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Abstract

Streptococcus sanguinis is a prevalent member of human microbiome capable of acting as a
causative agent of oral and respiratory infections. S. sanguinis competitive success within
the infection niche is dependent on acquisition of metal ions and vitamins. Among the
systems that bacteria use for micronutrient uptake is the energy coupling factor (ECF)
transporter system EcCfAAT. Here we describe physiological changes arising from EcCfAAT
transporter disruption. We found that ECfAAT contributes to S. sanguinis antibiotic sensitivity
as well as metal and membrane homeostasis. Specifically, our work found that disruption of
EcfAAT results in increased polymyxin susceptibility. We performed assessment of cell-
associated metal content and found depletion of iron, magnesium, and manganese.
Furthermore, membrane composition analysis revealed significant enrichment in unsaturated
fatty acid species resulting in increased membrane fluidity. Our results demonstrate how
disruption of a single EcfAAT transporter can have broad consequences on bacterial cell
homeostasis. ECF transporters are of interest within the context of infection biology in
bacterial species other than streptococci, hence work described here will further the
understanding of how micronutrient uptake systems contribute to bacterial pathogenesis.

Importance

Proficiency in micronutrient uptake is key for pathogen success in bacteria-bacteria and
bacteria-host interactions within the infection context. Micronutrient uptake mechanisms are
of interest in furthering the understanding of bacterial physiology within infection niche and
as targets for design of antimicrobials. Here we describe how a deletion of a nutrient uptake
transporter in S. sanguinis alters bacterial sensitivity to antibiotics. We also show that a
defect in this candidate nutrient uptake system has consequences on the intracellular metal
content, and also results in changes in membrane fatty acid composition and fluidity. This
study demonstrates how disruption of a single nutrient uptake system disrupts bacterial
physiology resulting in increased antibiotic sensitivity.
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Introduction

Streptococcus is a diverse genus of Gram-positive bacteria whose species are both part of
healthy human microbiome and capable of causing disease. Streptococcus sanguinis is
commonly known to colonize oral cavity, where it's presence is increased in association with
disease (1). Additionally, streptococci are of increased interest in the context of lower airway
infections and endocarditis (2). This organism is of special interest in the context of cystic
fibrosis (CF) - a multiorgan genetic disease that is associated with chronic lung infections

3).

S. sanguinis infection physiology has been previously studied in context of bacteria-bacteria
interactions occurring both in oral cavity and lungs (1, 4—6). Multiple studies implicate metal
uptake as a key factor in S. sanguinis fitness within bacteria-bacteria competition. A screen
examining S. sanguinis survival in presence of Pseudomonas aeruginosa (5) and an
independent screen of S. sanguinis growth in nutritional conditions modeling lung infection
found that deletions of any the genes in the three gene operon SSA2365-SSA2367 (6) result
in a growth defect. Mutations in this same gene cluster were also found to significantly
impact S. sanguinis growth in presence of human serum (7). Sequence based functional and
structural domain prediction annotates the genes within this operon as encoding
components of an energy coupling factor (ECF) transporter.

ECF transporters are a subclass of the adenosine 5'-triphosphate (ATP)-binding cassette
(ABC) transporter superfamily. Unlike most ABC transporters that are present across
prokaryotes and eukaryotes, ECF transporters have only been found encoded in prokaryotic
genomes (8, 9). ECF transporters are comprised of two nucleotide binding domain-
containing proteins termed EcfA and EcfA’, and a membrane integral protein - EcfT. EcfA and
EcfT components comprise an energy coupling complex that interacts with a substrate
binding proteins called the “S component” (8, 9). Individual EcfA-EcfT assemblies can
interact with multiple substrate binding proteins that can be encoded in adjacent or remote
genomic locations (10). Genes SSA2366 and SSA2367 are homologous to ECF A
components, accordingly named EcfA2 and EcfAl, while SSA2365 is the transmembrane
component termed EcfT. The genomic organization of SSA2365-67 gene cluster is
consistent with these genes encoding a group Il ECF transporter (9) where ATPase and
transmembrane subunits are encoded in a single operon without an adjacent candidate
gene for substrate binding protein (Figure 1A, Suppl Table 1). The ECF core components,
lacking a substrate binding protein, that are encoded in the S. sanguinis SK36 SSA2365-67
cluster, are referred to here as EcfAAT.

ECF transporters act strictly in uptake of small molecules, with specificity for compounds that
are used in small quantities including enzymatic cofactors, such as vitamins or divalent
cations (10, 11). ECF transporters in group A streptococci and Staphylococcus lugdunensis
have been shown to contribute to uptake of heme and promote infection (12, 13). While
another isolate of group A streptococcus was found to utilize horizontally acquired ECF S
component for folate uptake leading to sulfamethoxazole resistance (14). ECF transporters
can be found across prokaryotic genera with specific enrichment in the firmicutes (10).
These features have highlighted ECF transporters as a novel target of interest in design of
antimicrobial agents (15-17).

Given that ECF transporters are of emerging interest in context of Streptococcus spp.
infection biology, we assessed how disruption of this transporter impacts antibiotic
susceptibility. Our results show that strains lacking functional ECfAAT are more sensitive to
polymyxin class antibiotics. To gain an understanding of the physiological changes induced
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by EcfAAT component deletion, we analyzed changes in the cell-associated metal content
and have identified multiple putative ECfAAT substrates. Furthermore, we analyzed changes
in ecfAAT mutant membrane composition and found that strains with an ECF transporter
defect have increased membrane fluidity and are enriched in unsaturated fatty acid species.
These data bring novel insights into the downstream effects of ECfAAT disruption, which will
provide useful mechanistic information for studies aimed at designing antimicrobials
targeting ECF transporters.
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108 Results

109 ECF transporter loss results in growth and biofilm formation defect

110 S. sanguinis strains with energy coupling factor (ECF) transporter gene deletions have been
111  previously found to have growth defect when exposed to infection niche-relevant conditions
112 (5, 7). In this study, we evaluated fitness of strains lacking genes encoding individual ECfAAT
113 components when grown in nutritional conditions mimicking CF sputum (artificial sputum
114  medium, ASM) while under anoxic atmosphere that best reflect conditions within lung
115 infection environment (18, 19). We assessed fithess of mutants lacking individual ecfAl,
116  ecfA2, and ecfT genes and observed that these strains have a significant impairment in both
117  planktonic and surface-attached growth as compared to the WT strain when grown in
118 undefined laboratory medium conditions (Todd-Hewitt broth supplemented with yeast extract,
119 TH-YE; Figure 1B and C). The EcfAAT mutant growth defect was further exaggerated when
120  strains were cultured in ASM (Figure 1B and C).

121 By growing S. sanguinis mutants in a 1:1 mixture of rich laboratory medium (TH-YE) and
122 ASM, we observed that ecfAAT mutant growth as a biofilm was significantly higher in
123 medium containing Todd-Hewitt broth, indicative of ASM lacking one or more nutrients
124  required for biofilm establishment by the ecfAAT mutants (Suppl Figure 1). In addition to the
125 numerical growth defect quantified, the ecfAAT mutant strains colonies are consistently
126  smaller in size (not shown). To confirm that the observed growth defect is a result of the
127  specific gene deletions, we reintroduced the missing genes into an ectopic site of S.
128 sanguinis genome. Using ecfAAT mutant complementation strains, we saw that the
129 restoration of the missing gene enabled strains to grow to the same extent as WT (Suppl
130 Figure 2).

131 Loss of ECfAAT transporter results in decreased intracellular iron, manganese, and
132  magnesium

133 ECF transporters have been described to act strictly as importers involved in uptake of small
134 molecules that typically function as co-factors or co-factor precursors (10). Substrates
135 identified to date include divalent cations, amino acids, and vitamins such as biotin, folate,
136  riboflavin, or cobalamin (8, 10). KEGG functional prediction classified S. sanguinis SK36
137 EcfAAT as a transporter associated with iron-siderophore, cobalt, and vitamin Bi»
138 metabolism.

139 To investigate the potential substrates of ECfAAT, we used inductively coupled plasma mass
140  spectrometry (ICP-MS) to assess changes in cell associated metal content. This analysis
141  measured concentration of a 16-metal panel (Figure 2, Suppl Figure 3, and Suppl Table 2)
142  of washed bacterial cell pellets adjusted to the weight of the pellet. We found that all three
143  ecfAAT mutants have an average of 40-50% less intracellular iron (Fewr=36+7.4ng/mg;
144  Fegyr=22.3+5.2ng/mg; Fegcn=23+2.7ng/mg; Fega1=20.3+4.8ng/mg) and manganese
145 (Mny7=47.1+8.8ng/mg; Mngr=23£2.1ng/mg; MnEgcea2=22.243.3ng/mg;
146  Mngga1=23.7£5.2ng/mg) compared to WT S. sanguinis. Additionally, cell-associated
147 magnesium levels are also significantly  decreased (Mgwr=1.3x0.06ug/mg;
148 MQer=1.08£0.15ug/mg; MQEea2=1.06+0.04pg/mg;  MdEea1=0.97+£0.03pug/mg). Although
149  functional domain conservation analysis predictions associate ECfAAT components with
150 cobalt uptake, we saw no significant changes in the amounts of cell-associated cobalt
151  (Cowr=8.2+1.3ng/mg; CoOg=8.5£1.2ng/mg; COgc1a2=8.921.7ng/mg; COga1=8.8+1.7ng/mg).
152  Similarly, our analysis did not detect significant changes in the zinc (Znwr=5445.2ng/mg;
153  Zngr=52.4+2.7ng/mg; ZNga2=54.1+£0.8ng/mg; Zngga1=52.6+1.5ng/mg), or calcium content
154 (Cawr=40£1.8ng/mg; Cagr=30.1+7.8ng/mg; Cagca2=46.4+20.1ng/mg;
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155  Caga1=32.2+7.2ng/mg). The full trace element panel (Suppl Figure 3, and Suppl Table 2)
156 showed a consistent decrease in the mean cadmium concentration, with the AecfAl mutant
157 being significantly different from WT (Cdw=0.32+0.06ng/mg; Cdga2=0.2+0.05ng/mg).
158  Additionally, strontium measurements showed a significant decrease in both AecfT and
159  AecfAl mutants (Srwr=0.1+0.01ng/mg; Srer=0.05£0.02ng/mg; Sreca1=0.06£0.01ng/mg).
160 This metal content analysis has identified multiple putative ECfAAT substrates. However,
161 further analysis would be needed to assess weather changes in the metal content are direct
162  result of impairment in the specific metal uptake or general disruption in metal metabolism.

163 ECF mutants show increased sensitivity to polymyxin antibiotics

164  As the ecfAAT mutant growth defect is exaggerated ASM compared to growth in nutritionally
165 undefined laboratory media conditions (Figure 1, Suppl Figure 1), we aimed to further
166 evaluate clinically-relevant impact of these mutations. For these studies, we assessed
167  whether loss of ECfAAT components affects antibiotic sensitivity. We observed no consistent
168 differences in susceptibility to Vancomycin, Clindamycin, Ciprofloxacin or Levofloxacin
169  (Suppl Figure 4A-D). In contrast, all of the ecfAAT mutants display increased sensitivity to
170  polymyxin class antibiotics — colistin (Polymyxin E) and Polymyxin B (Figure 3). While WT
171  MIC for Polymyxin B is 512ug/mL, the mutant strains are sensitive to 256pg /mL, and
172  corresponding colistin MICs are 1024pug/mL and 512ug/mL, respectively.

173  Polymyxin antibiotics act by disrupting bacterial cell wall and membrane integrity (20, 21). To
174  address whether the ecfAAT mutants are sensitive to polymyxins specifically or whether
175 these strains show a more general increase in sensitivity to membrane and cell wall
176  targeting antibiotics we next assessed changes in sensitivity to daptomycin. In our assay
177  conditions, we saw no consistent change in sensitivity to daptomycin when comparing S.
178 sanguinis SK36 WT and any of the ecfAAT mutants, with an MIC of 32ug/mL for all these
179  strains (Suppl Figure 4E).

180 Caand Mg protect S. sanguinis from Polymyxin B toxicity

181  Polymyxin molecular targets in both Gram-positive and -negative bacteria are LPS or
182 membrane domains rich in negative charge (22-25). These structures are stabilized by
183  divalent cations such as Ca* or Mg?, and polymyxin interactions with cellular targets are
184  reliant on displacement of these ions (26—28). Cation supplementation has been shown to
185 be protective against polymyxin toxicity (29, 30). As changes in cation homeostasis have
186  been shown to impact polymyxin sensitivity in other bacterial species, we evaluated whether
187  differences in the cell associated metal concentrations could account for the increased
188  sensitivity to Polymyxin B of the ECfAAT mutants.

189  To investigate how addition of metal ions impacts ECfAAT mutant antibiotic susceptibility we
190 employed a checkerboard assay. First, we tested impact of Mg addition, as this metal shows
191 the highest magnitude of depletion for the ecfAAT mutant cells compared to the WT (Figure
192  2). Supplementation of 10mM of Mg** appears to consistently restore the Polymyxin B
193  sensitivity levels of the AecfT mutant to nearly WT levels, with growth being detectable in the
194  presence of 512pg/mL of Polymyxin B (Figure 4). Notably, high concentrations of added
195 MgCl, are also protective of WT S. sanguinis enabling growth in presence of 1024ug/mL of
196  Polymyxin B.

197 To assess whether this protective effect extends beyond cations depleted in the ecfAAT
198 mutants, we tested impact of calcium supplementation. Addition of high concentrations of
199 CaCl, enabled WT S. sanguinis growth in presence of 2048ug/mL of Polymyxin B and
200 growth of the AecfT mutant in the presence of 1024ug/mL of Polymyxin B. The observed
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201  effect of both Ca®" and Mg?" ions protecting WT cells from Polymyxin B indicates a more
202  general protective mechanism than restoration of the ions depleted in the ecfAAT mutants.

203 The above-described checkerboard assays were performed by inoculating bacteria directly
204  into media containing antibiotics. Although this is a common approach for MIC testing, this
205 method assesses the sensitivity of planktonic cells to antibiotics. However, previous
206 research has shown that bacteria within the infection niche often exist in a form of a biofilm
207  (Costerton, Stewart, and Greenberg 1999; Braxton et al. 2005). To test whether addition of
208 metal ions protects established biofilms from Polymyxin B toxicity, we next adapted the
209 above checkerboard assay to assess established biofilm antibiotic treatment tolerance. Here
210 we allowed for S. sanguinis biofilm establishment for 18h, before exposure to the metals and
211 antibiotic treatment mixtures. The assay data showed that the AecfT mutant biofiims
212  remained more sensitive to Polymyxin B than WT (Suppl Figure 5). Our assay is not able to
213  distinguish whether this is a result of inherent higher sensitivity of the strains and/or
214  comparable poor biofilm establishment prior to treatment exposure resulting in numerically
215 smaller starting population compared to WT. Overall, these assays reflected Ca** and Mg?*
216 ions acting antagonistically with Polymyxin B in the same manner as described above for
217  planktonic bacteria.

218  Finally, optical density readings were indicative of partial bacterial growth in the presence of
219 even the highest antibiotic concentrations without Ca®* or Mg** addition. To investigate
220 whether viable bacteria are present or measurements are reporting biofilm debris, we
221  cultured the remaining biomass onto non-selective medium to allow for viable bacteria
222  recovery. Little to no bacteria were detected when plating contents of these wells, indicative
223  of Polymyxin B having a bactericidal effect that allowed for killing of the bacteria within the
224  established biofilm rather than simply inhibiting further growth.

225 High zinc concentrations act synergistically with Polymyxin B

226  While Ca* and Mg?®" ions have been reported to act by stabilizing bacterial membrane and
227  cell wall, a previous investigation demonstrated that addition of ionophore PBT2 results in
228 increased sensitivity to Polymyxin B in a Zn** dependent manner (31). Zinc is of interest
229 within the context of infection niche as it is highly abundant in CF, essential for bacterial
230 survival, and involved in host-bacteria and bacteria-bacteria interactions (5, 32, 33). Using
231 the checkerboard assay, we saw that ZnSO, synergizes with Polymyxin B with combined
232  treatment enhancing antimicrobial activity versus the AecfT mutant (Figure 4). Addition of
233  0.5mM or 1mM of Zn** shifted WT Polymyxin sensitivity from 512ug/mL to 256ug/mL, with
234  even further increase in Polymyxin B sensitivity demonstrated by the AecfT mutant (1mM
235  ZnSO, addition resulted in growth eradication at 16-32ug/mL). ZnSO4-Polymyxin B synergy
236  observation was also confirmed when assessing biofilm-grown bacteria (Suppl Figure 5),
237  although the effect versus biofilm-grown bacteria was more modest.

238 Loss of ECfAAT does not result in measurable cell wall defect

239 The general polymyxin ineffectiveness against Gram-positive bacteria is largely due to the
240 physical barrier provided by the peptidoglycan layer, as both S. aureus and Bacillus subtilis
241  protoplasts are sensitive to Polymyxin B treatment (34, 35). To investigate whether ecfAAT
242  mutant sensitivity to polymyxins is a result of cell wall defect we imaged WT and mutant
243  bacteria using transmission electron microscopy (TEM). Using this methodology, we were
244  unable to detect any consistent defects in cell wall morphology (Suppl Figure 6A).
245  Additionally, our measurements did not show significant changes in the mean cell wall
246  thickness when comparing WT and ecfAAT mutant cells (Suppl Figure 6B).
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247  Teichoic acids (TAs) and lipoteichoic acids (LTAs) are anionic glycopolymers present in
248  Gram-positive bacteria cell wall (36, 37). Polymyxin molecules have been demonstrated to
249 interact with TAs (25). Additionally, charge reducing modifications of TAs occur in a range of
250  Gram-positive organisms and have been shown to contribute to polymyxin resistance of
251  Bacillus thuringiensis (38, 39). A similar protective effect is seen in cases of charge reducing
252  aminoacylation of phospholipid headgroups (39, 40). To address whether increase in
253  Polymyxin B sensitivity observed for the ecfAAT mutants is a result of an overall change in
254  the cell surface charge we performed zeta potential measurements of the strains of interest.
255 To obtain zeta potential measurements bacteria are placed in an electrophoresis capillary
256  and differences in cell migration are related to an overall change in the surface charge (41,
257  42). Our zeta potential measurements did not detect significant changes in the overall cell
258  surface charge when comparing WT and the ecfAAT mutant cells (Suppl Figure 6C).

259  Loss of ECfAAT leads to increased membrane fluidity

260  Another aspect of bacterial cell physiology described to impact polymyxin sensitivity is
261 changes in membrane integrity (20, 43). To address whether mutations of the genes coding
262  for the EcfAAT transporter have an impact on membrane integrity we utilized the Laurdan
263  general polarization (GP) assay. These measurements rely on a membrane integral
264  fluorophore shifting light emission wavelength depending on the water content within
265 membrane. These shifts in fluorescence are sensitive to changes in phospholipid head
266  group density and fatty acyl spreading — jointly describing changes in membrane fluidity (44—
267  46).

268 The ecfAAT mutant strains show a significant reduction in Laurdan GP compared to WT,
269 indicative of relative increase in membrane fluidity (Figure 5A). This observation is
270 consistent with the mutant strains increased polymyxin sensitivity, as reduction in
271  phospholipid packing would allow for increased polymyxin integration into bacterial
272  membranes (47). Exposure to Polymyxin B leads to a significant increase in Laurdan GP in
273  both WT and ecfAAT mutants (Figure 5B and Suppl Figure 7). The observed polymyxin
274  induced increase in membrane rigidity is consistent with previous observations for E. coli
275 (23, 48).

276  The measurements described in Figure 3 show that addition of metal ions impacts
277  polymyxin effectiveness, therefore we tested weather addition of Ca®* or Zn?* has an impact
278 on membrane fluidity that could explain changes in the polymyxin susceptibility. Addition of
279  high concentrations of Ca®* or Zn* ions did not result in significant changes in WT or mutant
280  strain membrane fluidity (Figure 5B and Suppl Figure 7). Notably, although combined
281  addition of Polymyxin B and Ca?* still resulted in significant elevation in membrane rigidity,
282  this change occurred to a lesser extent than treatment with only Polymyxin B (Figure 5B),
283  while Zn?" addition did not affect Laurdan GP regardless of Polymyxin B addition (Suppl
284  Figure 7).

285 The impact of loss of ECfAAT function on membrane composition

286  To address weather shifts in membrane fluidity displayed by ecfAAT mutants are a result of
287  changes in the overall membrane composition, we submitted the WT and mutant strains to
288 fatty acyl methyl ester (FAME) analysis. This analysis included 24 FAME species with
289 abundance of more than half of these being significantly shifted in ecfAAT mutants (Figure
290 6, Suppl Figure 8, and Suppl Table 3). Membrane composition of all three of ecfAAT
291 mutants was shifted in the same manner, compared to WT. The overall fraction of saturated
292 FAME species was decreased by approximately 50% in mutant strains compared to the WT,
293 and correspondingly both mono- and poly-unsaturated FAME species were more prevalent.
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This shift was accounted for by a substantial depletion of myristic (C14:0) and palmitic
(C16:00) fatty acids, in favor of increased oleic (C18:1n9) fatty acid content. Both, major and
minor FAME species analysis showed increased relative abundance of longer FAME
species. The enrichment in unsaturated FAME species and increase in the overall chain
length is consistent with the above observed increase in bacterial membrane fluidity.
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300 Discussion

301  Our work shows that disruption of S. sanguinis ECfAAT transporter homolog impacts cellular
302 metal homeostasis and membrane integrity resulting in increased antibiotic susceptibility.
303 Disruption of the EcCfAAT transporter has been previously described to result in a growth
304  defect in presence of serum (7). Additionally, previous screens have found deletions of this
305 gene to result in growth impairment in artificial sputum medium (6), as well as impact S.
306 sanguinis and P. aeruginosa interactions in co-culture (5). These observations here highlight
307 EcfAAT as a molecular target of interest in context of S. sanguinis pathogenesis as it's
308  disruption has implications for strain fithess under growth conditions similar to those found in
309 the CF lung. Here we describe that deletion of the genes coding for any component of the
310 putative ECfAAT transporter results in not only cell-associated metal depletion but also
311  significantly alters bacterial membrane composition and fluidity.

312 Common ECF transporter substrates include vitamins and metal ions (10, 11) and
313 homology-based functional predictions assign S. sanguinis ECfAAT transporter as
314  contributing to cobalt or cobalamin uptake. Our analysis (Figure 2) did not detect changes in
315 cell associated cobalt concentrations, a finding in an agreement with a prior analysis by (7).
316 A miss-annotation classifying ECF transporter components as belonging to cobalt (Cbi) or
317 nickel (Nik) uptake systems has been reported previously (10). Our cell associated metal
318 content analysis detected significant changes in iron, manganese, magnesium, cadmium,
319 and strontium levels (Figure 2, Suppl Figure 3, and Suppl Table 2). These metal ions are a
320 set of potential EcfAAT substrates, however confirmatory work would be reliant on
321 identification of the specific substrate binding components associated with the EcfAAT
322  transporter. ldentifying such binding components would subsequently allow us to pinpoint
323 which of these are direct ECfAAT substrates and which metal levels may be disrupted
324  indirectly. As EcfAAT is a predicted type Il ECF transporter capable of associating with
325  multiple distinct substrate binding components, it is possible that ECfAAT substrate set could
326  also include other small molecules such as vitamins.

327  Antimicrobial susceptibility testing of the ecfAAT mutants revealed a modest increased
328  susceptibility to polymyxin class antibiotics (Figure 3). Polymyxins are positively charged
329 cyclic lipopeptide antibiotics that induce membrane damage (43, 49). Polymyxins
330 preferentially interact with the negatively charged phospholipids, lipopolysaccharides (LPS),
331 and lipid A specifically (20, 50). Lipid A target specificity is the reason for polymyxins being
332  considered largely ineffective against Gram-positive bacteria including most streptococci
333  (39). However, polymyxins can disrupt membranes of Gram-positive protoplasts (34, 35)
334  indicating that protection is provided by the Gram-positive cell wall. Our analysis did not
335 detect changes in S. sanguinis cell wall thickness or overall surface charge (Suppl Figure
336  6). Polymyxin mechanism of action in Gram-negative bacteria is dependent on displacement
337 of cell wall and cell membrane associated calcium and magnesium ions (51, 52).
338  Subsequently, supplementation with these metals has been reported to protect P.
339 aeruginosa, Acinetobacter spp. and other microorganisms from polymyxin toxicity (53-55).
340  Our analysis revealed that high concentrations of Ca®* or Mg? ions protect S. sanguinis from
341  Polymyxin B toxicity (Figure 4 and Suppl Figure 5). Although S. sanguinis lacks lipid A that
342 acts as polymyxin molecular target in Gram-negative bacteria, it appears that cation-
343 mediated stabilization of the cell wall and membrane (56) could still be an important
344  physiological factor contributing to polymyxin tolerance.

345 Changes in membrane composition have been reported to impact bacterial susceptibility to
346  polymyxins (21). Our measurements revealed that ecfAAT mutant strains displayed
347  increased relative membrane fluidity compared to WT S. sanguinis (Figure 5), while addition
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348  of Polymyxin B resulted in increased membrane rigidity that was in part inhibited by addition
349 of Ca?. These observations are consistent with a previously proposed model where
350 polymyxin molecules have to compete with Ca®" ions when interacting with bacterial cell wall
351 and membrane and high Ca?" ion concentration can act to prevent polymyxin integration into
352  Dbacterial cell membrane consequently decreasing toxicity (30, 57). Subsequent membrane
353 composition analysis revealed that mutant strain membranes are enriched in unsaturated
354 fatty acids and fatty acids with longer chain length (Figure 6, Suppl Figure 8, and Suppl
355 Table 3). These changes in the membrane fatty acid content are consistent with the
356 observed increase in membrane fluidity.

357  Further investigation would be required to address the mechanistic reasons leading to these
358 changes in the membrane fatty acid content composition. Here we propose three potential
359  directions for future investigation of this effect. First, these changes in the membrane could
360 be a direct result of the depletion of the ECfAAT transporter substrates, wherein changes in
361 ~membrane composition are a result of a compensatory mechanism in response to ion and
362  other micronutrient depletion. Secondly, as EcfAAT substrates are common enzyme co-
363  factors, loss of these co-factors could indirectly impact membrane biosynthesis. A previous
364  study investigated S. aureus small colony variant mutants, which were found to have an ECF
365 transporter defect. These strains showed auxotrophy for unsaturated fatty acids, and authors
366  describe overall phenotypic similarities with vitamin uptake auxotrophic strains of S. aureus
367  (58). A third point of consideration is genomic location of ECfAAT operon (Figure 1); these
368 genes are encoded downstream of an essential phospholipid synthesis enzyme -
369 phosphatidylglycerol phosphate (PGP) synthase (PgsA) (59). PgsA defects have been
370 shown to impact both phospholipid head group and fatty acid composition of streptococci
371 membranes (60). Loss of PgsA, has been shown to lead to lead to increased membrane
372  fluidity in S. aureus, but unlike in our work, this shift in the membrane leads to a high-level
373 daptomycin resistance (61). We did not observe a change in daptomycin sensitivity in the
374 mutants studies here. Further, our experimental work showed that complementation of
375  EcfAAT components does restore bacterial growth to WT levels, but this does not fully
376  exclude possibility of ECfAAT gene deletions affecting expression of an adjacent genomic
377  locus.

378 ECF type transporters are bacterial-specific and broadly conserved, with enrichment in
379 firmicutes (9). Therefore, study of these transporters is relevant not only to Streptococcus
380 sp., but also other pathogens of interests for design of antimicrobial therapies including
381  Staphylococcus, Clostridium, and Enterococcus species (15-17, 62). ECF transporters are
382 involved in a range of micronutrient uptake. Furthermore, EcCfAAT is a proposed type Il ECF
383 transporter that acts as a platform interacting with multiple distantly encoded substrate
384  binding proteins (10, 11), so disruption of the EcfAAT functional unit may impact the uptake
385 of a range of nutrients at once. These features position ECF transporters as excellent
386  putative targets for novel antimicrobial therapy design (15). Multiple recent studies have
387  reported screening of compounds targeting ECF transporters, including, Lactobacillus and S.
388 pneumonia targeting compounds (16, 17, 62—64).
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389 Materials and methods

390 Bacterial strains and growth conditions

391  Bacterial strains used in the study are listed in the Supplementary Table 4. S. sanguinis
392  strains were routinely cultured on Tryptic soy agar plates supplemented with 5% v/v
393  defibrillated sheep blood, or Todd-Hewitt (TH) broth supplemented with 0.5% wi/v yeast
394  extracts (TH-YE). When preparing overnight liquid cultures, a single colony was inoculated
395 into a glass tube with 7mL of TH-YE, and the bacteria cultured at 37°C under 5% CO,
396 atmosphere without agitation. For purposes of microbial growth assays testing growth in
397 different media, bacteria were grown under anoxic conditions in an anaerobic environmental
398 chamber (Coy labs) with 5% CO,, 5% H,, and 90% N, atmosphere without agitation. For
399 purposes of MIC testing, membrane fluidity analysis, zeta potential analysis, and preparation
400 of bacterial samples for mass spectrometry analysis cells were cultured under 5% CO,
401 atmosphere without agitation. E. coli strains were cultured in LB at 37°C with agitation.
402  Spectinomycin was used at 50ug/mL for E. coli and 200ug/mL for S. sanguinis strains.

403  Construction of S. sanguinis complementation plasmids

404  Gene complementation constructs were assembled using a suicide vector pJFP126 (65).
405  Using this plasmid, genes are placed under an IPTG inducible promoter and inserted into the
406 S. sanguinis chromosome at the site of the SSA0169 gene.

407  S. sanguinis SK36 genomic DNA was purified using DNeasy Blood & Tissue Kit, according
408 to the manufacturer’s instructions for Gram-negative organisms. The ecfT, ecfA2, and ecfAl
409 genes were individually amplified from the S. sanguinis genomic DNA using NEB Q5 High-
410  Fidelity DNA Polymerase using primers specified in Supplementary Table 5. Primers were
411  designed to amplify the entirety of the gene of interest and approximately 40 to 50 bp of the
412  upstream promoter region. The amplified PCR fragments were purified using Qiagen
413  QIAquick PCR purification kit and plasmid was purified using Qiagen QIAprep Spin Miniprep
414  Kkit. Insert DNA and empty vector plasmids were digested using the following NEB enzymes
415  according to the manufacturer’s instructions — Hindlll, Nhel, and Sphl. Subsequently, inserts
416 were ligated into the plasmid backbone using NEB T4 Ligase according to the
417  manufacturer’s instructions and chemically transformed into E. coli DH5a. Accuracy of
418 plasmid construct (Supplementary Table 6) sequences was confirmed by sequencing at the
419  Dartmouth Genomics and Molecular Biology Core.

420 Transformation of S. sanguinis

421  S. sanguinis strains containing complementation plasmid inserts were constructed using a
422  transformation protocol adapted from a previous report (66). Briefly, 50uL of S. sanguinis
423  recipient strain overnight cultures were used to inoculate sub-culture into 10mL of fresh TH-
424 YE media. After 3h growth at 37°C 5% CO,, 1mL of S. sanguinis subculture was
425  supplemented with 100ng of competence stimulating peptide and mixed with 1ug of plasmid
426 DNA. S. sanguinis SK36 competence stimulating peptide with the sequence of
427 DLRGVPNPWGWIFGR was purchased from GenScript. Following incubation, S. sanguinis
428 transformants were selected by growth on TSB agar supplemented with 5% v/v sheep’s
429  blood and 200ug/mL of spectinomycin. Transformants containing complementation plasmid
430  were screened using colony PCR using NEB Taq polymerase. Following the initial isolation
431  of strains containing complementation constructs, strains were cultured without addition of
432  antibiotics, and experiments were performed without IPTG induction, as initial testing
433  showed that presence of the native promoter in combination with uninduced expression from
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434  hyper-spank promoter within the plasmid was sufficient to restore WT strain like phenotype
435  within experimental conditions tested.

436  Microbial growth assays

437  Bacterial growth in planktonic and biofilm fractions was assessed in a 96-well plate format.
438  Bacteria from overnight cultures were aliquoted into microcentrifuge tubes, pelleted using a
439  benchtop centrifuge (6000 x g, 3min) and subsequently washed in phosphate-buffered saline
440 (PBS). After two wash steps, ODgy Was measured, and bacterial culture densities were
441  adjusted to an ODgro=0.4. Subsequently, 50uL of bacteria were mixed with 950uL medium of
442  interest, and 3 technical replicates of 100uL were transferred to a 96-well plate. Bacterial
443  growth in 5 media conditions was evaluated: Todd-Hewitt broth supplemented with 0.5%
444  yeast extract (TH-YE), TH-YE broth mixed with PBS in 1 to 1 ratio, artificial sputum medium
445 (ASM), ASM mixed with PBS at a 1 to 1 ratio, and ASM mixed with TH-YE at a 1 to 1 ratio.

446 The ASM recipe used in this study was adapted from the SCFM2 recipe described
447  previously (67) with modifications (68). Briefly, ASM with the following composition was used:
448 NaHPO, (1.3mM), NaH,PO, (1.25mM), KNO; (0.348mM), K,SO, (0.271mM), glucose
449  (3mM), L-lactic acid (9.3mM), CaCl, (1.754mM), MgCl, (0.606mM), N-acetylglucosamine
450 (0.3mM), tryptophan (0.066mM), 1,2-dioleoyl-sn-glycero-3-phosphocholine (100ug/mL)
451  (Sigma, DOPC, cat# 850375P), DNA (0.6mg/mL) (Sigma, Herring sperm DNA, cat# D3159),
452  Yeast Synthetic Dropout (4mg/mL) (Sigma, Trp, cat# Y1876), NaCl (51.85mM), MOPS
453  (100mM), KCI (14.94mM), NH,CI (2.28mM), and FeSO, (3.6uM). When preparing ASM, all
454  of the components excluding mucin and FeSO, are dissolved in molecular grade water at a
455  2x final concentration, pH is adjusted to 6.8. Mucin (Sigma, Mucin from porcine stomach,
456  Type 2) is suspended in water at a 10mg/mL concentration and sterilized by autoclaving. On
457  the day of use, ASM base components are mixed with mucin at a 1 to 1 ratio, subsequently
458  fresh FeSO, stock is prepared and added to the media at a final concentration of 3.6uM.

459  For the anaerobic growth assays, bacteria were cultured in an anoxic environmental
460 chamber (Coy labs) under atmosphere containing a 5% CO,, 5% H,, 90% N, gas mixture.
461  After 6h incubation at 37°C, plates were removed from the anoxic chamber, planktonic
462  growth fraction was collected, serially diluted, and plated on Tryptic soy agar plates
463  supplemented with 5% v/v defibrillated sheep blood for enumeration. Biofilm fraction was
464  washed with PBS twice, subsequently 50uL of PBS was added and bacteria was detached
465  from the plastic using a 96-pin replicator. Biofilm fraction was subsequently serially diluted
466 and plated for CFU quantification. Plates for CFU quantification were incubated at 37°C
467 under 5% CO, atmosphere for 18 to 36h until well defined colonies appeared.

468 Cell-associated metal content analysis

469 For the purposes of cell-associated metal content analysis, methodology described
470  previously (69) was adapted. Bacteria from an overnight culture were sub-cultured into tubes
471  containing 10mL TH-YE medium at a staring ODgy0=0.01 and cultured statically for 6h at
472  37°C at 5% CO,. A total of 30 mL of each bacterial culture was collected and pelleted by
473  centrifugation (10min, 4000xg, 4°C). Supernatant was discarded and bacteria were
474  subsequently resuspended in Mg- and Ca-free PBS supplemented with 50mM EDTA
475  (pH=7.0). Three washes in EDTA containing PBS were followed by three further washes in
476  PBS. Subsequently, bacterial pellets were frozen and stored at -80°C prior to lipolysis using
477  Labconco FreeZone Benchtop Freeze Dryer. After weighing dry bacterial pellets, these
478 samples were submitted to inductively coupled plasma-mass spectrometry (ICP-MS)
479  analysis at Dartmouth Trace Element Analysis Core. Samples were subjected to nitric acid
480 digestion according to the methodology described previously (70). Concentrations of the
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481  following metals were assessed — As, Ba, Ca, Cd, Co, Cu, Fe, K, Mg, Mn, Mo, Ni, Pb, Se, Sr,
482  Zn. Metal content was expressed as ng or ug per mg of dried whole cell pellet.

483  Antibiotic susceptibility testing

484  For antimicrobial sensitivity testing, fresh antibiotic stocks were prepared on the day of
485 testing. Polymyxin B sulfate (Research Products International, cat# 1405-20-5) and colistin
486  sulfate (Sigma, cat# C4461) stocks were prepared directly in TH-YE media. Ciprofloxacin
487  (Sigma, cat# 17850) and levofloxacin (TCI, cat# L0193) stocks were prepared at a 10mg/mL
488 concentration in 0.1N acetic acid. Vancomycin hydrochloride (Sigma, cat# 94747),
489  clindamycin hydrochloride (Research Products International, cat# C41050), and daptomycin
490 (Thermo Scientific, cat# 461371000) stocks were dissolved in molecular grade water. All
491 concentrated antibiotic stocks were sterilized using 0.22um syringe filter. Antibiotic stocks
492  were added to TH-YE medium to achieve specified final concentrations.

493  Bacterial strains from overnight cultures were pelleted by centrifugation (6000 x g, 3min),
494  and subsequently washed in PBS twice. Next, bacterial ODgoo Was adjusted to 0.02 in TH-YE
495 medium. 96-well plate was filled with 100uL of TH-YE medium containing 2x the desired
496  antibiotic concentration. 100uL of bacteria in TH-YE medium was added to each of the wells
497  resulting in a starting bacterial inoculum of ODgu=0.01. Medium-only wells were added to
498 allow for background correction in subsequent ODgoy measurements. Plates were incubated
499  without agitation at 37°C, 5% CO, for 18h. After incubation, bacterial growth was assessed
500 using a Spectra Max M2 plate reader.

501 Checkerboard assays

502 To assess how addition of metal ions impacts bacterial susceptibility to Polymyxin B a
503 checkerboard assay (71) was employed. CaCl,, MgCl,, ZnSQ, stock solutions of 0.5M were
504  prepared in molecular grade water. Polymyxin B solutions were prepared on the day of use
505 by dissolving antibiotic directly in TH-YE medium. Metal and antibiotic stocks were sterilized
506 using a 0.22um syringe filter. Assays were performed in 96-well plate format. Salt solutions
507 and antibiotics were added to the TH-YE medium and concentrations adjusted by two-fold
508 serial dilutions. Subsequently antibiotic and metal solutions were added to the assay plate in
509 perpendicular dilution series.

510 Bacterial overnight cultures are pelleted (6000 x g, 3min), and washed in PBS two times.
511 Subsequently, bacterial ODgoo Was standardized in TH-YE. Bacteria were inoculated into the
512 checkboard assay plates at an initial ODgoo equivalent of 0.01 and incubated for 18h at 37°C
513 under 5% CO, atmosphere. After incubation, bacterial growth was assessed using a Spectra
514 Max M2 plate reader. For the biofilm disruption assay, bacteria were grown in TH-YE
515 medium in a 96-well plate, after growth for 18h at 37°C under 5% CO,, the medium was
516 removed and replaced with fresh medium containing antibiotic and metals at the specified
517 concentrations. Subsequently, bacteria were cultured for further 6h at 37°C under 5% CO,
518 before assessing bacterial abundance. Following the ODgoo measurements, bacteria in a
519 plate were disrupted using a 96-pin replicator and plated on tryptic soy agar medium
520 supplemented with 5% sheep blood for a non-quantitative assessment of antibiotic Iytic or
521  static inhibitory effect.

522 Values from ODgy measurements, were background corrected against wells containing only
523  medium. Bacterial growth in individual wells was reported relative to untreated control wells,
524  where 1 indicates no change and values approaching 0 correspond to no growth detected.

525 Transmission electron microscopy (TEM) imaging
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526  To assess impact of the mutations studied here on S. sanguinis cell wall integrity, cells were
527 imaged using transmission electron microscopy (TEM). Bacteria from overnight culture were
528  used to inoculate 10mL TH-YE medium at a starting ODgp=0.01 and cultured statically for 6h
529 at 37°C, under 5% CO, atmosphere. Subsequently, a total of 40mL of each bacterial culture
530 were pooled into a 50mL centrifuge tube. Bacteria were pelleted by centrifugation at 3000 x
531 g for 5min. Supernatant was discarded, and pellet was resuspended in a freshly prepared
532 fixative consisting of glutaraldehyde (2.5%), paraformaldehyde (3.2%), and sodium
533 cacodylate (0.1M, pH7.3). After fixation at room temperature for 1h, bacteria were pelleted,
534  resuspended in fresh fixative and submitted for further fixation, embedding, and imaging at
535 Dartmouth Electron Microscopy Facility. Imaging was done using Thermo Scientific HELIOS
536  5CX microscope.

537 For the purposes of cell wall thickness measurements, cells were imaged at 150000x
538 magnification. Cross-sections of >25 individual cells were selected from each sample. Cell
539  wall thickness measurements were performed using ImageJ, each cell was measured at 4-8
540 locations equally distributed across cell perimeter, avoiding sections in close contact with
541  adjacent cells or sections close to the cell division plane.

542  Zeta potential measurements

543  Procedure for zeta potential measurements was adapted from previous studies (41, 72).
544  Briefly, bacteria were grown in TH-YE medium, sub-cultures were inoculated at an initial
545  ODg=0.01 and incubated at 37°C, 5% CO, for 6h. Subsequently, bacteria were pelleted,
546  washed in PBS and normalized to ODgg=0.1. After bacterial density normalization, cell
547  suspensions were transferred to Malvern Folded Capillary cuvettes. Zeta potential
548 measurements were performed using Zetasizer NanoZS (Malvern Instruments).

549 Laurdan membrane fluidity assay

550 Membrane fluidity was assessed using Laurdan generalized polarization assay. Laurdan is a
551  membrane intercalating fluorescent probe that shifts emission wavelength depending on the
552  amount of water within the membrane, this being indicative of membrane packing and
553 relative fluidity (44, 73, 74). The experimental procedure was adapted from the protocol
554  described previously (46). Bacterial sub-cultures of 10mL TH-YE medium were inoculated at
555  the initial ODgy of 0.01 and grown at 37°C, 5% CO, atmosphere for 6h. After incubation
556  bacteria were moved to a 37°C warm room and all subsequent handling and measurement
557 steps were performed at 37°C, and the centrifuge, disposable materials and reagents were
558 pre-warmed before use. 1980uL of bacteria from sub-cultures were transferred to a
559  microcentrifuge tube and 20pL of 1mM Laurdan fluorescent dye (Sigma, cat# 40277)
560 dissolved in dimethylformamide (DMF) was added to each bacterial aliquot. After mixing,
561  bacteria were covered to protect from light and incubated for 5min to allow for dye to
562 integrate into the membrane. Subsequently, bacteria were palleted (7500g, 1min), the
563  supernatant was discarded, and pellet resuspended in Laurdan buffer [137mM NacCl, 2.7mM
564 KCI, 10mM Na,HPO,4, 1.8mM KH,PO,4, 0.2% w/v glucose, 1% v/v DMF, filter sterilized].
565 Bacteria were washed in Laurdan buffer a total of 4 times. Next, the bacterial density was
566 normalized to an ODgyp=0.4 and three measurement replicates of 100uL were transferred to
567 a 96-well black wall, clear bottom plate. The plate was transferred to a Synergy Neo2 plate
568 reader, fluorescent measurements were performed with excitation at 350nm and emission at
569 460 and 500nm. ODgo measurements were obtained to validate accuracy of the dilution.

570 To assess treatment impact on membrane fluidity, bacteria were prepared as above, with the
571  exception of ODgge adjustment to 0.8. The plate containing bacteria was placed in a plate
572  reader and baseline readings were recorded. Subsequently CaCl,, ZnSO,, and Polymyxin B
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573 treatments were added, the plate was returned to the plate reader for incubation in the dark.
574  Ten min after treatment start, fluorescent readings were recorded to assess treatment
575 impact. Treatment mixtures were prepared as follows: Polymyxin B was dissolved directly
576 into the Laurdan buffer, filter sterilized and diluted to the appropriate concentration.
577 Treatment mixes containing Ca”* or Zn** ions were prepared by adding the appropriate
578  amount of 0.5M CacCl, or ZnSO, solution to the Laurdan buffer.

579  Laurdan Generalized Polarization (GP) was calculated using the following formula:
580  GP = (Emueo - EMsog)/( Emaso + EMsgo)

581 Emueo — emission at 460nm
582 Emsgo — emission at 500nm

583 A high GP value is indicative of relatively rigid membrane, while decrease in GP values is
584  associated with increased water content in the membrane, which corresponds to increase in
585 membrane fluidity.

586  Fatty acid methyl ester (FAME) analysis

587 Samples for whole cell fatty methyl ester (FAME) analysis were prepared as follows:
588  Overnight liquid cultures were used to inoculate 150mL TH-YE cultures, which were
589  subsequently incubated statically for 6h at 37°C in 5% CO, atmosphere. Next, bacterial
590 pellets were collected by centrifugation (10min, 4000 x g, 4°C) and resuspended in 2mL PBS
591 to allow pellet pooling and transfer to a single microcentrifuge tube. Next bacteria were
592 pelleted by centrifugation (6000 x g, 3min, 4°C), the supernatant was discarded, and cell
593  pellets frozen before lipolysis using Labconco FreeZone Benchtop Freeze Dryer. Dried cell
594  pellets were submitted for FAME analysis was performed by Creative Proteomics and
595  subjected to the following extraction protocol.

596 Samples were weighed into a screw-cap glass vial which contained tritricosanoin as an
597 internal standard (tri-C23:0 TG) (NuCheck Prep, Elysian, MN). A portion of the organic layer
598 was transferred to a screw-cap glass vial and dried in a speed vac. After samples were dried
599 BTM (methanol containing 14% boron trifluoride, toluene, methanol; 35:30:35 v/v/v)
600 (SigmaAldrich, St. Louis, MO) was added. The vial was briefly vortexed and heated in a hot
601 bath at 100°C for 45 minutes. After cooling, hexane (EMD Chemicals, USA) and HPLC grade
602 water was added, the tubes were recapped, vortexed and centrifuged help to separate
603 layers. An aliquot of the hexane layer was transferred to a GC vial. Fatty acids were
604 identified by comparison with a standard mixture of fatty acids (GLC OQ-A, NuCheck Prep,
605  Elysian, MN) which was also used to determine individual fatty acid calibration curves.

606

607
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614

615 Figure descriptions
616  Figure 1 Artificial sputum media limits ecfAAT mutant growth and biofilm formation.

617 (A) Schematic of S. sanguinis SK36 ecfT-ecfA2-ecfAl gene cluster organization, flanking
618 gene descriptions detailed in Supplementary Table 1. Planktonic growth (B) and biofilm
619 formation (C) of the WT and ecfAAT mutants compared in Todd-Hewitt broth with yeast
620 extract (TH-YE) and artificial sputum medium (ASM). CFU counts assessed after 6h of static
621  growth under anoxic conditions. Mean and standard deviation of n=7 biological replicates.
622 Statistical analysis using ANOVA with Sidak's post hoc test, with *, p<0.05, *** p<0.001, ****
623  p<0.0001.

624  Supplementary figure 1 Growth and biofilm formation of the ecfAAT mutants in different
625 media conditions.

626  Planktonic (A) and biofilm growth (B) of the WT and ecfAAT mutants compared in TH-YE
627 and ASM media mixes. In the TH-YE+PBS condition, TH-YE is mixed with PBS ata 1 to 1
628 ratio. In ASM+TH-YE condition, TH-YE is mixed with ASM at a 1 to 1 ratio. In ASM+PBS
629 condition, ASM is mixed with PBS in a 1 to 1 ratio. CFU counts assessed after 6h static
630 growth under anoxic conditions. Mean and standard deviation of n=4 biological replicates.
631  Statistical analysis using ANOVA with Tukey’s post hoc test, with *, p<0.05, **, p<0.01, ***,
632 p<0.001, **** p<0.0001.

633  Supplementary figure 2 ecfAAT mutant complementation eliminates growth defect
634 observed in artificial sputum medium.

635 Complementation of the ecfAAT mutant strains under planktonic (A) and biofilm growth (B)
636 compared in TH-YE and ASM media. CFU counts assessed after 6h static growth under
637 anoxic conditions. Mean and standard deviation of n=5 biological replicates. Statistical
638  analysis using ANOVA.

639  Figure 2 The EcfAAT transporter contributes to metal uptake.

640 WT and mutant cell-associated metal content assessed by ICP-MS using bacteria grown in
641 TH-YE media for 6h at 37°C, 5% CO,. Cell associated content of iron (A), manganese (B),
642  magnesium (C), zinc (D), calcium (E), and cobalt (F). The values for the 10 additional metals
643 assessed are shown in Supplementary Figure 3 and Supplementary Table 2. Metal
644  content reported as ng or ug per mg of dry cell weight. Mean and standard deviation of n=3
645  biological replicates shown. Statistical analysis using ANOVA with Dunnett's post hoc test,
646  with *, p<0.05, **, p<0.01.

647  Supplementary figure 3 The ECfAAT transporter contributes to metal uptake.

648 WT and mutant cell metal content assessed by ICP-MS using bacterial grown in TH-YE
649 medium for 6h at 37°C, 5% CO,. Cell associated content of arsenic (A), barium (B),
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650 cadmium (C), copper (D), potassium (E), molybdenum (F), nickel (G), lead (H), selenium (1),
651 and strontium (J). Metal content reported as ng or ug per mg of dry cell weight. Mean and
652  standard deviation of n=3 biological replicates shown. Statistical analysis using ANOVA with
653  Dunnett's post hoc test, with *, p<0.05, **, p<0.01.

654  Figure 3 ECfAAT transporter defect leads to increased polymyxin sensitivity.

655  To assay the impact of mutating the EcCfAAT system on antibiotic sensitivity we exposed WT
656 and ecfAAT mutant set to Polymyxin B (A) or colistin (B) treatment. For this assay, bacteria
657  were inoculated into TH-YE medium containing the specified amount of a given antibiotic.
658  Bacterial growth was assessed by ODggy measurements following 18h static growth at 37°C,
659 5% CO,. Mean and standard deviation of n=3 biological replicates shown. Statistical analysis
660  using ANOVA with Tukey's post hoc test, with, ****, p<0.0001.

661  Supplementary figure 4 Susceptibility of the ecfAAT mutants to antibiotic treatment.

662  Assessment of WT and ecfAAT mutant strain susceptibility to vancomycin (A), clindamycin
663  (B), ciprofloxacin (C), levofloxacin (D), and daptomycin (E). For this assay, bacteria were
664 inoculated into TH-YE medium containing the specified amount of a given antibiotic.
665  Bacterial growth was assessed through ODgyy measurements following 18h static growth at
666 37°C, 5% CO,. Mean and standard deviation of n=3 (vancomycin, clindamycin, daptomycin)
667 or n=4 (ciprofloxacin, levofloxacin) biological replicates shown. Statistical analysis using
668 ANOVA.

669  Figure 4 Addition of metal ions alters Polymyxin B antimicrobial activity.

670 Checkerboard assay assessing how combined metal ion and Polymyxin B exposure impacts
671  WT and AecfT strain growth. Both magnesium (0.3125mM to 10mM) (Panels on left) and
672 calcium (0.15625mM to 5mM) (Central panels) addition protects S. sanguinis from
673  Polymyxin B toxicity in a dose dependent manner. Supplementation of zinc (0.015625mM to
674 1mM) (Panels on right) increases Polymyxin B toxicity. Measurements performed by
675 inoculating WT (Top row) or AecfT mutant (Bottom row) into TH-YE media containing a
676 metal and antibiotic mixture. Optical density measurements were performed after 18h static
677 growth at 37°C, 5% CO, atmosphere. A representative measurement set of 3 biological
678 replicates shown, with darker shading indicating higher bacterial amount.

679  Supplementary figure 5 Assessment of the impact of metal supplementation on
680 Polymyxin B efficacy on established biofilms.

681  Checkerboard assay assessing how combined metal ion and Polymyxin B exposure impacts
682 a pre-formed WT or AecfT mutant biofilm. Both magnesium (0.3125mM to 10mM) (Panels
683 on left) and calcium (0.15625mM to 5mM) (Central panels) addition protects WT S.
684  sanguinis from Polymyxin B toxicity in a dose dependent manner. Supplementation of zinc
685 (0.015625mM to 1mM) (Panels on right) increases Polymyxin B toxicity. WT (Top row) and
686  AecfT (Bottom row) mutant biofilm was established in absence of treatment by growing
687 bacteria in TH-YE medium for 18h statically at 37°C, 5% CO,, followed by a 6h treatment
688 exposure under these same conditions before optical density measurements were
689 performed. A representative measurement set of a set 3 biological replicates shown, with
690 darker shading indicating higher bacterial amount.

691  Supplementary figure 6 A defect in the ECfAAT system does not detectably impact cell
692 wall thickness or overall surface charge.

693  Cell wall integrity assessment was performed using transmission electron microscopy (TEM)
694 imaging (A). No significant differences in cell wall thickness between WT and mutant strains
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695 were seen (B). Cell walls of no less than 25 individual cells from each of the strains were
696 measured, with 4 to 8 measurements taken per cell. Statistical analysis using ANOVA. (C)
697  Zeta potential measurements were used to assess the overall surface charge for each of the
698  strains. Before analysis, strains were grown in TH-YE medium in 5% CO, atmosphere for 6h.
699 Mean and standard deviation of 3 independent measurements shown. Statistical analysis
700  using ANOVA.

701  Figure 5 S. sanguinis membrane fluidity is influenced by mutations in the EcfAAT
702  transporter.

703  As measured using Laurdan generalized polarization (GP) assay, (A) S. sanguinis strains
704  with mutations in the EcfAAT-encoding genes have a significantly less rigid cell membrane
705  compared to WT. (B) Impact of individual and combined Ca?* and Polymyxin B treatment on
706  WT and AecfT mutant membrane fluidity. Before analysis, bacteria were cultured statically, in
707  TH-YE medium, at 37°C, 5% CO,. Mean and standard deviation of n=5 biological replicates
708  shown. Statistical analysis using ANOVA with Dunnett's post hoc test.

709  Supplementary figure 7 Changes in S. sanguinis membrane fluidity upon addition
710  polymyxin B with and without supplementation of Ca** or Zn?* ions.

711  Laurdan GP measurements of WT and ecfAAT mutants following exposure to Polymyxin B,
712 Ca?" or zZn*" treatments. For the analysis, bacteria were cultured statically, in TH-YE
713  medium, at 37°C, 5% CO,. Mean and standard deviation of n=5 biological replicates shown.
714  Statistical analysis using ANOVA with Dunnett's post hoc test.

715  Figure 6 S. sanguinis strains with EcfAAT transporter defect have significantly altered
716 membrane composition.

717  To assess changes in bacterial membrane composition, WT and ecfAAT mutant strains were
718  subjected to fatty acyl methyl ester (FAME) analysis. Summary of relative changes in
719 saturated (A), mono-unsaturated (B), and poly-unsaturated (C) FAME content in WT and
720  ecfAAT mutant strains. (D) Changes in the five most abundant FAME content — C14:0;
721 C16:0; C16:1n7; C18:0; C18:1n9; with “other” category summing additional 19 FAME
722  species analyzed. Full FAME analysis panel results are detailed in Suppl Figure 8 and
723  Suppl Table 3. For the purposes of this analysis, bacteria were cultured statically, in TH-YE
724  media, at 37°C, 5% CO,. Mean and standard deviation of n=3 biological replicates shown.
725  Values shown as adjusted to the total FAME content. Statistical analysis using ANOVA with
726  Dunnett's post hoc test.

727  Supplementary figure 8 Changes in ECfAAT mutant membrane composition.

728 FAME analysis results showing changes in the relative abundance of individual FAME
729  species, comparing WT and ecfAAT mutant strains — (A) C16:1n7t; (B) C18:1t; (C) C18:2n6t;
730 (D) C18:2n6; (E) C20:0; (F) C18:3n6; (G) C20:1n9; (H) C18:1n9; (I) C20:2n6; (J) C22:0; (K)
731  C20:3n6; (L) C20:4n6; (M) C24:0; (N) C20:5n3; (O) C24:1n9; (P) C22:4n6; (Q) C22:5n6; (R)
732 C22:5n3; (S) C22:6n3. Individual FAME content also detailed in Suppl Table 3. For the
733 purposes of this analysis, bacteria were cultured statically, in TH-YE medium, at 37°C, 5%
734 CO,. Mean and standard deviation of n=3 biological replicates shown. Values shown as
735 adjusted to the total FAME content. Statistical analysis using ANOVA with Dunnett's post hoc
736  test.

737
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