sequence
alignment of the SYLF domain of representative sequences from different taxonomic groups. The
elements of secondary structure present in BPSL1445-SYLF 3D structure are indicated on the top
(ESPript)32 (identical residues, white on red background; partially conserved residues, boxed and red).
Green triangles indicate residues significantly affected by PiPs binding in *H-15N HSQC spectra. (B) Far-
UV CD spectrum at 20°C of BPSL1445-SYLF showing the typical a-helical profile, with a local double
minimum at 208 and 220 nm. (C) BPSL1445-SYLF CD thermal denaturation curve (expressed as
fraction of folded protein) monitored at 220 nm without (black dots) and with (red dots) a 20-fold excess
of Pi3P.

The top of the B-barrel is closed by a third helix (a3) (Q129-N137), whereas the bottom is
partially obstructed by loops L1 and L2 (Figure 1A, Figure 2A,B). No cavities or empty spaces
are found within the barrel, the lumen of which is filled by hydrophobic branched amino-acids
and an aromatic core (F75, Y104, F124, F135 and W141) that contribute to overall fold stability
(Figure 2C). The C-terminal tail, that is in close proximity to the N-terminus, is well-ordered,

with L193 and 1195 establishing an extensive network of Nuclear Overhauser effect (NOE)
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interactions with Y103 (on B3) 144 (on a1) (Figure 2C). The overall topology of BPSL1445-SYLF
is a1-T1-02-B1-L1-B2-T2-33-L2-B4-a3-B5-DT-B6-L3-B7-L4-B8 (Figure 2D).

Figure 2: Three-dimensional structure of BPSL1445-SYLF (A) Ribbon (Ca) representation of
BPSL1445-SYLF NMR solution structure shown as an ensemble of 10 conformers overlaid on the
backbone atoms of ordered residues. The helices, the B-strands and the loops are in red yellow and
green, respectively. (B) Cartoon representation of BPSL1445-SYLF in two different orientations; 3-barrel
length and diameter are indicated. (C) Cartoon representation of BPSL1445-SYLF with the side-chains
of the aromatic core F75, Y104, F124, F126, F135, W141 (green) and L193, 1195, 144, Y103 (blue). (D)
Topology of BPSL1445-SYLF structure with the 3-strands and a-helices in yellow and red, respectively.
Loops (L), turns (T) and double turn (DT) are indicated. (E) Two orientations of BPSL1445-SYLF
electrostatic potential surface.

The structural compactness, ascribable to the extensive network of hydrophobic interactions,
is in line with the high melting temperature of BPSL1445-SYLF (Figure 1C). Most of the fold is
well-defined in the bundle of structures, with a root-mean-square deviation (RMSD) of 0.58 +
0.06 A on the backbone atoms of residues N37-D77, N91-S108, K120-K192 (Table 1). Only the
two protruding loops L1 and L2 are disordered (Figure 2A), as assessed by the paucity of NOEs

and by the low heteronuclear NOE values in this region (see below). Finally, the electrostatic



surface of BPSL1445-SYLF (pl=9.6) does not present any remarkable feature, with negatively

and positively charged patches evenly distributed on the protein surface (Figure 2E).
Table 1

Backbone Dynamics of BPSL1445-SYLF domain

We next assessed the dynamic properties of the backbone amides of BPSL1445-SYLF domain
on the picosecond to nanosecond time scale based on N relaxation data recorded on a 600
MHz spectrometer (Figure 3A-F).
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Figure 3: NMR dynamics of BPSL1445-SYLF. Plots of the experimental (A) heteronuclear NOE
(the red line indicates the threshold value 0.65), (B) R1 and (C) R2 values of 15N BPSL1445-SYLF
backbone amides. Model-free analysis of the 15 N relaxation data with (D) order parameters S2, (E)
internal correlation times T, (F) exchange terms Rex. Values associated to the loops are colored
according to the coloring scheme represented in (G). (G) Superposition of the 10 lowest energy
structures of BPSL1545-SYLF with the flexible (L1, L2 in cyan) and ordered loops (L3, L4 in magenta)
highlighted.

High heteronuclear NOE values (above 0.7), indicative of restricted motion on the picosecond
to nanosecond time scale were observed for residues adopting well-defined secondary
structure conformations (Figure 3A). Also, residues within the well-defined loops L3 and L4 that
form part of the B-barrel, displayed relatively high heteronuclear NOE values (between 0.6 and

0.7). Conversely, residues within L1 and L2 (Figure 3G), in agreement with the paucity of
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intramolecular NOEs in this region, displayed a reduction of the heteronuclear NOE values,
indicative of large-amplitude backbone motions on the sub-nanosecond time scale (Figure 3A).
The increased Rz values within L1, L2, with respect to the uniform R1 and Rz profiles along the
secondary structure elements, suggested the presence of both fast internal motions (ps-ns)
and chemical exchange in these regions (Figure 3B,C). Anomalous R2 values in the C-terminus
of B3 and in the DT region, ascribable to slow (ms) chemical/conformational exchange, are
likely due to unstable hydrogen bonds within the DT and B3. R2/R1 values, properly filtered to
exclude residues with high degree of internal mobility or *°N line broadening?’, were used to
estimate the overall rotational correlation time (tc) in model-free analysis. Its value (1c = 9.8 =
0.3 ns) was well in line with the 17kDa molecular weight of the monomeric protein
(Supplementary Figure S2C). Model-free analysis under conditions of anisotropic tumbling and
based on the model selection criteria implemented in TENSOR2?8, yielded an order parameter
(S?) average value of 0.90 + 0.03 (Figure 3D), whereby the patterns of the S? and exchange

rate (Rexch) values mirrored the N {*H}-NOE and R2values, respectively (Figure 3E,F).

Sequence and structural conservation in the SYLF family

The region of BPSL1445 downstream of the predicted signal peptide is annotated in public
resources as being part of the SYLF domain family. Interestingly, the N-terminal helix and the
first three B-strands observed in the BPSL1445-SYLF structure fall outside of the SYLF family
boundaries as defined in the Pfam and InterPro databases. We thus suggest to adjust the N-
terminal boundaries of such families in agreement with the newly determined SYLF domain
structure. We also note that in several public databases the SYLF family features a C-terminal
extension predicted to be mostly in an a-helical conformation, which is usually present in
eukaryotes but absent in BPSL1445 )(Supplementary Figure S1A). Using BPSL1445-SYLF
sequence as a query we performed an iterative sequence search that identified more than
4,500 potential homologs in bacteria and eukaryotes. Most bacterial homologs, similarly to
BPSL1445, contain a stand-alone SYLF domain. In Proteobacteria it is often preceded by an
N-terminal signal peptide, which likely exports the protein to the periplasmic space or outer
environment. Some eukaryotic members such as SH3YL1 and yeast Ysc84p/Lsb4p (LAS
seventeen-binding protein 3) additionally contain an SH3 domain at the C-terminus, whereas

family members from green plants and algae (stramenopiles) contain a FYVE zinc finger



domain at the N-terminus (Supplementary Figure S1A). Sequence conservation in the SYLF
domain across different taxonomic groups comprises a group of glycines, mainly localized in
loop regions and on B2, few hydrophobic patches in the protein core (mostly located on 1, B2

and 34) and few hydrophobic residues in the loops (Figure 4, Supplementary Figure S1B).
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Figure 4: SYLF domain sequence
conservation. ConSurf’3 analysis of
BPSL1445-SYLF based on the alignment
of 69 SYLF domain containing sequences
from different  taxonomic  groups
(Supplementary Figure S1B). Residues
are colored by their conservation score
using the grade color-coding bar. The
sidechains of residues with conservation

score 2 8 are shown.

Next, we used the BPSL1445-SYLF structure as query in a Dali structural similarity search® of
the Protein Data Bank. The top match (Z-score=5.7) was Envelope integrity protein A (EipA)3!
from Brucella abortus, a member of the Pfam family EipA (PF06577), whose structure (PDB
entry: 5uc0) superimposes on the backbone atoms of BPSL1445-SYLF with a root mean
square deviation (rmsd) of 3.7 A (over 106 residues) with BPSL1445-SYLF (Supplementary
Table S1). The two structures have similar topology and overlay relatively well on the B-barrel,
with the most conserved residues localized on 1, B2, B4, B7 a3 and L1. The two major
differences include: i. the length and the orientation of the N-terminal helix, that in EipA is
shorter and tilted by 90° with respect to the corresponding helix in BPSL1445-SYLF (Figure
5A); notably within the SYLF family members this helix encompasses a region of high sequence
variability (Figure 1A, Supplementary Figure S1A,B); ii. the double turn DT, which is replaced



in EipA by two B-hairpins (Figure 5B,C). Given that the SYLF and EipA domains share a similar
fold, we further explored the possibility that they might be evolutionarily related.

To this end, we performed HHpred?3? profile-profile searches against the Pfam profile collection
using three different multiple sequence alignments representing the SYLF family, that returned
significant similarity scores with the EipA family, thus providing strong evidence of homology
between the two domains (Supplementary Methods and Supplementary Figure S3). This is also
in agreement with the SCOOP33 predictions reported on the Pfam website. Collectively, we
argue that sequence and structural similarities provide compelling evidence of a common
evolutionary origin for the SYLF domain and EipA family. Functionally, EipA has been shown
to determine cell envelope stress resistance and virulence in Brucella abortus®, while
BPSL1445 does not seem to be involved in the virulence of B. Pseudomallei®4. Nonetheless,
the establishment of a likely evolutionary link between the two domains might help leveraging
any further information that might become available in the future regarding their cellular and
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Figure 5: SYLF domain structural conservation. (A,B) Superposition of BPSL1445-SYLF (grey and
red) and EiPA (5ucO) structures (black and green) in two different orientations; for sake of clarity in
(A) the regions A143-P168 (DT-B6-L3) of BPSL1445-SYLF and G146-1167 (B6-TT-B7-B8-TT) of EiPa
are not displayed; in (B) helices a1 and a2 of BPSL1445-SYLF and EiPA are not displayed. (C)
Structure guided sequence alignment (ESPript)®2 as determined by DALI®C, elements of secondary
structure of BPSL1445-SYLF and of EiPA are represented at the top and at the bottom, respectively.




BPSL1445-SYLF binds to phosphatidylinositols in vitro

The SYLF domain of human SH3YL1 has been previously shown to interact with
phosphoinositides3, we thus wondered whether also BPSL1445-SYLF domain might be a
phospholipid-binding module. To investigate this possibility, we incubated purified GST-tagged
BPSL1445-SYLF (Figure 6A) and GST alone as negative control (Supplementary Figure S4A)
with phosphatidyl-inositol phosphate (PiP) strip membranes spotted with different lipids, and
detected binding using anti-GST antibodies.
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Figure 6: Binding of BPSL1445-SYLF to PiPs. (A) PiP-strip assay on BPSL1445-SYLF. The
lipids concentration gradient spans from 100 pmol/spot to 1.6 pmol/spot. (B) Histograms showing
residue-specific CSPs of °N-labeled BPSL1445-SYLF (0.1 mM) upon addition of 10-fold excess
of Pi(3)P (black) and Pi (green). Missing data correspond to prolines or overlapping resonances.
The red line represents the average CSP value plus the standard deviation for Pi (3)P titration.
The asterisk indicates the indolic NH of W141. (C) Overlay of the *H->N HSQC spectrum of
BPSL1445-SYLF without (black) and with 10-fold excess of Pi(3)P (red), on the left zoom view of
selected spectral regions, with arrows indicating the direction of peak displacement upon binding.
(D) Weighted average of G140, W141, Al142, D146, K189, amides 'H and >N CSPs in the
presence of increasing concentrations of Pi(3)P.
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Indeed, GST-BPSL1445-SYLF was able to bind a range of phospholipids including
phosphatidylinositol mono- and di-phosphates, with a slight preference for mono-phosphates.
Conversely, little or no binding was observed to phosphatidylinositol-three-phosphates and
phosphatidylinositol (Pi) (Figure 6A), respectively. BPSL1445-SYLF appears to specifically
recognize PiPs, as no interaction was detected using membranes spotted with other important
biological lipids (Supplementary Figure S4B,C). We further validated the binding of
phosphoinositides by NMR chemical shift perturbation (CSP) experiments. Titration of 1°N-
labeled BPSL1445-SYLF with water-soluble di-C8 forms of PiP monophosphates (Pi(3)P,
Pi(4)P, Pi(5)P), di-phosphate (Pi(3,5)P2) and three-phosphate (Pi(3,4,5)Ps) induced the
perturbation of a discrete set of resonances, supporting a direct interaction between the lipid
and the domain. Significant chemical shift changes independently from phosphorylation
position were observed for (L132, F135, D139-A145, K189) (Figure 6B,C, Supplementary
Figure S4B-F). In line with the results observed in PiP strip assays, the entity of the CSPs
generated by phosphatidylinositol (Pi) was much lower as compared to the phosphorylated
analogs, suggesting a reduced binding of Pi with respect to PiPs (Figure 6B). Indeed, non-linear
fitting of the weighted average of *H and °*N chemical-shift changes of selected BPSL1445-
SYLF residues as a function of added lipids yielded dissociation constants (Kds) of 0.9 + 0.3
mM for Pi(3)P (Figure 6D) and of 1.25 + 0.4 mM and of 2.9 + 1.0 mM for Pi(5)P and Pi(4)P,
respectively. Binding of Pi(3,5)P2 (7.0 + 2.8 mM) and of Pi(3,4,5)Ps (>10 mM) was weaker,
confirming a preference for mono-phosphorylated PiP. Conversely, the shifts induced by Pi
were too small to be fit with a binding isotherm, supporting the important role of the phosphate
group to obtain productive binding. Mapping on the three-dimensional structure of BPSL1445-
SYLF domain of the residues with the largest CSPs upon mono-phosphate
phosphatidylinositols addition revealed that the effect of lipid binding is restricted to a well-
defined area involving residues on a3 (L132, F135), 5 and the double turn DT (D139-A145)
and B8 (K189) (Figures 1A, 7A). We next used the Schrodinger suite 2020-4 (Schrédinger, LLC,
New York, NY, 2020) to generate a docking model of BPSL1445-SYLF in complex with di-C4
Pi(3)P, the latter displaying similar CSPs as di-C8 Pi(3)P (Supplementary Figure S4H). Among
the best 50 docking poses, we selected the one with the best agreement with the CSPs data
(Figure 7A, B), with the phosphatidyl group interacting with the side chains of K189 and of D139

(Figure 7C), and with one acyl chain exposed to the solvent and the other establishing weak
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apolar interactions with the protein surface (Figure B,C, Supplementary Figure S5A). The
binding pose was compatible with the electrostatic surface of the domain (Figure 7D). We also
mutated into alanine four BPSL1445-SYLF charged residues within the predicted interaction
surface (K134A, K189A, D139A, D146A) (Supplementary Figure S5A). Both K134A and K189A
aggregated and could not be tested in binding experiments, whereas D139A and D146A were
soluble and folded. Interestingly, di-C8-Pi(3)P titrations into the D146A mutant resulted in
increased CSP (associated to a slightly better Kd ~0.7 mM) (Supplementary Figure S5B),
conceivably due to favorable hydrophobic interactions between the alanine methyl group and
the hydrophobic acyl chain. Alanine mutation of D139 (Supplementary Figure S5C) resulted
only in a small reduction of CSPs, with a slight decrease in the affinity (Kd ~2 mM). Collectively,

these results are compatible with the presented docking pose.

Figure 7: Model of BPSL1445-SYLF-Pi(3)P interaction. (A) Docking model of BPSL1445-SYLF (gray) in
complex with di-C4-Pi(3)P (stick representation), residues with significant CSPs in magenta. (B) Same as rall
(A) in a different orientation. (C) Zoom view of the binding site, with residues (sticks) with significant CSPs
explicitly labeled. Hydrogen bonds are represented with dotted lines. (D) Electrostatic potential surface of Hre
the docking pose of BPSL1445-SYLF with di-C4-Pi(3)P (stick representation).




measured by CD spectroscopy (Figure 1C). Protein thermostability reduction upon PiP-binding
is not uncommon and has been already observed in other PiP-binding domains, such as the
VHS domain of Toml protein®. Conceivably, binding of phosphatidylinositol induces
conformational changes of BPSL1445-SYLF, that reduce structure compactness, eventually
resulting in a lower Tm.The PiP binding potential of BPSL1445-SYLF is in line with the ability
of secreted peripheral bacterial proteins to target the host cell membranes through PiP-
mediated interactions®® exploiting binding motifs without significant sequence or structural
similarity to the classical eukaryotic PiP-binding domains. Affinity of BPSL1445-SYLF to PiP is
low and other factors, such as the basic residues located adjacent to the PiP binding site (K134,
K192, K194) may contribute to membrane recruitment, as already observed for other lipid

binding domains, like the PH domain37:38,

The identified PiP-interaction site on BPSL1445-SYLF appears unique and could not have been
predicted on the basis of sequence or structural similarities with other PiP-binding domains.
However, similarly to the majority of the known PiP recognition domains, the interaction with
the ligand does not involve a deep binding pocket, but is rather superficial. Interestingly, the
region mostly affected by PiP binding in terms of CSPs is relatively well conserved in 3-
proteobacteria (Supplementary Figure S1C,D), suggesting a conserved function. Interestingly,
this region does not coincide with the one suggested for human SH3YL13. In the latter case the
PiP binding site was mainly located on the N-terminal helix, that presents low sequence
conservation between prokaryotes and eukaryotes (Figure 1A). However, in the same paper
the authors pointed out that the whole domain had PiP binding activity, thus allowing for the
possibility that an additional region of the human SH3YL1-SYLF domain might contribute to PiP
interaction.

Finally, as the SYLF domain of the yeast protein Ysc84 has actin binding ability!?, we also
explored the possibility that BPSL1445-SYLF could interact with F-actin. However, titration of
F-actin into 0.13 mM 5N BPSL1445-SYLF did not induce appreciable perturbations in terms of
CSPs and/or intensity changes (excluding the dilution effect) in the *®N HSQC spectrum of
BPSL1445-SYLF, suggesting the absence of specific interactions under these conditions

(Supplementary Figure S6).

Conclusions

14



In this study we provided first structural insights into the SYLF domain, an evolutionary
conserved domain present both in prokaryotes and eukaryotes. We solved the solution
structure and the dynamics of the SYLF domain of BPSL1445, a seroreactive antigen of B.
pseudomallei, the pathogen responsible of the infectious disease melioidosis. The BPSL1445-
SYLF domain folds into a very thermostable structure formed by a B-barrel core, with two
flexible loops (L1 and L2) protruding out of the barrel and three a-helices packing against its
surface. Similarly to what has been observed in reverse structural vaccinology studies from
other seroreactive antigens of B. pseudomallei'#*>18, these flexible loops might be profitably
exploited as immunogenic epitopes, to elicit the production of antibodies for passive
immunization. Structural comparison, supported by profile-profile alignments, indicates that
SYLF is evolutionary related to the bacterial EipA domain. Previous studies attributed PiP-
binding ability to the SYLF domain of human SH3YL13, here we have shown that a prodrome
of this function can be detected in prokaryotes, with very weak and promiscuous interactions
between a B. pseudomallei SYLF domain and phosphatidylinositols. The binding involves a
conserved domain surface in B-proteobacteria. We hypothesize that the PiP binding properties
of the BPSL1445-SYLF domain, together with other bacterial effector molecules, might be
exploited by the pathogen to target the membrane of the host cell. Further studies should be
dedicated to the effective ability of BPSL1445 to interact with eukaryotic cell membranes and

to characterize the PiP binding ability of the SYLF domain in higher organisms.
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Methods
Protein expression and purification

Isotopically enriched BPSL1445 (*°N/*3C, or N labelled) was expressed and purified as
described previously3®. NMR samples were prepared in a buffer containing 150 mM NacCl,
20mM NaH2PO4/Na2HPO4, 2 mM DTT buffer at pH 6.3 with 0.16 mM 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS) and 10% D20.

NMR measurements

NMR experiments were performed at 295K on a 600-MHz spectrometer (Bruker Avance 600
Ultra Shield TM Plus, Bruker BioSpin) equipped with a triple-resonance TCI cryoprobe with a
z-shielded pulsed-field gradient coil. Data were processed with Topspin3.6 (Bruker Biospin)
and/or with NMRPipe*® and analyzed with CCPN analysis 2.4 software*'. The 1H, 13C and **N
chemical shifts of backbone and side chains resonances have been assigned as described
previously (BMRB:25387)%°. Proton—proton distance constraints were obtained from >N and
13C separated 3D NOESY spectra employing 100 ms mixing times. 3J(HN, Ha) coupling
constants were measured to derive restraints for ¢ dihedral angles. Additional @/y restraints
were obtained from backbone chemical shifts using Talos-N#?. Hydrogen bond restraints were
defined from slow-exchanging amide protons identified after H20/D20 exchange. ‘H-*N
residual dipolar couplings were measured in isotropic and anisotropic phases obtained using
polyacrylamide gel (10% w/v)*. Heteronuclear {*H}**N nuclear Overhauser enhancements
(hetNOESs), longitudinal and transversal °N relaxation rates (Ri, R2) were measured using
standard 2D methods**, duty-cycle heating compensation were used for both Ti1 and T2
relaxation experiments®. T1 and T2 decay curves were sampled at 12 different time points (50—
2000 ms and 12-244 ms, respectively) collected in random order, with 2.5 seconds recovery
delay. The {*H}*>N NOEs were measured recording HSQC** spectra with and without proton
saturation in an interleaved fashion using a 4 seconds recycle delay. T1, T2 and hetNOE values

have been obtained using the NMRView fitting routine“®.

For NMR titrations with different phospholipids, at each titration point a 2D water-flip-back *H-
5N-edited HSQC spectrum was acquired with 2048 (160) complex points for *H (*°N),
respectively, apodised by 90° shifted squared (sine) window functions and zero filled to 256
points for indirect dimension. Titrations of 10 mM stock solutions (in NMR buffer) of Pi and PiPs
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(Pi3P, Pi4P, Pi5P, Pi(3,5)P2, Pi(3,4,5)P3 (Echelon Biosciences Inc., Salt Lake City, Utah) were
performed adding 0.5, 1, 2, 4, 6, 8, 11, 20 equivalents of ligands into the >N BPSL1445
(0.13mM; in NMR buffer). Assignment of the labeled proteins in the presence of the ligands
was obtained following individual cross-peaks through the titration series. For each residue the
weighted average of the *H and *°N chemical shift perturbation (CSP) was calculated as CSP
= [(AHN? + AN?/25)/2]Y2 47, The apparent dissociation constants of PiPs-°N-BPSL1445,
interactions were estimated from least-squares fitting of CSPs as a function of total ligand

concentration according to the equation:

b—/b%Z-4ac

5 =
t 2a

with a = (Ka/db)[Py], b = 1+Ka([Ld]*+[Pt]), and ¢ = dbKa[Li], where &i is the absolute change in
chemical shift for each titration point, [Li] is the total ligand concentration at each titration point,
[Py is the total protein concentration, Ka = 1/K4 is the association constant, and &b is the
chemical shift of the resonance in the complex. The final Kas and the corresponding errors were
the average plus one standard deviation of the fitting of those residues with significant CSPs
(>average plus one standard deviation). Details on NMR-titrations with F-actin are reported in

Supplementary information.

Structure calculation

Structures were calculated using ARIA 2.3.2%% combined to CNS*° using the experimentally
derived restraints (Table 1). All NOEs were assigned manually and calibrated by ARIA 2.3.2. A
total of eight iterations (20 structures in the first six iterations) were performed: 200 structures
were computed in the last iteration. The ARIA 2.3.1 default water refinement was performed on
the 40 best structures of the final iteration. Structural quality was assessed using PSVS server>®
and PROCHECK-NMR®!, The family of the 10 lowest energy structures has been deposited in

the Protein Data Bank with the accession code 7OFN.
Circular dichroism measurements

CD spectra (20°C) were acquired on a Jasco J-815 using a rectangular quartz cuvette (1 mm

path length, Hellma). Each spectrum was averaged over 4 scans collected in 0.1 nm intervals

with an average time of 0.5 s. BPSL1445 concentration was 10 M in 150 mM NaF, 20 mM
17



NaH2PO4/Na2HPO4 buffer (pH 7). Thermal denaturation curves (in the absence and presence
of 20 fold excess of Pi3P) were obtained monitoring the ellipticity at 220 nm, 215 nm and at 209

nm from 20 °C to 95 °C at a constant scan rate of 1 C°/min.
PiP strip binding assays

Binding of GST- BPSL1445-SYLF and of GST alone to Membrane PiP strips and Lipid-strips
(Echelon Biosciences, Inc., Salt Lake City, Utah) was performed according to the manufacturer
instructions. Briefly, membrane PiP strips were blocked overnight at 4°C with 3% of BSA
(Sigma) dissolved in PBS buffer (Euroclone) containing 0.1% Tween-20 (TPBS) and then
incubated for 1 h at room temperature (RT) with the recombinant proteins (5uM). Membranes
were washed 3 times with TPBS and incubated for 1 h at room temperature with anti-GST
antibody (1:2000) (Merck). After 3 washes with TPBS, membranes were incubated for 1 h with
a peroxidase-conjugated affinipure goat anti-rabbit IgG (1:5000; Biorad). After 3 washes with
TPBS, bound proteins were detected by ECL (GE Healthcare).

Sequence Searches, multiple sequence alignment and Docking

Details on sequence searches, multiple sequence alignments and docking calculations are
described in Supplementary Information. Molecular images and electrostatic potential were
generated by the open source PyMOL Molecular Graphics System, Version 2.4 Schrodinger,
LLC.
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Table 1: Summary of conformational constraints and statistics for the 10 lowest energy structures of

BPSL1445
Restraints informationa'b <SA>’
Total number of experimental distance restraints 2809
NOEs (intraresidual/sequential/medium/long) 1133/554/359/763
Hydrogen bonds 59
Dihedral angle restraints (®/W) 124/124
Residual dipolar couplingsd 58

Deviation from idealized covalent geometry

Bonds (A) 0.0031 £ 0.0001
Angles (°) 0.413 £0.008
Coordinate r.m.s.deviation (A)e

Ordered backbone atoms (N, Ca, C’) 0.580 + 0.061
Ordered heavy atoms 1.061 £ 0.064
Ramachandran quality parameters (%)f

Residues in most favored regions 96.0%
Residues in allowed regions 3.8%

Global quality scores (Raw/Z) °°

Verify3D 0.25/-3.37
Prosall 0.50/ -0.62
Procheck -0.02/0.24
MolProbity 10.32/-0.25

2 No distance restraint in any of the structures included in the ensemble was violated by more than 0.5 A.

b No dihedral angle restraints in any of the structures included in the ensemble was violated by more than 5°.

¢ Simulated annealing, statistics refers to the ensemble of 10 structures with the lowest energy.

4 RDC restraints have been used only for residues adopting regular secondary structure.

¢ Root mean square deviation from the lowest energy structure calculated on residues N37-D77, N91-S108, K120-K192.
f Ramachandran quality parameters calculated on residues N37-D77, N91-S108, K120-K192
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