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ABSTRACT

Throughout its enzootic cycle, the Lyme disease spirochete Borreliella (Borrelia)
burgdorferi, senses and responds to changes in its environment by using a small
repertoire of transcription factors which coordinate the expression of genes required for
infection of Ixodes ticks and various mammalian hosts. Among these transcription
factors, the DnaK suppressor protein (DksA) plays a pivotal role in regulating gene
expression in B. burgdorferi during periods of nutrient limitation and is required for
mammalian infectivity. In many pathogenic bacteria, the gene regulatory activity of DksA
along with the alarmone guanosine penta- and tetra-phosphate ((p)ppGpp) coordinates
the stringent response to various environmental stresses including nutrient limitation. In
this study, we sought to characterize the role of DksA in regulating the transcriptional
activity of RNA polymerase and in the regulation of RpoS-dependent gene expression
required for B. burgdorferi infectivity. Using in vitro transcription assays, we observed
recombinant DksA inhibits RpoD-dependent transcription by B. burgdorferi RNA
polymerase independent of ppGpp Additionally, we determined the pH-inducible
expression of RpoS-dependent genes relies on DksA, but is independent of (p)ppGpp
produced by Relbbu. Subsequent transcriptomic and western blot assays indicated DksA
regulates the expression of BBD18, a protein previously implicated in the post-
transcriptional regulation of RpoS. Moreover, we observed DksA was required for
infection of mice following intraperitoneal inoculation or for transmission of B.
burgdorferi by Ixodes scapularis nymphs. Together, these data suggest DksA plays a
central role in coordinating transcriptional responses of B. burgdorferi required for
infectivity through its interactions with RNA polymerase and post-transcriptional control
of RpoS.

Author Summary

Lyme disease, caused by the spirochetal bacteria Borrelia burgdorferi, is the most
common vector-borne iliness in North America. The ability of B. burgdorferi to establish
infection is predicated by its ability to coordinate the expression of virulence factors in
response to diverse environmental stimuli encountered within Ixodes ticks and
mammalian hosts. Previous studies have shown an essential role for the alternative
sigma factor RpoS in regulating the expression of genes required for the successful
transmission of B. burgdorferi by Ixodes ticks and infection of mammalian hosts. The
DnaK suppressor protein (DksA) is a global gene regulator in B. burgdorferi that also
contributes to the expression of RpoS-dependent genes. In this study, we determined
DksA exerts its gene regulatory function through direct interactions with the B.
burgdorferi RNA polymerase using in vitro transcription assays and controls the
expression of RpoS-dependent genes required for mammalian infection by post-
transcriptionally regulating cellular levels of RpoS. Our results demonstrate the utility of
in vitro transcription assays to determine how gene regulatory proteins like DksA control
gene expression in B. burgdorferi, and reveal a novel role for DksA in the infectious
cycle of B. burgdorferi.

INTRODUCTION
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91 Borrelia burgdorferi, a causative agent of Lyme disease, is the most predominant
92  vector-borne pathogen in the United States (1, 2). B. burgdorferi is an extracellular
93 pathogen that traverses diverse environments within its tick vector, Ixodes scapularis,
94 and mammalian hosts. During blood meal acquisition, B. burgdorferi residing within 1.
95 scapularis midguts are subjected to changes in temperature, osmolarity, pH, and host-
96 derived reactive oxygen and nitrogen species (3-5). In addition to these potential
97 environmental stressors, the midgut concentrates components of mammalian blood,
98 including nutrients, organic acids, host derived-antibodies and immune complement
99  components during and following tick-feeding (6-8). B. burgdorferi adapts to this
100 dynamic environment within feeding ticks by shifting gene expression and replicating
101  rapidly prior to transiting from the tick midgut to mammalian hosts.
102
103 The DnaK suppressor protein (DksA) and the metabolite guanosine penta- and
104  tetra phosphate ((p)ppGpp) produced by Relwbu coordinate the stringent response of B.
105  burgdorferi by regulating the transcription of genes in response to nutrient limitation (9-
106  11). Furthermore, there is an extensive overlap in genes under the control of DksA and
107 (p)ppGpp in B. burgdorferi (11). DksA and (p)ppGpp both control genes involved in
108  protein synthesis, nutrient uptake pathways, as well as several lipoproteins. Additionally,
109 DksA and (p)ppGpp control the expression of genes encoding products that facilitate
110  glycerol and chitobiose utilization, along with genes encoding oligopeptide transporters,
111 which are essential for the adaptation of B. burgdorferi during infection of I. scapularis
112 (12-14). These observations suggest DksA and (p)ppGpp work synergistically to
113 regulate transcription by RNA polymerase in B. burgdorferi (11) and are consistent with
114  the generation of a stringent response due to the overlapping regulatory roles of DksA
115  and (p)ppGpp in other organisms (15-18) where these regulators control the response
116  to stationary phase growth and nutrient limiting conditions (19, 20). DksA derived from
117  other bacteria such as Escherichia coli interacts with (p)ppGpp in vitro which can
118  fundamentally change the direction and magnitude of gene regulation from specific
119  gene promoters in E. coli using in vitro transcription reactions (21-24).
120
121 The nature of the stringent response in B. burgdorferi is not fully understood. B.
122 burgdorferi requires a complex, nutrient-rich medium for growth and what constitutes
123 nutrient limitation in B. burgdorferi is not well-defined. Previous attempts to study the
124  stringent response were carried out by altering multiple environmental and metabolic
125 factors simultaneously, making it difficult to interpret which key factors and metabolites
126  played a role in the generation of a stringent response by B. burgdorferi (9, 11, 25-27).
127  While limitation of nutrients including fatty acids, carbohydrates, or amino acids can
128  activate the stringent response in bacteria, responses involving DksA and (p)ppGpp are
129  also triggered by environmental changes, such as low pH and the presence of reactive
130  nitrogen species (28-30). For example, in E. coli, the adaptation to an acidic
131  extracellular environment is aided by the regulation of the alternative sigma factor RpoS
132 by DksA and DksA appears to be a key component of the response of E. coli to acid
133 stress (31, 32). We recently observed dksA-deficient B. burgdorferi strains showed
134  reduced expression of genes under the control of the alternative sigma factor RpoS
135 (11). RpoS plays a gatekeeper function in the infectious cycle of B. burgdorferi by
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136  coordinating the expression of a substantial portion of genes during the transmission of
137  B. burgdorferi from ticks to mammalian hosts.

138 During in vitro growth, RpoS is robustly expressed by B. burgdorferi in Barbour-
139  Stoenner-Kelly Il (BSKII) growth media under mildly acidic conditions designed to mimic
140 the pH and organic acid stresses encountered within the I. scapularis midgut (5, 33, 34).
141 The I. scapularis midgut lumen is slightly acidic (pH 6.8) and contains millimolar

142 concentrations of organic acids following blood meal acquisition by ticks from

143  mammalian hosts (5, 35). Although the mechanisms underlying the activation of the
144  stringent response in B. burgdorferi remain unclear, the role DksA plays in the

145  regulation of RpoS may yield answers to what environmental conditions are important
146  for unlocking DksA-dependent gene regulation.

147

148 RpoS regulates the expression of genes encoding lipoproteins, which contribute
149  to mammalian infection, such as bba66, decorin binding protein (dbpA), and outer

150  surface protein C (ospC) (36-38). Each of these genes are highly expressed by B.

151  burgdorferi residing within the I. scapularis midgut during transmission, and RpoS-

152  dependent expression of these genes is required by B. burgdorferi to adapt and

153  transition to the mammalian host environment (39-41). RpoS itself is subject to both
154  transcriptional and post-transcriptional regulation in B. burgdorferi (42, 43). The

155  alternative sigma factor RpoN, drives the expression of a short rpoS transcript, which
156  leads to the accumulation of RpoS (44, 45). The RpoN-dependent expression of rpoS
157  relies on additional transcription factors, including the response regulator Rrp2 and the
158  ferric uptake regulator homolog, BosR. Additionally, rpoS expression is inhibited by the
159  Borrelia adaptation protein (BadR) (45-52). Alternatively, accumulation of RpoS can be
160 driven by the expression of a long transcript through a RpoN-independent mechanism
161  (53). Post-transcriptional control of rpoS is regulated by small RNA-dependent

162 mechanisms and by BBD18, a protein that contributes to RpoS degradation (54-57).
163  However, the mechanisms underlying the ability of B. burgdorferi to sense shifts in pH
164  or organic acid stress to regulate rpoS/RpoS remain unclear.

165

166 Further characterization of DksA-dependent gene regulation is required to

167  reconcile the nature of the stringent response and the possible role of DksA in

168  controlling RpoS. In this study, we used both biochemical and genetic approaches to
169  dissect the gene regulatory role played by DksA and its relationship with (p)ppGpp in B.
170  burgdorferi. In our genetic approach, we assessed pH- and acetate-dependent

171  responses of B. burgdorferi in the presence and absence of DksA and the (p)ppGpp
172 synthase (Relbbu) because previous studies suggested DksA plays a much larger role in
173 regulating RpoS (11, 25). To test the hypothesis that a synergy exists between DksA
174  (p)ppGpp in regulating gene transcription, we used a newly developed in vitro

175  transcription assay system using the B. burgdorferi RNA polymerase (58). Due to the
176  important regulatory role of DksA in controlling factors required for the transmission of
177  B. burgdorferi, we determined the contribution of DksA to tick-borne transmission and
178  mammalian infectivity. We show that DksA is required for murine infection following
179  intraperitoneal inoculation as well as transmission by artificially-infected I. scapularis
180 nymphs to mice. Additionally, we found DksA and (p)ppGpp play independent roles in
181  controlling RpoS levels in B. burgdorferi. DksA contributes to the post-transcriptional

4
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182  regulation of RpoS, possibly through its control of BBD18, and the pH-dependent

183  expression of RpoS-regulated genes. We observed (p)ppGpp is produced at high levels
184  in response to growth of B. burgdorferi under acidic conditions but is not required for
185  RpoS expression. Collectively, the results of this study provide evidence that weak

186  acidic environments activate the B. burgdorferi stringent response and that DKsSA is an
187 indispensable transcriptional regulator coordinating the expression of genes required for
188  mammalian infection.

189

190

191 RESULTS

192

193 DksA acts as a transcriptional repressor

194

195 Previous work by our laboratory characterized the role of DksA in the B.

196  burgdorferi stringent response (11) and found DksA plays an important global regulatory
197  role that partially overlapped with (p)ppGpp-dependent gene regulation in nutrient

198 limited conditions. To further dissect the role of DksA, ppGpp, the interaction of these
199  two regulatory factors and define the molecular basis of transcriptional regulation

200 enacted by these regulators we analyzed structural and functional aspects of DksA in
201  vitro. Similar to other DksA homologs, B. burgdorferi DksA is predicted to be an a-helix
202  rich peptide with a carboxy-terminal zinc-finger motif (11). To better understand the

203  molecular characteristics of the B. burgdorferi DksA, we carried out experiments to

204  determine alpha helicity and zinc binding using recombinant B. burgdorferi DksA

205 protein. DksA was purified to apparent homogeneity using a maltose affinity purification
206 system (Fig. 1A), and the a-helicity of the protein was measured by circular dichroism
207  (Fig. 1B). Recombinant DksA had a high positive molar ellipticity maximum at 195 nm
208 and negative molar ellipticity maxima at 208 and 222 nm wavelengths, indicating B.

209  burgdorferi DksA is an a-helix rich protein (Fig. 1C). The putative zinc finger domain of
210 DksA is comprised of four cysteinyl residues (C91, C94, C112, and C115), suggesting
211 B. burgdorferi DksA falls within a redox-active group of DksA proteins (59, 60). The

212 release of Zn?* from DksA following exposure to increasing concentrations of H202 was
213 tested using the Zn?*-sensitive dye 4-(2-pyridylazo)resorcinol (PAR) (Fig. 1D).

214  Incubation of 100 pmol DksA with 1.25 mM H20:2 for 1.5 hours resulted in the release of
215 40 pmol Zn?*, presumably due to the release of Zn?* following the oxidation of the Cys
216  residues comprising the zinc finger. Together, these results indicate recombinant B.

217 burgdorferi DksA is an a-helix rich, Zn?*-containing polypeptide, similar to other

218 characterized DksA proteins.

219

220 Two strong RpoD-dependent promoters (flgBp and rplUp) and five promoters

221  regulated by the stringent response (11, 25) (clpCp, glpFp, groLp, napAp, and nagAp)
222  were selected to determine the impact of recombinant B. burgdorferi DksA or ppGpp on
223 RNA polymerase activity from these promoters. Varying levels of ppGpp (0, 20, and 200
224  pM) and DksA (0, 50, and 500 nM) were added to in vitro transcription reactions to test
225 for their effects on transcriptional initiation by RNA polymerase as shown in previous
226  investigations of other in vitro transcription systems (29, 61, 62). In vitro transcription
227  reactions with RNA polymerase supplemented with recombinant RpoD along with
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228  varying concentrations of DksA and/or ppGpp were prepared in parallel. Reactions were
229 theninitiated by the addition of double-stranded linear DNA templates encoding the

230 promoters of interest and the reaction proceeded for five minutes at 37 °C. Following
231 termination, RNA products were separated by gel electrophoresis and the relative

232 incorporation of a-*’P-ATP was detected by phosphor imaging (Fig. 2A). The addition of
233 500 nM of DksA (roughly 24 molecules DksA: 1 molecule RNA polymerase) led to a

234  significant reduction of RNA polymerase activity from all of the tested promoters (Fig.
235  2B). In contrast, the addition of ppGpp did not lead to significant changes in RNA

236  polymerase activity from any of the promoters tested (Fig 2C), indicating ppGpp had no
237  direct effects on B. burgdorferi RNA polymerase activity in vitro.

238

239 The promoters used in this study displayed varying levels of transcription in the
240 absence of DksA, as illustrated by the higher levels of transcription from the flgBp

241  compared to napAp. However, transcription from flgBp and napAp appeared similar in
242  the presence of 500 nM DksA. To test the promoter-dependent effects of DksA on

243  transcription, a broader range of DksA concentrations were tested for in vitro

244  transcription reactions initiated on flgBp or napAp (Fig. 3). DksA affected both

245  promoters in a concentration-dependent manner, demonstrated by reduced

246  transcription from each promoter with the addition of increasing concentrations of DksA
247 in the reaction. The addition of only 250 nM DksA (roughly 12 molecules DksA: 1

248  molecule RNA polymerase) resulted in a 2 — 4 fold reduction of RNA polymerase activity
249  from both promoters (Fig. 3A). Together, these data support a role for DksA as a

250 transcriptional regulator that directly affects RNA polymerase activity from various B.

251  burgdorferi promoters.

252

253 DksA contributes to post-transcriptional regulation of RpoS

254

255 Previous studies have demonstrated B. burgdorferi strains with mutations of

256  dksA show a low levels of expression of genes under the control of the Rrp2-RpoN-

257 RpoS regulatory cascade (e.g. dbpA, ospC, bba66) compared to wild-type controls (11,
258  63). The expression of genes under the control of the Rrp2-RpoN-RpoS pathway are
259  known to increase during growth in mildly acidic BSKII, pH 6.7 medium and with the

260 addition of organic acids such as acetate (5, 33, 64). To determine whether DksA

261  contributes to the pH-dependent expression of RpoS, western blot analyses were

262  carried out using whole cell lysates collected from mid-log phase cultures of wild-type,
263 Arelbbu, and AdksA B. burgdorferi strains, along with a chromosomally complemented
264  strain (AdksA cDksA), grown in either BSKII, pH 7.6 or BSKII, pH 6.7 + 20 mM acetate.
265 Consistent with previous studies (49, 65), the expression of RpoS was higher in cultures
266  of wild-type B. burgdorferi grown in pH 6.7 + 20 mM acetate compared to cultures

267 grown in BSKII, pH 7.6 (Fig. 4A). In contrast, RpoS was undetectable in the AdksA

268  strain, while patterns of RpoS expression in the Arelphu and AdksA cDKsA strains were
269 comparable to wild-type controls. Similarly, the expression of OspC was increased in all
270  but the AdksA strain in response to growth in pH 6.7 + 20 mM acetate (Fig. 4B).

271

272 Next, we investigated whether DksA contributed to the transcription of rpoS and
273  the RpoS-regulated gene ospC in response to growth in mildly acidic conditions. All
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274  three strains, wild-type, Arelobu, and AdksA B. burgdorferi, showed increased expression
275  of rpoS when grown in BSKII, pH 6.7 + 20 mM acetate compared to cultures grown in
276  BSKII, pH 7.6 (Fig. 5A), suggesting DksA is not required for the pH-dependent

277  increases in rpoS transcription. We observed pH-dependent increases in ospC in both
278  wild-type and Arelwbu Strains, while the AdksA strain was unable to induce the

279  expression of ospC in response to growth under acidic conditions, consistent with the
280 patterns of OspC protein levels observed in each strain. The observation that pH-

281 induced expression of rpoS remains intact in the AdksA strain was further supported by
282  results from experiments where RNA was collected from mid-logarithmic and stationary
283  phase cultures to detect the increase of rpoS expression at stationary phase

284  (supplemental Fig. 1). At stationary phase, wild-type and AdksA cultures showed

285 increased rpoS expression, while the AdksA strain did not express RpoS-regulated

286 genes dbpA, ospC, and bba66 at levels observed in wild-type controls as determined by
287 a multiple comparisons test (p-value < 0.05). These results support a role for DKSA in
288  the post-transcriptional regulation of rpoS/RpoS that is independent of Relbbu.

289

290 In a recent study by Mason, et al., B. burgdorferi DksA was implicated in the

291  post-transcriptional regulation of rpoS, possibly through the transcriptional regulation of
292 the sRNA chaperone encoded by hfg and along with the protease clpX/clpP/clpP2. In
293  this study we assayed another known post-transcriptional regulator of RpoS in B.

294  burgdorferi, BBD18. Increased levels of BBD18 are correlated with reduced levels of
295 RpoS (56). Our previous transcriptomic study indicated increased expression of bbd18
296 in the AdksA strain (11). We quantified the relative levels of BBD18 by western blot to
297 determine if elevated levels of BBD18 correspond with a reduction in RpoS. BBD18

298  expression levels were lower in response to growth in BSK Il pH 6.7 + 20 mM acetate in
299  all strains except the AdksA strain (Fig. 6). Results indicate the AdksA strain is unable
300 to downregulate the expression of BBD18 in response to mildly acidic growth

301 conditions, which corresponds with the reduced levels of RpoS shown in Fig. 1.

302 Additionally, the alteration of the growth rate of B. burgdorferi has been proposed as an
303 alternative mechanism for regulating cellular levels of OspC based on protein

304 accumulation (66). To determine if growth rates are significantly altered in the B.

305  burgdorferi AdksA- and Arelbbu mutant strains, BSKII containing 0, 30, and 100 mM

306 acetate, at pH 7.6, 6.1, and 4.6 respectively, were inoculated with 108 spirochetes / ml
307 and monitored for cell density over time (Fig. 7). Similar growth rates were observed for
308 each strain in BSKIl + 30 mM acetate, indicating differences in OspC expression could
309 not be explained by differences in the growth of these strains. These results suggest
310 DksA controls BBD18-dependent post-transcriptional regulation of rpoS/RpoS,

311 independent of the growth rate of B. burgdorferi.

312
313 DksA is required for mammalian infection
314 A recent study by Mason, et. al. performed concurrently with our own

315 investigation showed DksA is required for the infection of mice following intradermal

316  inoculation with B. burgdorferi (63). Consistent with the data shown in our study, the

317 requirement of DksA for mammalian infection was linked with dysregulation of the Rrp2-
318 RpoN-RpoS pathway. Therefore, we independently assessed the role of DKsA in

319 mammalian infection by intraperitoneal inoculation of naive RML mice with 5 x 107 B.
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320 burgdorferi 297 wild-type, AdksA, or AdksA cDksA B. burgdorferi strains. At 23 days

321  postinoculation, the ear, joint, and bladder tissues were collected from mice and

322 transferred to BSKIl medium to detect the presence of Borrelia. Viable spirochetes were
323 isolated from all cultured tissues of the mice injected with wild-type and AdksA cDksA
324  strains; however, none of the tissues from mice inoculated with the AdksA strain

325 showed spirochete outgrowth (Table 1). Additionally, seroconversion of mice infected
326  with the B. burgdorferi strains was tested against wild-type B. burgdorferi cell lysates by
327  western blot using serum collected from mice 23 days post infection. Mice infected with
328  wild-type and AdksA cDksA strains showed seroconversion, while mice infected with the
329  AdksA strain did not (Supplemental Fig. 2). Collectively, these data indicate DksA is

330 required for B. burgdorferi to establish infection in mice.

331

332 Our previous transcriptomic study showed DksA controls the expression of a

333 wide variety of genes that have previously been shown to contribute to colonization and
334 transmission by |. scapularis. To more robustly test the role of DksA in host and vector
335 infection and colonization, we artificially infected I. scapularis larvae by submersion in
336 wild-type, AdksA, or AdksA cDksA cultures grown to a density of 5 x 107 spirochetes -
337  mltin BSKIl and tested the ability of the larvae to transmit the three strains to naive

338  mice. Approximately 200 artificially infected larval stage ticks with either the wild-type,
339 AdksA, or AdksA cDksA strains were allowed to feed on mice. Spirochetes in larval ticks
340 were quantified, 3 — 5 days following the larval bloodmeal, by plating a subset of

341  homogenized ticks on semi solid BSK media. An additional subset of ticks were

342  analyzed following the molt of larvae to nymphs roughly 6 weeks after feeding

343  (Supplemental Fig. 3). I. scapularis larvae and nymphs colonized by the AdksA or

344  AdksA cDksA strains showed lower spirochete numbers compared to wild-type controls,
345 however, statistical analysis by one-way ANOVA and multiple comparisons test

346 indicated the differences in spirochete numbers were not statistically significant

347  (ANOVA p-value = 0.270, Tukey’s multiple comparisons test of AdksA fed larvae vs.

348  AdksA colonized nymphs, p-value > 0.999). Cohorts of 5 — 10 I. scapularis nymphs

349 infected with either the wild-type, AdksA, or AdksA cDksA strains fed upon a total of

350 three mice. Three weeks after the I. scapularis bloodmeal, mice were euthanized. The
351 ear, joint, and bladder tissues dissected from euthanized mice were collected and

352 placed into BSK Il media. Outgrowth was detected in the tissues collected from mice fed
353 upon by nymphs infected with the wild-type and AdksA cDksA strains, but not the

354  AdksA strain (Table 2). Seroconversion was only observed in blood collected from mice
355 infected with wild-type and AdksA cDksA B. burgdorferi strains whose collected tissues
356 showed detectable B. burgdorferi outgrowth following culture in BSKIl media

357 (Supplemental Fig. 4). These data provide additional evidence that DksA is either

358 required for transmission from |. scapularis to the host or, that the AdksA strain is readily
359 cleared by the host immune system, prior to the generation of a strong antibody

360 response, similar to what is seen for mutants unable to synthesize OspC (Ref).

361

362  Activation of the B. burgdorferi stringent response by changes in pH

363

364 The stringent response regulator DksA and Relbbu synthesized (p)ppGpp control
365 the expression of many genes associated with nutrient uptake and peptide
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366  synthesis/protease functions (11, 25). In this study, we assessed the role of DksA and
367 Relbbu On the expression of RpoS during growth in an acidic medium. To better

368 understand the potential involvement of the stringent response during growth in mildly
369 acidic conditions, we directly analyzed the levels of DksA and (p)ppGpp in B.

370  burgdorferi. The relative levels of DksA in wild-type, Arelpbu, AdksA, AdksA cDksA

371  strains were analyzed during mid-logarithmic growth in BSKII pH 7.6 and BSKII pH 6.7
372+ 20 mM acetate by western blot (Fig. 8). DksA protein levels decreased by roughly
373  one-half during growth under the mildly acidic conditions in wild-type cells. DksA

374  expression levels were not significantly different between wild-type, Arelbou and the

375  AdksA cDksA strains. These results suggest the expression of DksA is independent of
376  Relbbu and chromosomal complementation of the AdksA strain restored wild-type

377  patterns of DksA expression when strains were grown to mid-logarithmic phase in BSKII
378 pH 7.6 and BSKII pH 6.7 + 20 mM acetate.

379

380 Previously, (p)ppGpp levels were shown to be constitutively elevated in the

381  AdksA mutant compared to the wild-type strain (11). Since the absence of DksA leads
382 to elevated cellular levels of (p)ppGpp in B. burgdorferi, we reasoned the DksA and

383  (p)ppGpp levels may have an inverse relationship. (p)ppGpp is a product of GTP

384  modification and formation of (p)ppGpp can sequester GTP from other cellular

385 processes. To characterize the levels of GTP and (p)ppGpp in B. burgdorferi GTP and
386  (p)ppGpp levels were quantified from cell lysates by HPLC. Spirochetes were grown
387 under mildly acidic conditions, wild-type and AdksA strains were cultured to 1 — 2 x 107
388  spirochetes - ml'tin either BSK Il pH 7.6 or BSK Il pH 6.7 with and without 20 mM

389 acetate. Cultures of wild-type and AdksA strains grown at pH 6.7 had roughly 2-fold

390 lower levels of GTP compared to cultures grown at pH 7.6 (Fig. 9A). Concurrently, both
391  wild-type and AdksA strains had nearly 10-fold higher levels of (p)ppGpp when cultured
392 at pH 6.7 compared to levels of (p)ppGpp in wild-type spirochetes grown at pH 7.6. GTP
393 levels decrease as (p)ppGpp levels increase in wild-type cells. Additionally, regardless
394  of growth condition, the AdksA strain had (p)ppGpp levels that were 10-fold higher than
395  wild-type spirochetes grown at pH 7.6, consistent with our previously published

396  observations (11). The ratio of GTP to (p)ppGpp was roughly 70:1 in wild-type cells

397 during growth at pH 7.6, while the GTP to (p)ppGpp ratio was near 2:1 during growth at
398 pH 6.7, meaning a greatly increased molar concentration of (p)ppGpp relative to GTP
399  occurred in cells during growth at pH 6.7. Cellular levels of (p)ppGpp are canonically
400 associated with stationary phase growth and the arrest of cell replication (67). The

401 levels of (p)ppGpp in wild-type B. burgdorferi grown to logarithmic or stationary phase in
402 BSKII pH 6.7 or pH 6.7 + 20 mM acetate were also measured by HPLC to determine if
403 increases in (p)ppGpp are associated with growth to stationary phase (Fig. 9C). Results
404  indicate the levels of (p)ppGpp in wild-type cells grown to stationary phase are identical
405 to log phase cells in BSKII pH 6.7 or pH 6.7 + 20 mM acetate. Together these results
406 illustrate B. burgdorferi robustly regulates the stringent response in an acidic

407  environment and suggests a relationship between pH and nutrient stress responses in
408  B. burgdorferi.

409

410 DISCUSSION

411
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In this study, we established the role of DksA in the infectious cycle of B.
burgdorferi and determined the regulatory relationship between DksA and RpoS, a
transcriptional regulator required for murine infection. Mice inoculated with the AdksA B.
burgdorferi strain via intraperitoneal inoculation had no culturable spirochetes 23 days
post-infection and failed to develop serum antibodies against B. burgdorferi, suggesting
the mice cleared the mutant strain prior to the development of an immune response.
The clearance of the AdksA B. burgdorferi strain is likely not due to defects in motility
(112). Itis more likely due to the inability of this strain to express host-associated
lipoproteins regulated by RpoS, such as OspC, which are essential to subvert host
immune clearance. These observations are consistent with a recent report by Mason C.
et. al. that showed DksA was required for the expression of RpoS-regulated genes and
for infection of mice following intradermal inoculation, however, the seroconversion of
mice infected with dksA-deficient B. burgdorferi were not reported in that study (63).
While DksA is required for mammalian infection by B. burgdorferi following intradermal
or intraperitoneal inoculation, it is not essential for colonization of I. scapularis. We
observed the persistence of AdksA B. burgdorferi in I. scapularis for over 6 weeks
following artificial infection of ticks by immersion, suggesting DksA is not required for the
long-term survival of B. burgdorferi within its tick vector. The absence of DksA does not
lead to a defect in stationary-phase-like metabolism when B. burgdorferi are nutrient
constrained and do not replicate. I. scapularis are the natural vectors of B. burgdorferi
and immunomodulatory effects of I. scapularis saliva aid in B. burgdorferi transmission
(68). Despite the successful colonization and transstadial survival of AdksA B.
burgdorferi in I. scapularis, these spirochetes are unable to be successfully transmitted
by ticks to naive mice. These observations demonstrate the essential role of DksA in
the natural infectious cycle, extend observations by Mason, et. al. and provide further
evidence that DksA plays a critical role in gene regulation during B. burgdorferi
transmission.

Regulation of RpoS plays a crucial role in infectivity of B. burgdorferi (45, 50) with
multiple transcriptional regulators (Rrp2, RpoN, BosR, BadR) modulating the
transcription of rpoS (REFS). In this study, we observed differences in RpoS but did not
observe differences in the levels of rpoS transcription between our wild-type, AdksA,
and AdksA cDksA strains. This suggests that the control of RpoS levels by DksA is
post-transcriptional and is consistent with the recent report by Mason C. et. al. (63),
which suggested the small RNA regulator DsrA and the ClpXP protease system are
involved in DksA-dependent RpoS regulation. However, whether ClpXP plays a role
controlling RpoS levels is currently unknown. Conversely, our study provides evidence
that BBD18 likely contributes to the DksA-dependent regulation of RpoS. BBD18 is a
post-transcriptional regulator of RpoS in B. burgdorferi, and elevated levels of BBD18
correspond to reduced cellular levels of RpoS. In our previous transcriptomic study and
in data provided here, we observed elevated levels of bbd18 transcripts and BBD18 in
AdksA B. burgdorferi strains, suggesting DksA contributes to the regulation of bbd18.
Collectively, these data suggest DksA indirectly mediates the regulation of RpoS and
RpoS-dependent lipoproteins required for infection by controlling the cellular levels of
BBD18. Further studies will be needed to decipher the mechanisms underlying DksA-
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457  dependent transcriptional regulation of bbd18 and other potential post-transcriptional
458  regulators of RpoS.

459

460 DksA from Escherichia coli, Salmonella enterica, and Pseudomonas aeruginosa
461 are all transcriptional repressors (22, 59, 60, 69). Moreover, our previous study

462  indicated DksA represses the transcription of a wide variety of genes in B. burgdorferi
463  during in vitro culture under nutrient-limiting conditions (11). In this study, we

464  determined the molecular basis of DksA function using our recently established in vitro
465  transcription assay. The in vitro transcription reactions initiated from seven RpoD-

466  dependent promoters all resulted in lower levels of RNA produced by RNA polymerase
467  with the addition of DksA. The relative quantities of DKsA required to observe repression
468  of RNA polymerase activity in the B. burgdorferi in vitro transcription assay were similar
469 to those observed in E. coli and S. enterica RNA-polymerase based assays, where the
470  addition of 2 - 5 uM DksA led to reduced transcription from target promoters (21, 30).
471 The addition of 1 uM E. coli DksA to in vitro transcription reactions reduced the

472  transcription of rrnB P1 by 10-fold, given an acidic assay environment (29). This DksA-
473  dependent change in transcriptional activity is similar to the magnitude of transcriptional
474  changes observed in our B. burgdorferi in vitro transcription system with the addition of
475 1 uM DksA in reactions initiated from napAp and flgBp dsDNA templates. These

476  observations are consistent with our previously published transcriptomic study

477  comparing wild-type and AdksA B. burgdorferi strains, indicating DksA constrains global
478  transcription during periods of nutrient limitation.

479

480 DksA and (p)ppGpp cooperate in regulating gene expression in other organisms
481 (20, 28). We tested whether both ppGpp and DksA are required for regulating

482  transcription by RNA polymerase from five promoters (clpCp, glpFp, groLp, hapAp, and
483  nagAp) using our in vitro transcription system which previous studies suggested were
484  regulated by both Relbbu and DksA (9, 11, 25). While the impact of DksA on in vitro

485  transcription from these promoters was apparent at concentrations as low as 250 nM of
486  DksA, we failed to detect a role for ppGpp in regulating RNA polymerase activity at

487  concentrations as high as 200 uM of ppGpp. While ppGpp did not modulate RNA

488  polymerase activity in this assay, we cannot rule out a role for (p)ppGpp due to the

489  absence of other RNA polymerase binding factors, such as the omega subunit (70, 71).
490 These data indicate DksA is capable of independently regulating RNA polymerase

491  activity in B. burgdorferi. Further work is necessary to clarify the role of (p)ppGpp in

492  regulating RNA polymerase function, along with its interaction with DksA.

493

494 Present data suggest the role of DksA is divergent from (p)ppGpp in B.

495  burgdorferi. Previous studies have shown (p)ppGpp is essential for survival in and

496  transmission from I. scapularis, but it is not required for murine infection by needle

497 inoculation. In this study, we showed the Areloou B. burgdorferi strain expresses OspC
498  when cultured in BSKIl pH 6.8 + 20 mM acetate, while the AdksA strain does not.

499  Therefore, DksA appears to play a stronger role in controlling the expression of

500 lipoproteins required for mammalian infection than (p)ppGpp. In E. coli, (p)ppGpp levels
501 regulate dksA transcription (72). However, in B. burgdorferi, the regulation of DksA

502  expression under low pH was independent of (p)ppGpp (Fig. 8), indicating the
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503 regulatory relationship between (p)ppGpp and DksA in B. burgdorferi is not synonymous
504  with E. coli. Rather, low levels of DksA correspond closely with elevated cellular levels
505 of (p)ppGpp, and the AdksA B. burgdorferi strain displayed elevated concentrations of
506  (p)ppGpp regardless of growth condition. The regulatory schemes of DksA and

507  (p)ppGpp do not appear reciprocal, and the roles of DksA and (p)ppGpp as regulators
508 of RpoS are potentially divergent.

509

510 DksA and (p)ppGpp are canonically considered regulators of stationary phase
511 growth and have been shown to regulate the transcriptional responses of bacteria to
512  nutritional stress (20). However, in B. burgdorferi, DksA and (p)ppGpp are regulated
513 dramatically in response to growth in a slightly acidic environment. While the growth

514 rate of all strains in BSKII pH 7.6 and BSKII pH 6.8 + 20 mM acetate are similar, growth
515 in acidic medium reduced the expression levels of DksA by one-half. Additionally,

516  growth of wild-type cells in BSKII pH 6.8 + 20 mM acetate, led to a drastic shift in

517 intracellular GTP:(p)ppGpp ratios from 50:1 to 2:1. A previous study showed growth of
518  B. burgdorferi in BSKIl pH 6.8 + 20 mM acetate leads to acidification of the cytosol (5). It
519 is possible this slightly acidic environment is nutritionally stressful for B. burgdorferi. For
520 example, maintenance of proton transport during growth in acidic environments is likely
521 linked with nutrient transport in B. burgdorferi (REF book chapter). The B. burgdorferi
522 genome lacks a recognizable electron transport chain to translocate H* ions from the
523 intracellular space to the periplasm (73). Instead, B. burgdorferi is thought to rely on an
524  ATP-dependent proton transport through the V-type ATPase to generate and maintain a
525  proton motive force (5). B. burgdorferi also lacks the capacity for amino acid

526  biosynthesis and relies largely on ABC-type oligopeptide transporters for growth (14).
527 ATPis required for both ABC-type transporters and the V-type ATPase, indicating these
528 two processes may compete if ATP pools are limited. Previous transcriptomic studies
529 do not support a role for Relobu Or DkSA in the regulation V-type ATPase genes.

530 However, both Relbbu and DksA contribute to the expression of ABC-type oligopeptide
531 transporter genes (11, 25). Oligopeptide transporters have also been linked to

532  expression of virulence genes like OspC (74, 75). However, the interplay between the
533 pH environment, ATP levels, oligopeptide transporters, DksA and (p)ppGpp requires
534  further investigation.

535

536 Our work establishes DksA as a regulator of B. burgdorferi RpoS and uncovers
537 a previously unexplored pH-dependent regulation of (p)ppGpp and DksA.

538  Environmental sensing mechanisms feeding into B. burgdorferi virulence gene

539 regulation are poorly understood. In other organisms, Rel and DksA most likely act as
540 sensors of the intracellular environment (16, 29, 60). For example, Rel proteins directly
541  trigger the accumulation of (p)ppGpp In many organisms in response amino acid-

542  starved environments (76), and DksA was recently proposed to be an intracellular

543  sensor of pH (29, 77). Additionally, this study demonstrated the utility of our recently
544  developed in vitro transcription assay system to determine the impact of DksA on RNA
545  polymerase-dependent transcription and will facilitate future studies on the mechanisms
546  underlying regulatory activity of DksA and other B. burgdorferi transcription factors.

547

548
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549 METHODS

550 Recombinant DksA expression

551 Oligonucleotides encoding an E. coli codon-optimized version of B. burgdorferi
552  dksA was commercially synthesized (GenScript, Piscataway, NJ, United States). The
553  dksA gene was PCR amplified using primers listed in supplemental table 1 and cloned
554  into the Nhel site of the pMAL-C5X plasmid expression vector using a Gibson assembly
555 kit (New England Biosciences, Ipswich, MA, United States). Top Shot BL21 (DE3)

556  pLysS Chemically Competent E. coli (Invitrogen, Carlsbad, CA, United States) were
557 transformed with the resulting expression vector. For protein expression, overnight E.
558  coli cultures passaged 1:200 in Lysogeny broth (LB)-lennox broth containing 2 g - L™
559  glucose and 100 ug - ml* ampicillin at 37 °C were grown until the cell density reached
560 OD = 0.5. Cultures were then incubated for an additional 2 hours in the presence of 0.3
561 mM Isopropyl B-D-1-thiogalactopyranoside. Proteins were purified as described in the
562 pMAL-C5X protein expression system protocols (New England Biosciences, Ipswich,
563 MA, United States). To cleave the MBP-tag from the extracted DksA protein, 2 mM

564 CaClzwas added to the protein elution fractions. The mixture was incubated overnight
565  with Factor Xa protease at a weight ratio of 1:200 of recombinant protein to protease.
566  To perform cation exchange chromatography, the mixture containing DksA was pushed
567 through a HiTrap SP column (GE Healthcare, Chicago, IL, United States) to bind the
568  DksA protein and subsequently eluted with 50 mM — 1M gradient of sodium chloride.
569  DksA protein was purified to apparent homogeneity when proteins in the elution

570 mixtures where separated by SDS-PAGE and visualized following incubation with

571  Coomassie stain. DksA was stored in 50% glycerol, 1 mM 2-mercaptoethanol, and 25
572 mM Tris buffer pH 7.5.

573
574  Circular dichroism (CD) spectropolarimetry
575 For CD analysis, DksA was exchanged into a buffer containing 15 mM sodium

576  phosphate and 100 mM NaCl (pH 7) over a PD-10 Sephadex column (GE Healthcare
577  Bio-Sciences, Pittsburg, PA). DksA protein solutions (12.5 uM, 25 uM, 50 uM, 100 uM
578 and 200 uM) were loaded into a 0.01 cm pathlength quartz cell, and CD spectra were
579  scanned at 0.1 nm increments for wavelengths 180 — 260 nm on the Jasco J-810

580 polarimeter. CD spectra accumulated over 30 passes at pH 7.0 and 22 °C were

581 averaged and data was visualized in GraphPad Prism software (La Jolla, CA, United
582  States).

583
584 Zn?* release assay
585 Zn?*release from DksA was measured using the metal chelator 4-(2-

586  pyridylazo)resorcinol (PAR) (Sigma-Aldrich, St. Louis, MO, United States) (59). A

587  standard curve consisting of various concentrations of ZnClz was incubated with PAR,
588 and absorbance at 500 nm was measured using the Cytation 5 multimode plate reader
589 in order to determine a linear detectable range for the zinc ion release assay. To assay
590 Zn?* release from DksA protein samples, 25 L of DksA at a 100 UM concentration was
591  exposed to 0 — 1.25 mM H20: in a 96-well assay plate, and free Zn?* was measured
592 following the addition of 25 uL of 2 mM PAR after 0, 30, 60, and 90 minutes of

593  exposure.

594
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595 In vitro transcription

596 The in vitro transcription reaction was carried out as described previously (58).
597 The reaction contained 0.8 U Ribolock RNase inhibitor (Invitrogen, Carlsbad, CA,

598  United States), 21 nM RNA polymerase, 500 nM RpoD, 2 uCi ATP [a-32P]

599  (PerkinElmer, Waltham, MA, United States), 20 uM ATP, 200 uM GTP, 200 uM CTP,
600 and 200 uM UTP. A preliminary mixture containing reaction buffer, RNA polymerase,
601 and RpoD were incubated for 10 minutes on ice prior to the addition of subsequent

602 components. Transcription was initiated with the addition of double-stranded linear

603 template DNA generated by PCR amplification of genomic DNA segments encoding the
604  transcriptional start site using primers previously described and found on supplemental
605 table 1.The double-stranded DNA templates were added to the in vitro transcription

606  reaction to a concentration of 10 nM, and reactions were allowed to proceed for 5

607 minutes at 37 °C. Transcription was terminated by adjusting the reaction mixture to

608  contain 48% formamide and then incubating the reaction at 65 °C for 5 minute. RNA
609  products were separated by gel electrophoresis in 10% TBE-Urea gels (Invitrogen,

610 Carlsbad, CA, United States) at 180 V for 45 minutes. Gels were placed on a Phosphor
611  Screen (GE Healthcare, Chicago, IL, United States) overnight (16 hours) to detect beta
612  decay from ATP [a-32P] incorporated into the RNA, and the resulting signal was

613 developed into an image using the Typhoon FLA 9500 (GE Healthcare, Chicago, IL,
614  United States). Densitometry measurements were determined with Image Lab 6.0.1.
615  Software (Bio-Rad, Hercules, CA, United States).

616
617 Bacterial strains and culture conditions
618 A low-passage B. burgdorferi 297 strain and respective mutants (Supplemental

619 Table 1) were maintained under microaerobic conditions (5% COz, 3% O2) in BSK I
620 liquid medium pH 7.6 at 34°C. Cultures started from frozen stocks were passaged twice
621  before performing assays. To assess B. burgdorferi responses to environments

622  mimicking the pH of the tick midgut, spirochetes were cultured in pH-adjusted BSK 1l
623  medium. Mid logarithmic phase (5 x 107 spirochetes - ml'!) cultures were passaged by
624  1:100 dilution directly to pH 6.8 medium with or without various levels of acetate and
625 allowed to reach mid-logarithmic phase.

626
627 Genetic transformation
628 To assess the phenotype of a AdksA strain complemented in cis with a

629 chromosomal copy of dksA, a homologous recombination vector was prepared using a
630  Gibson assembly approach for introducing dksA into the 297 AdksA strain used in a
631  previous study (11, 42, 78). To re-introduce dksA to its original genomic location, a 3 kB
632  size fragment surrounding the dksA mutagenesis site, including an aph gene conferring
633  resistance to kanamycin, was amplified by the primers AG-bb0168-F1-5" and AG-

634 bb0168-F2-3' (Supplemental Table 1). The amplified fragment was cloned into the Zero
635 Blunt TOPO vector (Invitrogen, Carlsbad, CA, United States) and transformed into

636  ToplO0 E. coli with kanamycin selection. The TOPO vector containing the 3 kB fragment
637 was amplified by PCR to generate a 6.5 kB linear fragment using the primers AG-F2R2
638 and AG-F2F2 to prepare for a three-fragment Gibson assembly using the TOPO-vector
639  as the backbone. A roughly 500 bp long fragment encoding a wild-type copy of dksA
640 was amplified by PCR from the wild-type B. burgdorferi 297 strain by PCR using the
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641  primers dksA-gibson-F- F2R2 and dksA-gibson-R-aadA and a roughly 1 kB fragment
642 encoding a streptomycin resistance cassette (aadA) driven by the flgB promoter was
643  amplified from the pKFSS1 plasmid by PCR using the aadA-gibson-F-dksA and aadA-
644  gibson-R-kan (79). Overlapping oligonucleotides for Gibson cloning (Supplemental

645 Table 1) were encoded on primers and were designed to produce the arrangement

646  bb0167-dksA-kan-aadA-bb0169 (supplemental Fig. 5). The Gibson assembly was

647  performed per manufacturer instructions with a reaction containing 10-fold molar excess
648  of dksA and aadA insertion fragments to the 6.5 kB backbone fragment. Top10 E. coli
649  was transformed with the Gibson assembly reaction mixture with 50 pg - ml?

650 spectinomycin selection. Plasmids isolated from Top10 E. coli clones were sequenced
651 using primers used during the cloning process. The resulting plasmid, TOPO-297-comp-
652 2B, was electroporated into B. burgdorferi 297 AdksA, and B. burgdorferi were plated on
653  semi-solid BSK with 50 pg - mlt streptomycin for selection. PCR was used to assess
654  the presence of the dksA gene, the aadA gene, and the plasmid content of transformed
655  B. burgdorferi (42, 80). The resulting 297 dksA cDksA strain plasmid content was

656 identical to wild-type and AdksA strains and harbors a wild-type dksA allele on the

657 chromosome.

658
659 Mouse model of infection
660 A mouse model of infection was initiated to test the ability of B. burgdorferi

661  strains to cause infection. An established outbred strain of Swiss Webster mice at RML,
662 Rocky Mountain Laboratories (RML) mice, were chosen as the model organism. RML
663 mice are susceptible to B. burgdorferi infection, approximating the reservoir host with
664  high practicality due to the well-established animal husbandry protocols. Female 6 — 8-
665 week-old mice were inoculated with B. burgdorferi via intraperitoneal injection, as

666  previously described (3, 25). B. burgdorferi were enumerated by dark-field microscopy
667 on a Petroff-Hauser Counter prior to inoculation and mice were injected with an

668  inoculum containing 10° B. burgdorferi. At 23 days post inoculation, mice were

669  anesthetized, and blood samples were obtained by cardiac puncture during euthanasia.
670  The B. burgdorferi infection in mice were evaluated by incubating tissues from the ear,
671 joint, and bladder in BSK Il medium containing Borrelia antibiotics (2.5 pug / mL

672  Amphotericin, 20 ug / mL Phosphomycin, 50 pug / mL Rifampicin). BSK Il cultures were
673 incubated at 34 °C in microaerobic conditions and observed continuously for 4 weeks by
674  dark-field microscopy to detect outgrowth.

675
676  Arthropod transmission model
677 To test the ability of B. burgdorferi strains to transmit from vector to host, I.

678  scapularis harboring B. burgdorferi were allowed to feed upon mice. To prepare |I.

679  scapularis colonized with various B. burgdorferi strains, two hundred I. scapularis larvae
680  were artificially infected with B. burgdorferi. I. scapularis larvae and nymphs originating
681 from an uninfected tick colony (National Tick Research and Education Resource,

682  Oklahoma State University) were housed at 22 °C and 95% relative humidity. Egg

683  masses were allowed to mature to larval ticks 4 weeks prior to artificial infection. The
684  culture density of B. burgdorferi used for artificial infection was quantified using a

685 Petroff-Hauser Counter under darkfield microscopy, and cultures were diluted to a

686  density of 5 x 107 spirochetes - ml-. Cohorts of I. scapularis larval ticks were artificially

15


https://doi.org/10.1101/2020.11.04.367946

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.04.367946; this version posted November 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

687 infected by submersion in 2.0 mL screw cap tubes containing 1.5 mL of B. burgdorferi
688  culture in BSK Il medium for 2 hours, as previously described (81). Following

689  submersion, ticks were washed twice in phosphate buffered saline pH 8.0 and dried

690  with filter paper.

691 Artificially infected larval cohorts were allowed to attach to 6 — 8-week-old mice
692 for a bloodmeal. Larval ticks were allowed to molt to obtain B. burgdorferi infected I.

693  scapularis nymphs. Mice were anesthetized before I. scapularis were transferred to the
694  mice with a paint brush. Mice were placed in a wire bottom cage to allow for unattached
695 |. scapularis to fall into a live trap. Mice and I. scapularis were monitored continuously
696 for 7 days to observe the completion of the bloodmeals by all ticks. Fed larvae were

697  monitored for B. burgdorferi colonization and successful molt to nymphs. To quantify B.
698  burgdorferi within I. scapularis larvae and nymphs, cohorts of ticks were washed in 1.5
699 mL tubes with solutions of 3% H202, 70% ethanol, and PBS pH 8.0. Washed I.

700  scapularis were dissected with forceps on a microscope slide and placed in a tube

701 containing 600 uL BSK Il medium. The dissected I. scapularis were further disrupted via
702  crushing with a pestle. Volumes of 5 uL, 50 pL, and 500 pL of BSK Il medium containing
703  the crushed I. scapularis were plated as previously described (25) with semi-solid BSK
704  medium containing 2.5 pug / mL Amphotericin, 20 ug / mL Phosphomycin, and 50 ug /
705  mL Rifampicin.

706 The transmission of B. burgdorferi strains from nymphal I. scapularis were tested
707  following the molt of artificially infected larval I. scapularis to nymphs. Nymphs were

708 transferred to mice, and the mice were monitored as described above. B. burgdorferi
709 infection was determined by the same method described for the needle-inoculation

710  method of infection.

711
712 Transcriptional profiling from cultures
713 B. burgdorferi cultures were pelleted at 4°C, 3,200 x g for 20 minutes. Cell pellets

714  were washed once in HN buffer (10 mM HEPES, 10 mM NacCl, pH 8.0). RNA isolation
715  was performed using RNAzol (Sigma-Aldrich, St. Louis, MO, United States) according
716  to kit instructions. The RNA was quantified by spectrophotometry using a TAKE3 plate
717  in a Cytation 5 multi-mode plate reader (Biotek, Winooski, VT, USA), and RNA quality
718 was assessed by analysis of ribosomal RNA bands visualized following gel

719  electrophoresis by SYBR-safe dye incorporation. cONA was generated from 500 ng of
720 total RNA from each sample with the High Capacity cDNA Reverse Transcriptase kit
721 (Applied Biosystems, Foster City, CA, United States) following kit instructions. RT-qPCR
722 was performed on the cDNA in the CFX Connect Real-Time PCR Detection System
723  (Bio-Rad, Hercules, CA, United States) using Bullseye EvaGreen Master Mix (MIDSCI,
724  St. Louis, MO, United States) reagents and oligonucleotide primers targeting the gene
725  of interest (Supplemental Table 1). The RT-qPCR data were analyzed using the ACq
726  method to indicate copies per 16S rRNA transcript levels.

727
728  Western blotting
729 Cultures were pelleted at 4 °C, 3,200 x g for 20 minutes. B. burgdorferi were

730  washed twice with HN buffer and subsequently lysed in lysis buffer (4% SDS, 0.1M Tris-
731  HCI). SDS-PAGE was performed on the Mini-Tetra System (Bio-Rad, Hercules, CA,
732 United States) using AnykD or 12% polyacrylamide gels and transferred to PVDF
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733  membranes using the Transblot Turbo apparatus (Bio-Rad, Hercules, CA, United

734  States). PVDF membranes were blocked for 1-hour in TBST with 5% milk.

735  Commercially available antibodies for OspC (Rockland Immunochemicals, Pottstown,
736 PA), or rabbit polyclonal anti-DksA (11), anti-BBD18 (56), anti-RpoS antibody were

737  incubated with the PVDF membranes overnight at a dilution of 1:2000, 1:2000, 1:500, or
738  1:500, respectively, in TBST. Antibodies bound to the membrane were detected with the
739  incubation of anti-rabbit HRP-conjugated secondary antibodies for 1 hour followed by
740 five washes in TBST. Images were produced by the ChemiDoc apparatus (Bio-Rad,

741  Hercules, CA, United States) using ECL reagent (LI-COR, Lincoln, NE, United States).
742

743  Quantification of GTP and (p)ppGpp

744 Borrelia cell-free lysates were analyzed for GTP, ppGpp, and pppGpp

745  concentrations by HPLC. Wild-type B. burgdorferi 297 and its derivative 297 AdksA

746  strain were grown to mid logarithmic or stationary phase (1 — 2 x 108 spirochetes - ml?).
747  One hundred ml cultures were centrifuged at 5,000 RPM and washed twice with HN

748  buffer. Cells were lysed by resuspension in distilled water followed by boiling at 99°C for
749 15 min. Aliquots were removed from each sample for total protein quantification by BCA
750 assay (Thermo Fisher Scientific, Grand Island, NY, United States). After boiling, the

751  suspensions were centrifuged, and the supernatants were extracted twice: first with 2 ml
752 95% ethanol, second with 1 ml 70% ethanol. The resulting extracts were combined and
753  evaporated under a nitrogen stream at 34°C. Upon evaporation, the samples were

754  resuspended in mobile phase A and filtered through a 0.45 um nylon membrane syringe
755  filter (GE Healthcare, Chicago, IL, United States). Mobile phase A consisted of 0.15 M
756  triethylammonium acetate (TEAA) pH 5.0, and mobile phase B consisted 0.15M TEAA
757  in acetonitrile. Prior to use, mobile phases were filtered using a 0.2 um filter with a

758  vacuum followed by ultrasonic degassing. Separations were conducted using a

759  SUPELCOSIL™ LC-18T column, 25 cm x 4.6mm i.d., 5um particle size (Supelco,

760  Bellefonte, PA, United States). Gradient elution was set to 0 — 4 min, 99% A to 99% A
761 (1 ml/min); 4 — 10 min, 99% A to 85% A (1 ml/min); 10 — 18 min, 85% A to 75% A (0.4
762  ml/min); 18 — 20 min, 75% A to 25% A (1 ml/min); 20 min — 24 min, 25% A to 97.5% A
763 (1 ml/min); 24 min — 24 min, 97.5% A to 99.0% A (1 ml/min). 20 pl sample injections

764  were used and guanosine triphosphate (Sigma-Aldrich, St. Louis, MO, United States)
765 and guanosine tetraphosphate (Jena Biosciences, Jena, Germany) were used as

766  standards for peak identification and quantification.

767

768  Ethics statement. In vivo studies were approved by the Institutional Animal Care and
769  Use Committee of the Rocky Mountain Laboratories (RML). Animal work was conducted
770  adhering to the institution’s guidelines for animal use, and followed the guidelines and
771  basic principles in the United States Public Health Service Policy on Humane Care and
772 Use of Laboratory Animals, and the Guide for the Care and Use of Laboratory Animals
773 by certified staff in an Association for Assessment and Accreditation of Laboratory

774  Animal Care (AAALAC) International accredited facility.

775
776
777
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1008 Table 1. Evaluation of the potential for DksA-deficient B. burgdorferi to cause infection.

1009
Stain Ear Joint Bladder Control® Serology
Wild-type 4/4®) 5/5 5/5 1/1 5/5
AdKsA 0/5 0/5 0/5 1/1 0/5
AdKsA cDksA 5/5 5/5 5/5 1/1 5/5
Numbers indicate ratio of B. burgdorferi positive cultures from various tissue
sites, ear, joint, or heart and positive serology over the number of individual
mice tested. (a) control tubes tested the ability of each B. burgdorferi strain to
grow in media containing antibiotics mixture. (b) one culture was lost due to
contamination.
1010
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1011

1012  Table 2. Evaluation of DksA role in B. burgdorferi transmission I. scapularis nymphs.

1013
1014 _ .
Stain Ear Joint Bladder Serology
1015
Wild-type 2/2 2/2 2/2 212
1016
AdksA 0/3 0/3 0/3 0/3
1017
1018 AdksA cDksA 1/3 1/3 1/3 1/3
1019
1020 Numbers indicate ratio of B. burgdorferi positive cultures from various tissue
1021 sites, ear, joint, or heart and positive serology over the number of individual
1022 mice tested.
1023
1024
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1027  Figure 1. Measurement of B. burgdorferi DksA a-helicity and Zn?*-binding. (A)
1028  Schematic of DksA predicted structure. (B) DksA purified to apparent homogeneity.
1029  DksA purity was assessed by Coomassie stained SDS-PAGE gel. (C) Circular

1030 dichroism spectra of recombinant B. burgdorferi DksA measured in 15 mM sodium

1031  phosphate buffer pH 7.4 and 100 mM NaCl. (D) Zn?* release from 100 uM of DksA
1032  mixed with various concentrations of H202 was measured by a zinc sensitive dye 4-(2-
1033  pyridylazo)resorcinol (PAR). Increase in Zn?* release with higher levels of H202 suggest
1034  4-Cys zinc finger is capable of coordinating Zn?*.
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1041  Figure 2. In vitro transcription reactions to assay ppGpp and DksA effects on
1042  transcription initiation from seven B. burgdorferi promoters. In vitro transcription
1043  reactions initiated on seven RpoD-dependent promoters were prepared containing 500,
1044 50, or 0 nM DksA and 200, 20, or 0 uM of ppGpp. (A) RNA was separated by gel

1045  electrophoresis on a 10% urea gel are shown. First, fourth, and sixth lanes contained
1046 200 uM of ppGpp. Second and fifth lane contained 20 uM ppGpp. Phosphor screen
1047  signals from all in vitro transcription were pooled to evaluate (B) DksA-dependent

1048  effects on transcription using a non-parametric ranked Kruskal-Wallis multiple

1049  comparisons test and (C) ppGpp-dependent effects using non-parametric ranked Mann-
1050  Whitney comparison test. Asterisk indicates p-value < 0.001 in multiple comparison
1051  testing.
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Figure 3. Test of DksA concentration-dependent regulation of flgB and napA.
Relative RNA product amounts after in vitro transcription reactions containing various
concentrations (8 — 1000 nM) of DksA. Two promoters flgBp and napAp which
appeared to have different levels of response to DksA in Figure 1 were tested. Signal
intensity as measured by isotopically labeled RNA and determined by densitometry (A)
of phosphor screen images (B) are shown.

28


https://doi.org/10.1101/2020.11.04.367946

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.04.367946; this version posted November 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

A . B. 101
| p— | *
2.0
[11] m 84 | |
o o= .
= W 1.5 T = 6 -|-
x 3 p=0054 E 3 1 1
%(8 1.0 - ns ‘g“')té_ 44 T
& T G s
3 05 3 2-
; - ns
0,0 T ; T T T 0"_- T T T T i i T
Acetate [+ [+ |[-_* ][+ ] Acetate[- *+|[- +[[- +]|- +]
ao-RpoS 'z ~— —_— i p— a-OspC == - —
8 -
a-Flagellin BD S S s e e e s 0-Flagellin D . o . o — —
L | l I L | 1 | L I L | L | L S ]
S > o o > @
v & \g,?'
& &
1060 v 4

1061  Figure 4. Relative expression of RpoS and OspC in wild-type (WT), Arelobu, AdksA,
1062 and AdksA cDksA (cDksA) B. burgdorferi strains at mid-logarithmic growth.

1063  Whole cell lysates were collected from B. burgdorferi 297 strain cultured to 5 x 107

1064  spirochetes/ mL in either BSKIl-pH 7.6 or BSKII-pH 6.7 with 20 mM acetate. Expression
1065 of RpoS and OspC protein levels were determined by normalizing densitometry of

1066 chemiluminescence signals obtained from western blot to signals obtained from

1067 flagellin. Data are representative of 3 replicate experiments. Asterisk indicate adjusted
1068  p-values < 0.05 in a Sidak multiple comparisons test.
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1075  Figure 5. RT-gPCR analysis of rpoS and ospC transcripts in wild-type, Arelbbu and
1076  AdksA strains. RT-gPCR was performed on RNA extracted from wild-type (WT), A
1077  relbbu, and AdksA mid-logarithmic phase cultures in BSKIl 7.6 or BSKII 6.7 + 20 mM

1078 acetate. Relative expression of ospC and rpoS were normalized to 16s rRNA. Error bars
1079  represent standard deviation calculated from four biological replicates. Asterisk

1080 indicates p-value < 0.05 for relative expression between BSKII 7.6 and BSKIl 6.7 + 20
1081 mM acetate conditions in a Holm-Sidak multiple comparisons test.
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1085 Figure 6. Relative expression of BBD18 by B. burgdorferi in response to growth in
1086 BSKIl pH 7.6 and BSKIl pH 6.7 + 20mM acetate. Whole cell lysates were collected
1087  from 297 wild-type (WT), Areloou, AdksA, and chromosomally complemented AdksA
1088  (AdksA cDksA) B. burgdorferi strains cultured to 5 x 107 spirochetes / mL density in

1089  either BSKII-pH 7.6 or BSKII-pH 6.7 with 20 mM acetate. Expression of BBD18 protein
1090 levels were determined by densitometry of chemiluminescence signals and signals were
1091 normalized to expression of FlaB. Data are representative of 3 replicate experiments.
1092  Asterisk indicate adjusted p-values < 0.05 in a Sidak multiple comparisons test.

1093
1094

1095

31


https://doi.org/10.1101/2020.11.04.367946

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.04.367946; this version posted November 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

WT Are!bb,_,
109 10%
-+ O0mM
E 10%; E 1004 - 30mM
2 8 & 100mM
E 107 4 2 1074
o Q
e [
;g_ 1064 ;.)' 105+
1051— T T T T 105-— T T T T
0 24 48 72 96 0 24 48 72 96
Time / hours Time / hours
AdksA AdksA cDksA
109 109
E 108+ E 108
0 0
-] 2
2 1074 2 17
; ;
S 108, A 108
105 T T T T T ’10= T T T T T
0 24 48 72 96 0 24 48 72 96
Time / hours Time / hours
1096
1097

1098  Figure 7. Growth rates of B. burgdorferi in acidic environment. B. burgdorferi 297
1099  wild-type (WT), Arelsbu, AdksA, and chromosomally complemented AdksA strain (AdksA
1100 cDksA) were cultured in BSK Il containing O (square), 30 (triangle), and 100 mM (circle)
1101  of acetate. Media pH was not compensated for the addition of acetic acid and 0, 30, and
1102 100 mM medium also represent growth in pH 7.6, 6.1, and 4.6 respectively. Growth

1103  curves are representative of 3 replicate cultures and error bars represent standard

1104  deviation.
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1115  Figure 8. Detection of shifts in DksA protein levels with change in growth media
1116  pH and organic acid level at mid-logarithmic growth. Whole cell lysates were

1117  collected from 297 wild-type (WT), Arelbbu, AdksA, and chromosomally complemented
1118  AdksA (AdksA cDksA) B. burgdorferi strains cultured to 5 x 107 spirochetes / mL density
1119 in either BSKII-pH 7.6 or BSKII-pH 6.7 with 20 mM acetate. Expression of DKsA protein
1120 levels (A) and OspC protein levels (B) were determined by densitometry of

1121 chemiluminescence signals and signals were normalized to expression of FlaB. Data
1122  are representative of 3 replicate experiments. Asterisk indicate adjusted p-values < 0.05
1123  a Sidak multiple comparisons test.
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Figure 9. GTP and (p)ppGpp content of B. burgdorferi cells in response to culture
media pH and organic acid content. Wild-type (WT) and AdksA strains cultured in
BSK Il pH 7.6 or in BSK Il pH 6.7 with or without 30 mM acetate to 2 — 4 x 10
spirochetes - mlt were collected to measure (A) GTP and (B) (p)ppGpp content by
HPLC. Three replicate experiments were performed. Asterisks indicate p < 0.05 for
comparison between WT in BSKIIl 7.6 measurements and all other measurements in a
one-way ANOVA with multiple comparisons test on levels of GTP and ppGpp. (C) Wild-
type B. burgdorferi cultured in BSK Il pH 6.7 with or without 30 mM acetate to either
mid-logarithmic (2 x 107 spirochetes - ml) or to stationary (2 x 102 spirochetes - mit)
phase were collected to measure cell density dependent (p)ppGpp content by HPLC.
Relative measurement and identity of (p)ppGpp were verified by LC-MS.
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