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Amino acid-dependent alkalization is linked to mitochondrial function

Abstract

Candida albicans cells depend on the energy derived from amino acid catabolism to
induce and sustain hyphal growth inside phagosomes of engulfing macrophages.
The concomitant deamination of amino acids is thought to neutralize the acidic
microenvironment of phagosomes, a presumed requisite for survival and initiation of
hyphal growth. Here, in contrast to an existing model, we show that mitochondrial-
localized NAD*-dependent glutamate dehydrogenase (GDH2) catalyzing the
deamination of glutamate to a-ketoglutarate, and not the cytosolic urea amidolyase
(DUR1,2), accounts for the observed alkalization of media when amino acids are the
sole sources of carbon and nitrogen. C. albicans strains lacking GDH2 (gdh2-/-) are
viable and do not extrude ammonia on amino acid-based media. Environmental
alkalization does not occur under conditions of high glucose (2%), a finding
attributable to glucose-repression of GDH2 expression and mitochondrial function.
Consistently, inhibition of oxidative phosphorylation or mitochondrial translation by
antimycin A or chloramphenicol, respectively, prevents alkalization. GDH2
expression and mitochondrial function are derepressed as glucose levels are
lowered from 2% (~110 mM) to 0.2% (~11 mM), or when glycerol is used as carbon
source. Using time-lapse microscopy, we document that gdh2-/- cells survive,
filament and escape from primary murine macrophages at rates indistinguishable
from wildtype. Consistently, gdh2-/- strains are as virulent as wildtype in fly and
murine models of systemic candidiasis. Thus, although Gdh2 has a critical role in
central nitrogen metabolism, Gdh2-catalyzed deamination of glutamate is
surprisingly dispensable for escape from macrophages and virulence,

demonstrating that amino acid-dependent alkalization is not essential for hyphal
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Amino acid-dependent alkalization is linked to mitochondrial function
growth, survival in macrophages and hosts. An accurate description of the
microenvironment within the phagosomal compartment of macrophages and the
metabolic events underlying the survival of phagocytosed C. albicans cells and their
escape are critical to understanding the host-pathogen interactions that ultimately

determine the pathogenic outcome.

Author Summary

Candida albicans is a commensal component of the human microflora and the most
common fungal pathogen. The incidence of candidiasis is low in healthy
populations. Consequently, environmental factors, such as interactions with innate
immune cells, play critical roles. Macrophages provide the first line of defense and
rapidly internalize C. albicans cells within specialized intracellular compartments
called phagosomes. The microenvironment within phagosomes is dynamic and ill
defined, but has a low pH, and contains potent hydrolytic enzymes and oxidative
stressors. Despite the inhospitable conditions, phagocytized C. albicans cells
catabolize amino acids to obtain energy to survive and grow. Here, we have critically
examined amino acid catabolism and ammonia extrusion in C. albicans, the latter is
thought to neutralize the phagosomal pH and induce the switch of morphologies
from round “yeast-like” to elongated hyphal cells that can pierce the phagosomal
membrane leading to escape from macrophages. We report that Gdh2, which
catalyzes the deamination of glutamate to a-ketoglutarate, is responsible for the
observed environmental alkalization when C. albicans catabolize amino acids.

Strikingly, Gdh2 is dispensable for escape from macrophages and virulent growth.


https://doi.org/10.1101/2020.01.20.912592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.20.912592; this version posted January 20, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Amino acid-dependent alkalization is linked to mitochondrial function
78 These results provide new insights into host-pathogen interactions that determine

79 the pathogenic outcome of C. albicans infections.

80

81 INTRODUCTION

82 Candida albicans is a benign member of mucosal microbiota of most humans.

83 However, in individuals with an impaired immune response, C. albicans can cause
84  serious systemic infections associated with high rates of mortality (1, 2). In

85 establishing virulent infections, C. albicans cells overcome potential obstacles

86 inherent to the microenvironments in the host. Consistently, the capacity of C.

87 albicans to establish a wide spectrum of pathologies is attributed to multiple

88 virulence factors, one of which involves morphological switching from the yeast to
89 filamentous forms (i.e., hyphae and pseudohyphae), reviewed in (3-5). The ability to
90 switch from yeast to filamentous growth is required for tissue invasion and escape
91 from innate immune cells, such as macrophages, whereas, the yeast form facilitates
92 dissemination via the bloodstream. In addition to escaping from innate immune

93 cells, fungal cells must successfully compete with host cells and even other

94  constituents of the microbiome to take up necessary nutrients for growth (6).

95 Phagocytes, such as macrophages, are among the first line of host defenses

96 encountered by C. albicans (reviewed in (7)). These innate immune cells recognize
97 specific fungal surface antigens via specific plasma membrane-bound receptors (8).
98 Once recognized, fungal cells are enveloped by membrane protrusions that form the
99 phagosomal compartment. The phagosome matures by fusing with discrete

100 intracellular organelles, resulting in a compartment with potent hydrolytic enzymes,
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101  oxidative stressors and low pH (8-10). Acidification is important to optimize the

102  activity of the hydrolytic enzymes that target to the phagosome.

103 C. albicans can survive and even escape macrophage engulfment. This is thought
104 to depend on the ability of fungal cells to raise the phagosomal pH via ammonia
105 extrusion. It has been suggested that urea amidolyase (Dur1,2), localized to the

106  cytoplasm, catalyzes the reactions generating the ammonia extruded from cells by
107  the plasma membrane-localized Ato proteins (11, 12). In addition to impairing the
108  activity of pH-sensitive proteolytic enzymes, phagosomal alkalization is thought to
109 initiate and promote hyphal growth (11, 13). Consistent with this notion, C. albicans
110 lacking STP2, encoding one of the SPS (Ssy1-Ptr3-Ssy5) sensor controlled effector
111  factors governing amino acid permease gene transcription (14), fail to form hyphae
112  and escape macrophages (13). These observations led to a model that the reduced
113  capacity of stp2A strains to take up amino acids limits the supply of substrates of
114  Dur1,2 catalyzed deamination reactions, which would result in the reduced capacity

115 to alkalinize the phagosome (12, 13).

116 We have recently shown that the mitochondrial proline catabolism is required for
117  hyphal growth and macrophage evasion. The proline catabolic pathway is the

118 primary route of arginine utilization (15) and operates independently of the cytosolic
119  Dur1,2-catalyzed urea-CO. pathway (15, 16). In contrast to the proposed model (12),
120 we observed that dur1,2-/- cells retain the capacity to alkalinize a basal medium

121  containing arginine as sole nitrogen and carbon source (15). Furthermore, strains
122 carrying put1-/- or put2-/- mutations exhibit strong growth defects and

123  consequently, are incapable of alkalinizing the same medium, suggesting that

124  alkalization is linked to proline catabolism.
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A potential source of ammonia responsible for alkalization is the deamination of
glutamate, a metabolic step downstream of Put2. In Saccharomyces cerevisiae, the
primary source of free ammonia is generated by the mitochondrial-localized NAD"-
dependent glutamate dehydrogenase (Gdh2) catalyzed deamination of glutamate to
a-ketoglutarate, a reaction that generates NADH and NHs (17). Importantly, the
reaction is anaplerotic and replenishes the tricarboxylic acid (TCA) cycle with a-
ketoglutarate, a key TCA cycle intermediate between isocitrate and succinyl CoA,

and an important precursor for amino acid biosynthesis.

Here, we have examined the role of Gdh2 in morphological switching under in
vitro conditions in filament-inducing media, in situ in the phagosome of primary
murine macrophages, and in virulence in two model host systems. We show that
when C. albicans utilize amino acids as sole nitrogen- and carbon-sources they
extrude ammonia, which originates from Gdh2-catalyzed deamination of glutamate.
In contrast to current understanding regarding the importance of phagosomal
alkalization, we report that C. albicans strains lacking GDH2 filament and escape the
phagosome of engulfing macrophages at rates indistinguishable to wildtype.
Furthermore, we also report that the Gdh2-catalyzed reaction is dispensable for

virulence in both fly and murine models of systemic candidiasis.

RESULTS

C. albicans GDH2 is responsible for amino acid-dependent alkalization in vitro

Arginine is rapidly converted to proline and then catabolized to glutamate in the

mitochondria through the concerted action of two enzymes, proline oxidase (Put1;
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148  proline to A'-pyrroline-5-carboxylate or P5C) and P5C dehydrogenase (Put2; P5C to
149  glutamate) (Fig. 1A). C. albicans strains lacking PUT1 (put1-/-) and/or PUT2 (put2-/-)
150 are unable to grow efficiently in minimal medium containing 10 mM of arginine as
151 sole nitrogen and carbon source (YNB+Arg, pH = 4.0), and fail to alkalinize the
152  medium (15). In contrast, cells carrying null alleles of DUR1,2 (dur1,2-/-) grow
153  robustly and alkalinize the media (15). To test if the catabolism of amino acids other
154  than arginine and proline can be used as sole carbon source we examined the
155 growth characteristics of the strains in YNB containing 1% casamino acids, a
156 medium containing high levels of all proteinogenic amino acids (Fig. 1B). In this
157 media, dur1,2-/- cells grew as wildtype and readily alkalinized the media (compare
158 tube 5 with 6). In contrast, put7-/- cells exhibited poor growth and weakly alkalinized
159 the medium (tube 3). Cells lacking Put2 activity (put2-/-) did not grow and the culture
160 media remained acidic (tube 2). Interestingly, a put1-/- put2-/- double mutant strain
161  grew better than the single put2-/- mutant (compare tube 4 with 2). The severe
162  growth impairment associated with the loss of Put2 is likely due to the accumulation
163  of P5C, which is known to cause mitochondrial disfunction (18). These results
164 indicate that the amino acids metabolized via the proline catabolic pathway are
165 preferentially used as carbon sources when mixtures of amino acids are present,
166  e.g., in casamino acid preparations. The catabolism of these non-prefered amino
167 acids contribute only modestly to alkalization, consistent with reports that not all
168 amino acids can serve as carbon sources and contribute to environmental

169 alkalization (12).

170 The requirement of proline catabolism for growth suggested that the downstream

171 deamination of glutamate to a-ketoglutarate, catalyzed by glutamate
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172  dehydrogenase, provided the metabolite responsible for alkalinizing the media. In S.
173  cerevisiae, mitochondrial glutamate dehydrogenase (GDH2) is the primary source of
174  free ammonia (17). The C. albicans genome has one gene predicted to encode
175 glutamate dehydrogenase (GDH2, C5_02600W), and using CRISPR/Cas9 we
176  inactivated both alleles of this gene in SC5314. Two independent clones were
177 analyzed (Fig. S1A and S1B). The gdh2-/- strains were viable on YPD or YPG (Fig.
178 S1C), however, they showed strong growth and alkalization defects when amino
179 acids were used as sole nitrogen and carbon sources, such as in YNB+Arg (Fig.
180 S1A) and YNB+CAA media (Fig.1B, 1C, and S2A). Consistent with what is known
181 for S. cerevisiae, the gdh2-/- mutant showed a modest growth defect in media

182  containing glutamate or proline as sole nitrogen source (Fig. S1C).

183 To further test whether Gdh2 is responsible for environmental alkalization we

184  assessed the capacity of the gdh2-/- mutant to grow and alkalinize the external

185  growth milieu on solid YNB+CAA (Fig. 1C). In the absence of an additional carbon
186  source, cells lacking GDH2 did not grow appreciably, and failed to form colonies. By
187  contrast, on YNB+CAA supplemented with 2% glucose the gdh2-/- strain formed
188  colonies of similar size as WT, indicating that Gdh2 is dispensable for growth in

189 media with high levels of glucose. Consistent with a requirement of a fermentable
190 carbon source, the gdh2-/- strain exhibited reduced growth on media with 0.2%

191 glucose, or the non-fermentable carbon source glycerol (1%). Although able to grow
192 in the presence of an added carbon source, the gdh2-/- stain failed to alkalinize the
193 media. In contrast, wildtype (WT), dur1,2-/- and CRISPR control cells formed

194  colonies of equal size on all media and exhibited identical capacities to alkalinize the
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195 media (Fig. 1C, compare columns 3 and 4 with 1). These observations confirm that

196 Gdh2 is responsible for alkalization of the external growth environment.

197

198 GDHZ2 is required for ammonia extrusion

199 Next, we analyzed whether the alkalization defect of the gdh2-/- mutant was due to
200 the lack of ammonia extrusion. The levels of volatile ammonia produced was

201 measured by colonies growing on solid YNB+CAA with 0.2% glucose medium

202  buffered with MOPS (pH = 7.4); the standard acidic growth medium (pH = 4.0) traps
203 ammonia (NHs) as ammonium (NH.*), decreasing the level of volatile ammonia and
204  thereby interfering with the assay. As shown in Fig. 1D, the gdh2-/- strain did not
205 release measurable ammonia. Consistent with their ability to alkalinize the growth
206 media (Fig. 1C), wildtype, dur1,2-/- and CRISPR control strains released substantial
207 and indistinguishable levels of ammonia. Together, these results indicate that the
208 reaction catalyzed by Gdh2 generates the ammonia that alkalinizes the growth

209 environment when C. albicans uses amino acids as the primary energy source.

210

211  Environmental alkalization originates in the mitochondria

212 We recently confirmed that mitochondrial activity in C. albicans can be repressed by
213  glucose (15), a finding that is consistent with existing transcriptional profiling data
214 (19). Consequently, the glucose repressible nature of extracellular alkalization in the
215  presence of amino acids could be linked to glucose repressed mitochondrial

216  function. To examine this notion, we first sought to confirm that Gdh2 localizes to

217  mitochondria. Cells (CFG273) expressing the functional GDH2-GFP reporter were
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grown in synthetic glutamate media with 0.2% glucose (SEDq.2%) and YNB+CAA.
The GFP fluorescence in cells grown under both conditions clearly localized to the
mitochondria as determined by the precise overlapping pattern of fluorescence with

the mitochondrial marker MitoTracker Deep Red (MTR) (Fig. 2A).

To independently assess the role of mitochondrial activity in the alkalization
process, we grew the wildtype cells in standard YNB+CAA medium (without
glucose), in the presence of Antimycin A, a potent inhibitor of respiratory complex lIl.
No alkalization was observed in the medium even after 24 h of growth (Fig. 2B,
upper left panel). Antimycin A clearly impeded the growth of wildtype cells, which
phenocopies the gdh2-/- growth in YNB+CAA. To ascertain whether the failure to
alkalinize the medium was due to inhibiting mitochondrial respiration and not due to
cell death, we harvested the cells from antimycin-treated cultures and suspended
them in fresh medium; the cells regained their capacity to alkalinize the medium
(Fig. 2B, lower left panel). To further test that the inhibitory effect of antimycin A on
alkalization is specific to mitochondrial function and not an indirect effect of growth
inhibition, we performed the same experiment but starting with a high cell density
(ODeoo of 5). As shown in Fig. 2B (right panel), the color endpoint indicating
alkalization in wildtype control occurred in a span of 2.5 h following inoculation
whereas all antimycin A-treated cells failed to neutralize the pH of the medium. This
clearly demonstrates that mitochondrial function is essential for environmental
alkalization. We also grew the cells in the presence of chloramphenicol, a potent
mitochondrial inhibitor that targets mitochondrial translation by reversibly binding to
the 50S subunit of the 70S ribosome in yeast (20). In the presence of this inhibitor

and a low starting cell density, a delay in alkalization was observed initially (Fig.

10
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242  S2A), but then alkalization was virtually indistinguishable after 48 h, or when a high
243  starting cell density was used (data not shown). These results, together with our
244  observation that glucose availability influences Gdh2-dependent growth and
245  alkalization (Fig. 1C), support our conclusion that alkalization originates from

246  metabolism localized to mitochondria.

247 Gdh2 expression is repressed by glucose

248  To follow up on the observations that glucose negatively affects Gdh2 activity and
249  Gdh2 is a component of mitochondria (Fig. 2A), we sought to visualize Gdh2

250 expression in living cells when shifted from repressing YPD (2% glucose) to non-
251 repressing YNB+CAA. To do this, we used the same Gdh2-GFP reporter strain

252  described earlier (Fig. 2A). This enabled us to observe Gdh2 expression in single
253  cells growing on a thin YNB+CAA agar slab over a period of 6 h. The Gdh2-GFP

254  signal was initially weak (t = 0 h), becoming more intense as time progressed and as
255  cells underwent several rounds of cell division, some leading to filamentous

256  pseudohyphal growth (Fig. 3A).

257 To relate this observation with the actual alkalization process, we analyzed the
258 levels of Gdh2-GFP in cells grown in liquid culture taken at similar time points. Cells,
259  pre-grown in YPD (2% glucose), were shifted to YNB+CAA and the levels of Gdh2-
260 GFP were assessed by immunoblot analysis. To enable the recovery of adequate
261 amounts of cells for subsequent extract preparation, we increased the starting cell
262  density of the culture (i.e., ODeoo =~ 2.0). As shown in Fig. 3B (left panel) the Gdh2-
263  GFP level in YPD-grown cells was initially low (t = 0 h) but within 2 h the level was
264  greatly enhanced and remained so during the entire 6 hr incubation. During the

265 course of growth, the media became successively alkaline, increasing from the

11
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266  starting pH of 4 to 7 (Fig. 3B, right panel). The finding that Gdh2 expression is
267 induced in cells growing in media rich in amino acids (i.e., YNB+CAA or YPG)
268 indicates that GDH2 expression in C. albicans, in contrast to S. cerevisiae (21), is not

269  subject to NCR.

270 Next, we examined the expression and stability of Gdh2-GFP in cells shifted from
271  YPD to YPG (Fig. 3C). Again, the level of Gdh2-GFP rapidly increased (lanes 1-3)
272  and remained high following the addition of glucose (2% final concentration) (Fig.
273  3C, lanes 5-6), an observation reminiscent of isocitrate lyase (Icl1), a glyoxylate

274  cycle enzyme that is not subject to catabolite inactivation in C. albicans (22, 23). To
275  further illustrate the effect of glucose on Gdh2-GFP expression, we shifted YPD

276 grown cells to YNB+CAA in the presence of 0.2% glucose or 1% glycerol,

277  conditions that are not repressive to mitochondrial function (15). As shown in Fig.
278  3C, the level of Gdh2-GFP substantially increased, clearly demonstrating that Gdh2

279  expression is sensitive to repression by glucose.

280

281 Inactivation of Gdh2 does not impair morphogenesis

282  Based on current understanding that the ability of C. albicans to alkalinize their

283  growth environments contributes to the induction of hyphal growth, and the

284  observation that gdh2-/- cells formed smooth macrocolonies on YNB+CAA (pH =
285  4.0) with non-repressing 0.2% glucose and 1% glycerol (Fig. 1C, column 2), we
286 examined whether the inactivation of Gdh2 would negatively affect morphogenesis.
287  To test this notion, we examined growth on Spider and Lee’s media, two standard

288 media used to assess filamentation. These media contain amino acids, have a

12


https://doi.org/10.1101/2020.01.20.912592
http://creativecommons.org/licenses/by/4.0/

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.20.912592; this version posted January 20, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Amino acid-dependent alkalization is linked to mitochondrial function
neutral pH, and are known to promote filamentous growth of wildtype cells. Similar
to wildtype and CRISPR control strains, the macrocolonies formed by the gdh2-/-
strain were wrinkled and surrounded by an extensive outgrowth of hyphal cells (Fig.
4A). This indicates that Gdh2 function is dispensable for filamentation. This is
supported by the recent paper showing the capacity of gdh2A/A to switch in amino

acid-based medium (24).

This unexpected result led us to evaluate the capacity of gdh2-/- cells to filament
within phagosomes of engulfing macrophages. FITC-stained WT (SC5314) and
gdh2-/- (CFG279) cells were individually co-cultured with RAW264.7 macrophages.
Non-phagocytosed fungal cells were removed and then co-cultures were imaged
after 1.5 h of incubation. We readily observed macrophages containing gadh2-/- cells
that had formed hyphal extensions (Fig. 4B), clearly suggesting that amino acid-
dependent alkalization of the phagosome is not a requisite for the induction of

filamentous growth.

Gdh2-GFP expression is rapidly induced upon phagocytosis by macrophages.

To assess the time-course of Gdh2-GFP expression in phagocytized C. albicans
cells, we co-cultured the Gdh2-GFP reporter strain CFG273 with RAW264.7 (RAW)
macrophages and followed the interaction by time-lapse microscopy. The Gdh2-
GFP signal significantly increased after phagocytosis (Fig. 5A, see Video V1,
Supporting Information). We repeated the experiment using primary murine bone
marrow-derived macrophage (BMDM) and obtained a similar result. However, due to

the inherent green autofluorescence of BMDM, the GFP fluorescence appeared less

13
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312 pronounced (Fig. 5B, see Video V2, Supporting Information). These results
313 demonstrate that although Gdh2 expression is induced rapidly following
314  phagocytosis, presumably the reflection of limiting glucose availability and the

315 subsequent release from glucose repression.

316

317 Gdh2 activity is not required to escape macrophages

318 We directly compared the ability of wildtype and the gdh2-/- mutant cells to survive
319 and escape after being phagocytized by primary BMDM using a competition assay
320 (Fig. 6). To carry out the experiment we created a wildtype strain constitutively

321 expressing GFP (ADH1/Papi-GFP) and a gdh2-/- mutant strain constitutively

322 expressing RFP (gdh2-/- ADH1/Pap+1-RFP). Both strains exhibited unaltered growth
323 characteristics (see Fig. $2B). Equal numbers of WT and gdh2-/- cells were mixed
324 (green:red; 1:1), and the fungal cell suspension was incubated with BMDM at a MOI
325 of 3:1 in HBSS for 30 min before washing non-phagocytosed fungal cells away. The

326  co-cultures were monitored by time-lapse microscopy.

327 Again, contrary to what we expected, the gdh2-/- mutant remained fully

328 competent to initiate hyphal growth in the phagosome of BMDM (Fig. 6).

329 Furthermore, given the perceived importance of environmental alkalization in the
330 onset of phagosomal escape by C. albicans, we anticipated that the gdh2-/- mutant
331 would be killed more efficiently than the wildtype. To test this notion, we performed
332 a colony forming unit (CFU) assay to quantify the survival of phagocytized cells. The
333  results show that Gdh2-mediated alkalization is not essential for survival in BMDM

334 (Fig. 6, lower right panel), a result that is consistent to the recent report by Westman
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335 et al. (25). Together, our data indicate that ammonia extrusion and environmental
336 alkalization are not requisites for the initiation of hyphal formation, growth and

337 survival in the phagosome of primary BMDM.
338
339 Gdh2 activity is dispensable for virulence in intact host

340 Next, we examined the role of Gdh2-dependent alkalization in the capacity of C.
341 albicans to successfully infect an intact living host. We used an improved fruit fly
342  (Drosophila melanogaster) infection model with the Borm“**° flies that lack 10

343 Bomanin genes on chromosome 2 that encode for secreted peptides with

344  antimicrobial property (26). As shown in the survival curve, the gdh2-/- mutant

345 remained competent to infect Bom“**° flies similar to wildtype control (Fig. 7A). The
346  data indicate that Gdh2-dependent alkalization is not required for virulence in a

347  Drosophila infection model.

348 To further assess the importance of Gdh2 in virulence in a more complex host, we
349  used a tail vein infection model using C57BL/6 mice. Two groups of mice (n = 10)
350 were challenged with 3 x 10° wildtype or gdh2-/- cells and survival was monitored
351 for a period of up to 8 days. Similar to the fly model, we observed that the loss of
352  Gdh2 activity did not attenuate virulence (Fig. 7B); the gdh2-/- mutant exhibited

353  survival indistinguishable from wildtype. Consistently, the fungal burden of gdh2-/
354 cells in the brain, kidney and spleen of infected mice 3 days post-infection did not
355 significantly differ to mice infected with wildtype (Fig. 7C). Next we performed a

356 competition assay; equal numbers of wildtype and gdh2-/- cells were intravenously

357 injected in mice and the ratio (R) of wildtype to gdh2-/- cells recovered from kidneys
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358 3 days post-infection was determined. Consistent to our findings in mice individually
359 infected with each strain, the ratio of recovered cells did not significantly differ to
360 that of the inoculum ratio (l) (Fig. 7C). Together, our results indicate that Gdh2 is not
361 required for virulence, and that the loss of Gdh2 activity does not create a selective

362 disadvantage or significantly impair growth in infected model host systems.

363

364 DISCUSSION

365 In this work, we identified a major metabolic step that endows C. albicans with the
366 capacity to increase the extracellular pH by ammonia extrusion in the presence of
367 amino acids. We have shown that under in vitro growth conditions, environmental
368 alkalization is dependent upon GDH2, a gene that encodes the mitochondrial-

369 localized glutamate dehydrogenase. Strikingly, the data clearly show that despite its
370 unambiguous role in alkalization in vitro, GDH2 remained dispensable for the

371 induction of hyphal growth and escape of C. albicans from macrophages, and also
372 dispensable for virulence in intact hosts. Our results, consistent with a recent report
373  (25), suggest that phagosomal alkalization is unlikely to be a defining event required

374  for hyphal initiation of C. albicans in phagosomes of engulfing macrophages.

375 Despite its role as a key enzyme of central nitrogen metabolism, the gdh2-/-

376  mutant exhibited only a modest growth defect on synthetic glucose or glycerol

377 media containing, glutamate as sole nitrogen source (Fig. S1C). Consistent with

378 proline being catabolized to glutamate in a linear pathway mediated by Put1 and
379 Put2, a similar modest growth defect of gdh2-/- was observed when proline was the

380 sole source of nitrogen (Fig. S1C). However, when glucose or glycerol is removed
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381 from the media (i.e., YNB+CAA), and amino acids serve as both carbon and nitrogen
382  sources, the gdh2-/- mutant demonstrated a striking growth defect (Fig. 1B, 1C,
383 S2A). Under these conditions, the impaired growth of cells lacking Gdh2 is likely the
384 consequence of diminished levels of a-ketoglutarate. In the absence of Gdh2, cells
385 must rely entirely on the TCA cycle to generate a-ketoglutarate required to support
386 de novo biosynthetic needs, e.g., amino acid biosynthesis. In the absence of
387 glucose or glycerol, the supply of acetyl-CoA derived from pyruvate becomes

388 limiting, stalling the TCA cycle, and consequently, the growth of gdh2-/- cells.

389 Similar to S. cerevisiae, the Gdh2-catalyzed reaction is the primary source of

390 extruded ammonia in C. albicans. This conclusion is based on the following key

391 observations: 1) a mutant strain lacking GDHZ2 (gdh2-/-) is unable to alkalinize media
392  with amino acids as carbon and nitrogen source (i.e., YNB+CAA) and under non-
393 repressing glucose conditions (Fig. 1C); 2) ammonia extrusion is impaired in gdh2-/-
394 mutant (Fig. 1D); and 3) the Gdh2-catalyzed reaction responsible for alkalization

395 occurs in the mitochondria, and is subject to glucose repression and inhibited by

396 inhibitors of mitochondrial respiration (Fig. 2).

397 The capacity of glucose to repress mitochondrial activity (15) and Gdh2

398 expression (Fig. 3C) may explain why alkalization is only observed when glucose
399 becomes limited or replaced by glycerol. The induced levels of Gdh2 expression
400 observed upon phagocytosis is consistent with the apparent low levels of glucose in
401 phagosomes (27). Together with an expected surge in glutamate coming from the
402  catabolism of arginine or proline (15); Put2 levels are upregulated in phagocytized C.
403 albicans, which requires proline binding to the transcription factor Put3 (15, 28). In

404 the presence of arginine as sole nitrogen and carbon source (i.e., YNB+Arg), the role
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of proline catabolism in alkalization is essential since it is the primary route to
generate glutamate in the mitochondria. However, when other amino acids are
present (i.e., YNB+CAA) such as glutamine, alanine, and aspartate (29), these amino
acids can be converted directly to glutamate bypassing the requirement for the
proline catabolic pathway. The fact that the put7-/- strain still showed a weaker
alkalization compared to wildtype in YNB+CAA indicates that in the absence of
glucose, proline functions a preferred carbon source, which is likely due its

catabolism is efficiently coupled to the generation of ATP.

An unanswered question is how ammonia generated in the mitochondria is
extruded to the external environment. It is possible that ammonia (NHs), known to be
membrane permeable, diffuses across the inner mitochondrial membrane, moving
towards the more acidic inner membrane space where it likely becomes protonated
to ammonium. Ammonium then moves to the cytosol. Although the dissociation of
ammonium to ammonia is not favored at the pH of the cytosol (pH ~7), the small
amount of ammonia that forms can rapidly diffuse across the PM out of cells as long
as the external environment is acidic. Hence, the ability of the ammonia generated
by Gdh2 will likely be the consequence of Pma1 activity, the major proton pumping
ATPase in the PM. Alternatively, and according to several reports, putative ammonia
transport proteins, the Ato family of plasma membrane proteins, are thought to
facilitate ammonia export in C. albicans (11). Supporting this notion, the deletion of
ATOS5 significantly delays alkalization. Interestingly, the requirement for the Ato
proteins suggests that the species traversing the plasma membrane from within the
cell is either charged or polar, thus, it is likely that the transported species is

ammonium (NH4*) and coupled to H* import as previously suggested in yeast (30,
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429  31). Since cytoplasmic pH is tightly regulated, the conundrum persists as to how
430 extruding ammonium can facilitate steady-state alkalization. The underlying
431 mechanism of how Ato proteins facilitate alkalization needs to be precisely defined
432  and placed in context to the fact that ammonia can readily diffuse through
433 membranes, and in so doing, is expected to move directionally towards acidic

434  environments.

435 Due to its central role in nitrogen metabolism, it was surprising that the

436 inactivation of GDH2 did not affect the capacity of C. albicans to form hyphae in the
437 phagosome of macrophage, which is thought to contain amino acids as primary
438 energy sources. This is opposite to what we observed in strains lacking PUT1

439 and/or PUT2, which show phagosome-specific defect in hyphal growth (15). On

440 amino acid-rich Spider and Lee’s medium, containing 1% mannitol and 1.25%

441 glucose as primary carbon sources, respectively, the gdh2-/- mutant also did not
442  show a filamentation defect. On Spider, but not on Lee’s media, both put7-/- and
443  put2-/- mutants have noticeable defects on formation of invasive filaments despite
444  forming wrinkled colonies (our unpublished data). Together, these observations

445  suggest that when glucose is limiting, the energy obtained by the catabolism of

446  proline to glutamate suffices to induce and support hyphal growth; the additional
447  energy derived from the NADH generated by the Gdh2-catalyzed deamination of
448 glutamate is not required. The recent work by Westman et al., demonstrating that
449 phagosomal alkalization is an effect of hyphal expansion and not the underlying

450 trigger that causes filamentation (25), aligns well with our observations. Accordingly,
451 Westman et al. proposed that the step-wise alkalization of the phagosome could be

452  attributed to proton leakage out of the compartment due to the transient physical
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453  stress imposed by hyphal expansion. Also, hyphal formation was found to start prior
454  to a measurable change in pH (pH ~ 5-6), suggesting that alkalization is not the
455  primary stimulus triggering hyphal formation in the phagosome. Beyond the realm of
456 the phagosome, our work also suggests that environmental alkalization via ammonia
457  extrusion, a mechanism that is thought to facilitate virulence of fungal pathogens
458  (32), is dispensable for pathogenesis of C. albicans (Fig. 7) requiring us to rethink

459 the specific role of alkalization in fungal virulence.

460 We confirmed that DUR1,2 does not significantly contribute to alkalization.

461 DUR1,2 is under tight regulatory control by NCR, and thus is not expressed under
462  growth conditions in the presence of preferred amino acids. Our results are

463 inconsistent with previous suggestions that Dur1,2 activity significantly contributes
464  to alkalization (12). The usual growth media (i.e., YPD or SD) used for C. albicans
465 propagation and the standard mammalian cell culture medium (i.e., DMEM or RPMI)
466  used for co-culturing fungal cells with macrophages are all very rich in amino acids,
467  certainly conditions that repress DUR1,2 expression (33). In co-culture experiments,
468 we observed that hyphal initiation (i.e., germ tube formation) following phagocytosis
469 is very rapid, occurring as early as 15-20 min following phagocytosis even in

470  experiments that were carried out in a neutral buffer (i.e., HBSS) suggesting

471  signaling cascades driving this switch are activated at a much earlier time.

472 Finally, we note that time-lapse microscopy has a distinct advantage over

473  endpoint microscopy of fixed co-cultures, since it enables the spatio-temporal

474  dynamics of hyphal formation of both wildtype and gdh2-/- mutant to be accurately
475 followed inside the same macrophage. Time-lapse microscopy allowed us to

476  observe that non-phagocytized fungal cells that remained external even after
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excessive washing can filament resulting in the false impression that the fungal cells

are escaping from the macrophage.

Counteracting the antimicrobial assault in the macrophage phagosome is crucial
for C. albicans survival and dissemination. Due to acidic phagosomal
microenvironment, phagosomal alkalization via ammonia extrusion is not surprising
at all. However, given that C. albicans is retained in a hostile microenvironment
essentially devoid of key nutrients required for growth, it is of paramount importance
for C. albicans to be able to synthesize the cellular components required to
counteract these stresses. For example, the highly polarized hyphal growth requires
a lot of ATP to drive actin polymerization and also the proton extrusion process
mediated by Pma1l to regulate intracellular pH when extracellular pH is low requires
ATP. Thus, on a bioenergetic standpoint, and considering the energy-demanding
nature of hyphal function, the alkalization process does not seem adequate for an
explanation as to how C. albicans is able to support hyphal formation in a hostile
microenvironment with restricted nutrient content. The ability to undergo dimorphic
transitions to hyphal growth and the distention of phagosomal membrane apparently
has major physiological consequence that affects the capacity of macrophage
killing. The findings documented here illuminate and further the understanding of a
major feature of the innate immune surveillance arsenal required for integrity of the
human host, however, more work is clearly needed to understand the spatio-
temporal dynamics of hyphal formation of C. albicans in the macrophage

phagosome.

METHODOLOGY
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500 Organisms, culture media, and chemicals. Strains listed in Table S1 were
501 routinely cultivated in YPD agar medium (1% yeast extract, 2% peptone, 2%
502 glucose, 2% Bacto agar) at 30 °C after recovery from -80 °C glycerol stock. Where
503 needed, YPD medium was supplemented with 25, 100 or 200 pg/ml nourseothricin
504 (Nou; Jena Biosciences, Jena, Germany). Also, where indicated, the glucose in YPD
505 is lowered to 0.2% (YPDo.«%) or replaced with 1% glycerol (YPG) or 2% mannitol
506 (YPM). Specific growth assays were carried out in synthetic minimal medium
507 containing 0.17% yeast nitrogen base without ammonium sulfate and amino acids
508 (YNB; Difco), supplemented with the indicated amino acid (10 mM) as sole nitrogen

509 source and the indicated carbon source, and buffered (pH = 6.0, 50 mM MES).

510 Alkalization assays. Alkalization was assessed using YNB+CAA medium (0.17%
511  YNB, 1% of casamino acids (CAA; Sigma) containing 0.01% Bromocresol Purple
512 (BCP; Sigma) as pH indicator; the pH was set at 4.0 using 1 M HCI. Where

513 indicated, YNB+Arg was used, which contains 10 mM arginine instead of 1% CAA
514  as sole nitrogen and carbon source. Also, where indicated, YNB+CAA medium was
515 supplemented with glycerol (1%) or glucose (2% or 0.2%). Cells from overnight YPD
516  cultures were harvested, washed at least twice in ddH.O, and then suspended at an
517 ODeswo = 0.05 unless otherwise indicated. Cultures were grown with vigorous

518 agitation at 37 °C. Where appropriate Antimycin A or Chloramphenicol was added at
519 the concentrations indicated. Assays on solid media (2% agar), 5 pl aliquots of

520 washed cell suspensions (ODeoo = 1) were spotted onto the surface of media in a 6-

521  well microplate and then grown at 37 °C for up to 72 h.

522 CRISPR/Cas9 Mediated Gene Inactivation. CRISPR/Cas9 was used to

523  simultaneously inactivate both alleles of GDH2 (C5_02600W) (34, 35). Synthetic
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524  guide RNAs (sgRNAs), repair templates (RT), and verification primers used for gene
525 editing are listed in Table S2. Briefly, 20-bp sgRNAs primers (p1/p2), designed
526 according to (36), were ligated to Esp3l (BsmBl)-restricted and dephosphorylated
527 pV1524 creating pFS108. The CRISPR/Cas9 cassette (100 ng/ul) of pFS108, with
528 sgRNA targeting GDH2, was released by Kpnl and Sacl restriction and introduced
529 into C. albicans together with a PCR-amplified RT (p3/p4; 100 ng/ul) containing
530 multiple stop codons and a diagnostic Xhol restriction site (plasmid:repair template
531 volume ratio of 1:3). C. albicans transformation was performed using the hybrid
532 lithium acetate/DTT-electroporation method by Reuss, et al. (37). After applying the
533 1.5 kV electric pulse, cells were immediately recovered in YPD medium
534 supplemented with 1 M sorbitol for at least 4 hours, and then plated on YPD-Nou
535 plates (200 pg/ml). Nou-resistant (Nou®) transformants were re-streaked on YPD-
536  Nou plates (100 pg/ml) and screened for the ability to alkalinize YNB+Arg media.
537 DNA was isolated from transformants exhibiting an alkalization defect and subjected
538 to PCR-restriction digest (PCR-RD) verification using primers (p5/p6) and Xhol
539 restriction enzyme. The gdh2-/- clones (CFG277 and CFG278) were grown overnight
540 in YPM to pop-out the CRISPR/Cas9 cassette. Nou sensitive (Nou®) cells were
541 identified by plating on YPD supplemented with 25 pg/ml Nou (37), resulting in

542  strains CFG279 and CFG281.

543  Reporter Strains. For C-terminal GFP tagging of Gdh2, an approximately 2.8 kB of
544  PCR cassette was amplified from plasmid pFA-GFPy-URA3 (38) using primers

545 (p7/p8). The amplicon was purified and then introduced into CAl4 (ura3/ura3).

546  Transformants were selected on synthetic complete dextrose (CSD) plate lacking

547 uridine. The correct integration of the GFP reporter was assessed using PCR
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548  (p5/p9), immunoblotting, and fluorescence microscopy. CFG275, a gdh2-/- strain
549  constitutively expressing RFP, was constructed by introducing a Kpnl/Sacl fragment
550 from pJA21 containing the Papn-RFP-Nou construct (39) into CFG279;
551 transformants were selected on YPD agar with 200 pg/ml Nou. RFP-positive clones

552  were verified by PCR (p11/p12) and fluorescence microscopy.

553 Ammonia release assay. Quantification of volatile ammonia release was performed
554  in accordance to the modified acid trap method by Morales et al. (40). Briefly, a 2 pl
555 aliquot of ODeoo = 1 cell suspension was spotted onto each well of a 96-well

556  microplate containing 150 pl of YNB+CAA solid medium supplemented with 0.2%
557 glucose and buffered to pH = 7.4 with 50 mM MOPS. The spotted microplate was
558 inverted and then precisely positioned on top of another microplate in which each
559  well contains 100 pl of 10 % (w/v) citric acid. Plates were sealed by parafiim and
560 then incubated at 37°C for 72 h after which, the citric acid solution was sampled for
561 ammonia analysis using Nessler’s reagent (Sigma-Aldrich). The solution was diluted
562 10-fold in 10% citric acid and then a 20-pl aliquot was added to 80 pl Nessler’s

563 reagent on another microplate. After a 30 min incubation period at room

564  temperature, OD4o Was measured using Enspire microplate reader. The level of

565 ammonia entrapped in the citric acid solution was calculated based on ammonium

566 chloride (NH.CI) standard curve.

567 Immunoblotting. For Gdh2 level analysis, cells expressing Gdh2-GFP (CFG273)
568  were grown in liquid YPD for overnight at 30°C and then washed 3X with ddH.O.
569 Cells were diluted in the indicated alkalization media at ODeoo = 2 and then

570 incubated continuously in a rotating drum for 6 h at 37°C with sampling performed

571 every 2 h. In each sampling point, cells were harvested, washed once with ice-cold
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572  ddH:0, and then adjusted to ODsoo =~ 2. Whole cell lysates were prepared using
573  sodium hydroxide/ trichloroacetic acid (NaOH/TCA) method as described previously
574  with minor modifications (41). Briefly, 500 pl of adjusted cell suspension were added
575  to tube containing 280 pl of ice-cold 2 M NaOH with 7% B-Mercaptoethanol (3-Me)
576  for 15 min. Proteins were then precipitated overnight at 4°C by adding the same
577  volume of cold 50% TCA. Protein pellets were collected by high-speed
578  centrifugation at 13,000 rpm for 10 min (4°C) and then the NaOH/TCA solution
579 completely removed. The pellets were resuspended in 50 pl of 2X SDS sample
580 buffer with additional 5 pl of 1 M Tris Base (pH = 11) to neutralize the excess TCA.
581 Samples were denatured at 95-100°C for 5 min before resolving the proteins in
582  sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 4-
583 12% pre-cast gels (Invitrogen). Proteins were analyzed by immunoblotting on
584  nitrocellulose membrane according to standard procedure. After transfer,
585 membranes were blocked using 10% skimmed milk in TBST (TBS + 0.1% Tween)
586 for 1 h at room temperature. For Gdh2-GFP detection, membranes were first
587 incubated with mouse anti-GFP primary antibody at 1:2,000 dilution (JL8, Takara) for
588 overnight at 4°C. For the detection of the primary antibody, an HRP-conjugated goat
589 anti-mouse secondary antibody (Pierce) was used. For loading control, a-tubulin
590 was detected with rat monoclonal antibody conjugated to HRP [YOL1/34] (Abcam).
591 For both secondary antibody and loading control, antibodies were used at 1:10,000
592  dilution in 5% skimmed milk in TBST incubated for 1 h at room temperature.
593 Immunoreactive bands were visualized by enhanced chemiluminescent detection
594  system (SuperSignal Dura West Extended Duration Substrate; Pierce) using

595 ChemiDoc MP system (BioRad).
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596 Filamentation assay. Filamentation in solid Spider (42) or Lee’s (43) media was
597 performed as described (44). Cells from overnight YPD liquid cultures were
598 harvested, washed 3X with sterile PBS, adjusted to ODewo ~ 1 and then 5 pl of cell
599 suspensions were spotted onto the indicated media. Plates were allowed to dry at

600 room temperature before incubating at 37 °C as indicated.

601 Macrophage culture. RAW264.7 murine macrophage cells (ATCC TIB-71) and

602 primary bone marrow-derived macrophages (BMDM) were cultured and passaged in
603 complete RPMI medium supplemented with 10% fetal bovine serum (FBS), 100

604  U/ml penicillin and 100 mg/ml streptomycin (referred to as R10 medium in the text)
605 in a humidified chamber set at 37°C with 5% CO.. For BMDM differentiation, bone
606 marrows collected from mouse femurs of C57BL/6 wildtype mice (7- to 9- week old)
607 were mechanically homogenized and resuspended in R10 medium supplemented
608  with 20% L929 conditioned media (LCM). Differentiation was carried out initially for
609 3 days before boosting the cells with another dose of 20% LCM until harvested.

610 BMDM were used 7-10 days after differentiation.

611 C. albicans Kkilling assay. To assess candidacidal activity by BMDM, we co-

612 cultured C. albicans wildtype and gdh2-/- mutant with BMDM and then assessed
613  colony forming units (CFU) following co-incubation. About 16-24 h prior to co-

614  culture, differentiated BMDM were collected by scraping, counted, and then seeded
615 at 1 x 10°cells/well into a 24-well microplate. C. albicans cells from overnight YPD
616  cultures were collected by centrifugation, washed 3X with sterile PBS, and then

617 added to macrophages at MOI 3:1 (C:M). The plates were briefly centrifuged at 500
618 x g for 5 min to collect the fungal cells at the bottom of each well and then co-

619 cultured for 2 h in a humidified chamber. After co-culture, each well was treated with
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620 0.1% Triton X-100 for 2 min followed by vigorous pipetting to lyse the macrophage
621 and release the fungal cells. Each well was rinsed seven times (7X) with ice-cold
622 ddH.O and collected in a 15-ml conical tube. Lysates were serially diluted and then
623 plated onto YPD. Plates containing colonies between 30-300 were counted. The
624 candidacidal activity (% killing) of BMDM was defined as [1 - (CFU with

625 macrophage/CFU of initial fungal inoculum)] x 100 (45).

626  Confocal microscopy. For subcellular localization of Gdh2, cells expressing Gdh2-
627 GFP (CFG273) from log-phase YPD cultures were harvested, washed 3X with

628 ddH:0, and then grown in SEDg.% (10 mM glutamate and 0.2% glucose) and

629 YNB+CAA for 24 h at 37°C at a starting ODsw = 0.05. Cells from each culture were
630 harvested, washed once with PBS, and then stained with 200 nM (in PBS) of the
631 mitochondrial marker, MitoTracker Red (MTR; Molecular Probes) for 30 min at 37°C.
632  After staining, the cells were collected again and resuspended in PBS before

633  viewing the cells using confocal microscope (LSM800, 63x oil) in the green and red

634 channels.

635 For the investigation of hyphal formation in the phagosome, we co-cultured

636 individual strains with RAW264.7 macrophages. For easier visualization, we pre-
637 stained the fungal cells with fluorescein isothiocyanate (FITC). Briefly, fungal cells
638 were harvested from YPD overnight cultures, washed once with PBS, and then
639 adjusted to ODsy = 10. Cells from 1 ml of adjusted cell suspension were collected
640 and then incubated with FITC solution (1 mg/ml in 0.1 M NaHCO; buffer, pH = 9.0)
641 for 15 min at 30 °C before extensive washing in PBS (3X). Macrophages were

642 seeded at 1 x 10°cells into a 35 mm glass bottom imaging dish (ibidi) and were

643 allowed to adhere overnight (16-24 h). FITC stained fungal cells were added at a
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644  MOI of 1:1 (C:M), and after 20 min, the co-cultures were washed extensively with
645 HBSS (5X) to remove non-phagocytosed fungal cells before adding CO»-
646 independent medium (Gibco). Co-cultures were further incubated for 1.5 h in
647 temperature-controlled chamber (37 °C) of the LSM800 confocal microscope prior

648 to imaging cells (63x objective).

649 Time lapse microscopy (TLM). Unless otherwise indicated, all TLM experiments
650 performed in this paper used the Zeiss Cell Observer inverted microscope equipped
651  with temperature control chamber (37 °C) and appropriate filters to detect

652 fluorophores. For the analysis of Gdh2 expression during alkalization on solid media,
653  cells expressing Gdh2-GFP (CFG273) were collected from overnight YPD culture,
654  washed 3X with ddH-0, and then adjusted to a cell density of ODggo =~ 0.05. To make
655 a YNB+CAA agar slab on which to grow the cells, a 100 pl molten YNB+CAA agar
656 was placed on top of a flame-sterilized slide and then spread evenly to make a thin
657 agar film. The agar was allowed to congeal at room temperature before spotting a 2
658  ul aliquot of adjusted cell suspension and then covered with a coverslip. Single cells
659  were located and then the GFP expression was followed every hour in the green

660 (GFP) channel alongside DIC for 6 h.

661 For Gdh2-GFP expression during macrophage interaction, the same strain

662 (CFG273) was co-cultured with either RAW264.7 or BMDM macrophage pre-stained
663  with LysoTracker Red DND-99 (LST; Thermo Scientific) that marks the acidic

664 compartments inside the macrophage. Macrophages were seeded at 1 x 10°cells
665 into a 35 mm glass bottom imaging dish and were allowed to adhere overnight (16-
666 24 h). Prior to co-culture, medium was removed and then replaced with CO.-

667 independent medium containing 200 nM of LST. Macrophages were stained for at
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668 least 30 min at 37°C. For fungal cell preparation, cells from overnight YPD cultures
669  were harvested, washed 3X with sterile PBS, and then added to macrophages at
670 MOI of 1:1 (C:M). Interaction was followed every 1.5 min for ~3 h (with RAW cells)
671 and 2 min for ~4 h (with BMDM) in the DIC, green (Gdh2-GFP) and red (LST)

672 channels. Movies were saved at 10 fps.

673 For competition assay in the same macrophage (BMDM) co-culture system,

674  wildtype cells constitutively expressing GFP (SCADH1G4A) and gdh2-/- strain

675 expressing RFP (CFG275) from overnight YPD cultures were collected by

676  centrifugation, washed 3X with sterile PBS, and then diluted to ODsw =~ 1. Cells were
677 mixed 1:1 (v/v) in a sterile Eppendorf tube and then vortexed. Prior to co-culture,
678 BMDM (1 x 10°) seeded on imaging dish were washed 2X with HBSS to remove the
679  growth medium. A 100 pl aliquot of mixed fungal cells (~3 x 10° cells) were added to
680 the dish (MOI of 3:1, C:M) and phagocytosis was carried out in HBSS for

681 approximately 30 min in the humidified chamber. Co-cultures were washed at least
682 5X with HBSS and 1X with CO.-independent medium to remove non-phagocytosed
683  fungal cells. CO.-independent medium was added to the dish and TLM was carried
684 out at 37°C in the DIC, green (wildtype) and red (gdh2-/-) channels. Images were

685 acquired every 2 min for ~5 h and then saved as movie at 10 fps.

686  Murine systemic infection model. Groups of female C57BL/6 mice, aged 6-8

687  weeks, were purchased from Beijing Vital River Laboratory Animal Technology Co.,
688 Ltd. These mice were housed in individual ventilated cages in a pathogen-free

689 animal facility at Institut Pasteur of Shanghai, Chinese Academy of Sciences. In
690 each of the mouse studies, the animals were assigned to the different experimental

691 groups. Infections were performed under SPF conditions. All animal experiments
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692  were carried out in strict accordance with the Regulations for the Administration of
693  Affairs Concerning Experimental Animals issued by the Ministry of Science and
694 Technology of the People’s Republic of China, and approved by IACUC at the
695 Institut Pasteur of Shanghai, Chinese Academy of Science with an approval number
696 P2018050. Wildtype SC5314 and gdh2-/- mutant C. albicans cells were inoculated
697 into YPD broth and grown overnight at 30 °C. Cells were harvested and washed
698 three times with phosphate-buffered saline (PBS), and counted using
699 hemocytometer. For each strain, mice (n=10) were injected via the lateral tail vein
700  with 3x10° CFU of C. albicans cells. The mice were monitored once daily for weight
701 loss, disease severity and survival. The fungal burden was assessed by counting
702  CFU. The survival curves were statistically analyzed by the Kaplan-Meier method (a
703  log-rank test, GraphPad Prism). Competitive bloodstream infections were performed
704  using equal numbers of SC5314 and gdh2-/-mutant cells, i.e., with an inoculum (l)
705 ratio of 1:1. At 3 days post infection the abundance and genotype of fungal cells
706  recovered from kidneys was determined and the ratio of wildtype:gdh2-/- in kidneys
707  was calculated (R). Cells lacking gdh2-/- cannot grow on selective YNB+Arg

708 medium. The log»(R/l) values was compared using unpaired t-test.

709
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861 Figure 1. C. albicans GDH2 is required for growth using amino acids as sole
862 carbon and nitrogen sources

863  (A) Schematic diagram of arginine/proline catabolism. Arginine is catabolized to

864  proline in the cytoplasm, proline is transported into mitochondria, proline is

865 catabolized to glutamate in two enzymatic reactions, catalyzed by FAD-dependent
866 proline oxidase (PUT1) and NAD*-linked A'-pyrroline-5-carboxylate (P5C)

867 dehydrogenase (PUT2), respectively. The two central reactions for nitrogen source
868 utilization are catalyzed by NADH-dependent glutamate synthase (GLT7) and NAD*-
869 linked glutamate dehydrogenase (GDH2). The gene products and metabolic steps
870 marked in red are localized to the mitochondria. (B) YPD grown put2-/- (CFG318),
871 putl-/- (CFG154), put1-/- put2-/- (CFG159), dur1,2-/- (CFG246), wildtype (WT,

872 SC5314) and gdh2-/- (CFG279) cells were washed, resuspended at an ODggo of 0.05
873 in YNB+CAA containing the pH indicator bromocresol purple, and the cultures were
874 incubated shaking at 37 °C for 16 h. (C) Wildtype (WT, SC5314), gdh2-/- (CFG279),
875 dur1,2-/- (CFG246) and CRISPR control (CFG182) cells were pre-grown in YPD,

876  washed, resuspended at an ODgo of 1, and 5 pl were spotted onto the surface of
877 solid YNB + CAA bromocresol purple without and with the indicated carbon source.
878 The plates were incubated at 37 °C for 72 h. The images are representative of at
879 least 3 independent experiments. (D) Volatile ammonia released from strains as in

I. *kkk

880 (C); the results are the average of at least 3 independent experiments (Ave. + Cl;
881 p <0.0001).
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882 Figure 2. C. albicans Gdh2 localizes to the mitochondria and environmental
883  alkalization requires mitochondrial function

884  (A) Gdh2-GFP co-localizes with the mitochondrial marker MitoTracker Red (MTR).
885  YPD grown cells expressing GDH2-GFP (CFG273) were harvested, washed, grown
886 in SED (0.2% glucose) or YNB + CAA at 37 °C for 24 h, and stained with 200 nM
887  MTR prior to imaging by differential interference contrast (DIC) and confocal

888 fluorescence microscopy; the scale bar = 5 pm. (B) Wildtype cells (SC5314) from
889  overnight YPD cultures were washed and then diluted to either ODgy = 0.1 (top

890 panel) or = 5 (bottom panel) in liquid YNB+CAA with the indicated concentrations of
891 mitochondrial complex Il inhibitor antimycin A. Cultures were grown at 37 °C under
892 constant aeration for 24 h and 2.5 h, respectively, and photographed. To assess
893  viability after Antimycin A treatment, inhibited cells from 24 h old culture (top panel)
894  were harvested, washed, and then resuspended in fresh YNB+CAA media and

895 incubated for 24 h (up to 48 h) at 37 °C (middle panel). Images are representative of
896 at least 3 independent experiments.
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Figure 3. GDH2 expression is repressed by glucose

(A) Live cell imaging of Gdh2-GFP expression in cells shifted from YPD to
YNB+CAA. CFG273 (Gdh2-GFP) cells were pre-grown in YPD and transferred to a
thin agar slab of YNB+CAA medium. Growth at 37 °C was monitored every hour for
6 h. (B) Gdh2-GFP expression is rapidly induced in cells shifted from YPD to
YNB+CAA. Cells (same strain as in A) were pre-grown in YPD and used to inoculate
liquid YNB+CAA (ODsoo of 2.0); at the times indicated, the pH was measured (right
panel; average of 3 independent experiments) and the levels of Gdh2-GFP
expression (left panel) were monitored by immunoblot analysis. (C) Gdh2 expression
is carbon source dependent. Cells (same strain as in A) grown in YPD were
harvested, transferred to YPG (YP + 1% glycerol; lanes 1-3) and after subsampling
at 6 hr, 2% glucose was added to cultures (lanes 5-6) (left panel); YPD grown cells
were shifted to YNB + CAA with 0.2% glucose (lanes 7-10) or 1% glycerol (lanes 11-
14) and grown at 37 °C (right panels). Extracts were prepared at the times indicated
and the levels of Gdh2-GFP and tubulin (loading control) were assessed by
immunoblotting using primary a-GFP and a-tubulin antibodies.
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914 Figure 4. Gdh2 is dispensable for filamentous growth on solid media and inside
915 phagosomes of engulfing macrophages

916  (A) Wildtype (WT, SC5314), gdh2-/- (CFG279), and CRISPR control (CFG182)

917  strains, pre-grown in YPD, were washed, resuspended at an ODsoo Of 1 in water, and
918 5 pl aliquots were spotted on solid Spider and Lee’s media. Representative colonies
919 were photographed 5 days after incubation at 37 °C. (B) FITC-stained WT (SC5314)
920 and gdh2-/- (CFG279) cells were individually co-cultured with RAW264.7

921 macrophages. Non-phagocytosed fungal cells were removed by washing and the
922  co-cultures were monitored by live cell imaging for 1.5 h; scale bar = 10 pm.
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923

924  Figure 5. Gdh2-GFP expression is induced in C. albicans cells phagocytized by
925 murine macrophages

926 CFG273 cells were co-cultured in CO,-independent medium with (A) RAW264.7
927 macrophages, or (B) primary murine bone marrow-derived macrophages (BMDM)
928 pre-stained with Lysotracker Red (LST) at MOI of 1:1 (C:M). The co-cultures were
929 followed by live cell imaging. Micrographs were taken at the times indicated (see
930 Videos V1 and V2, Supporting Information). In each series, three CFG273 cells are
931 marked prior to (open arrows) and after (closed arrows) being phagocytized.
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932

933 Figure 6. Competition assay to compare wildtype and gdh2-/- filamentation
934 and survival upon phagocytosis by primary BMDM

935  Wildtype (WT; Paoni-GFP; SCADH1G4A) and gdh2/- (Paori-RFP, CFG275) cells (1:1)
936 were co-cultured with primary BMDM (MOI of 3:1; C:M) for 30 min in HBSS. Non-
937 phagocytosed fungal cells were removed by washing and the co-culture was

938 monitored by live cell imaging for 5 h (see video V3, Supporting Information). Solid
939 arrows indicate macrophages with phagosomes containing both WT and gdh2-/-
940 cells; open arrows indicate macrophages with phagosomes containing either WT
941 (green) or gdh2-/- (red) cells. The observed growth of WT and gdh2-/- cells within a
942 single macrophage is schematically illustrated (right upper panel). Candidacidal

943  activity of BMDM (right lower panel); CFUs recovered at 2 h were compared to the
944  CFUs in the starting inoculum.

945
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Figure 7. Virulence of wildtype and gdh2-/- C. albicans in Drosophila and
murine systemic infection models

(A) D. melanogaster Bom“**° flies were infected with wildtype (SC5314) or gdh2-/-
(CFG279) cells as indicated, and the survival of flies was followed for six days. Each
curve represents the average of a minimum of three independent infection
experiments (20 flies/strain) performed on different days. (B) Groups of C57BL/6
mice (n=10) were infected via the lateral tail vein with 3x10° CFU of C. albicans
wildtype or gdh2-/- cells (upper panels) and survival (left) and weight loss (right) was
monitored at the timepoints indicated. Survival curves from two independent
experiments were statistically analyzed by the Kaplan-Meier method (a log-rank test,
GraphPad Prism), no significant difference. The fungal burden (lower panels) in brain
(left), kidney (middle), and spleen (right) extracted from mice 3 days post infection.
Each symbol represents a sample from an individual mouse and results were
compared by Student t-test, no significant difference. (C) Competition assay; mice
were infected via the tail vein with an inoculum (I) comprised of an equal number of
wildtype (SC5314) and gdh2-/- (CFG279), 1:1. At 3 days post infection, the
abundance and genotype of fungal cells recovered from kidneys was quantitated
and the ratio of wildtype:gdh2-/- recovered (R) was determined. The significance of
the log»(R/l) values was assessed using an unpaired t-test, no significant difference
(ns).
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983 Supporting Information - Figures

984  Fig. S1. CRISPR/Cas9-
putative gdh2-/- mediated gene inactivation
S & of GDH2 in C. albicans

\°<\° \oo° (A) A purified Kpnl/Sacl

G o fragment from pFS108,
harboring GDH2-specific

TG+ A sgRNA, and PCR generated

3 _ | (initial pH = 4.0) repair template (RT) were
- N— introduced into wildtype
N N strain SC5314 by
& (bx\ ;% N electroporation. Nou®
& o & W transformants were pre-
B & AN PN ) screened in YNB+Arg
% X X H,0 medium containing the pH
Xhol indicator bromocresol purple;

the |n|t|al pH was 4.0. Three
" Nou® colonies were picked
__PCRamplicon fOr further analysis. Clones #1
and #2 grew poorly and were
unable to alkalinize the
media; clone #3 grew and

9 alkalinized the media. (B)
A A Genomic DNA, isolated from

3 ]» Xhol fragments

\y the three clones, was used as
N template for PCR
& amplification of the targeted
o
¢ © GDH?2 locus; ddH.O was

used as negative control.
4 Restriction of the amplified
e . ’ @' 0 1 . Q @ 5 XF& ~900 bp fragment by Xhol is
" diagnostic for successful
mutagenesis. Strains, clone
1 (CFG277) and clone #2
(CFG278) carry inactivated
SEG gdh2-/- alleles. (C) GDH2 is
not essential but required for
robust growth on glutamate
or proline as sole nitrogen
source. Five microliters of
serially diluted wildtype

SPG (SC5314), gdh2-/- NATR
(CFG277), gdh2-/- NAT®
(CFG279), and control
' (CFG182) cells were spotted
2% glucose 1% glycerol on yeast peptone (YP),
1029  synthetic glutamate (SE) and
1030 synthetic proline (SP) media
1031 containing either 2% glucose
1032 (D) or 1% glycerol (G) as
1033 carbon source. The plates
1034 were incubated for 48 h at 30
1035 °C and photographed.

1036
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1038 Fig. S2. Growth characteristics of wildtype and gdh2-/- strains in liquid
1039 YNB+CAA with and without glucose and chloramphenicol (Cm)

1040 (A) Gdh2-dependent alkalization is sensitive to glucose (Left panel). YPD grown
1041  wildtype (WT, SC5314) and gdh2-/- (CFG279) cells were collected, washed, and
1042  diluted to an ODsw of 0.05 in YNB+CAA with 0, 2 or 0.2% glucose as indicated. The
1043  cultures were grown under vigorous agitation at 37 °C for 16 h and the pH was
1044 measured (the initial pH was 4.0; the values indicated are the average of three

1045 replicate cultures). Alkalization is linked to mitochondrial function (Right panel).

1046  Wildtype cells (SC5314) from overnight YPD cultures were washed and diluted to
1047  ODew = 0.1 in liquid YNB+CAA (0.2% glucose) with the indicated concentrations of
1048  mitochondrial translation inhibitor chloramphenicol. Cultures were grown at 37 °C
1049  under vigorous agitation for 16 h. (B) Phenotypic validation of the reporter strains
1050 used in macrophage co-cultures. Growth of wildtype (WT; Papni-GFP; SCADH1G4A)
1051  and gdh2-/- (PaoHi-RFP, CFG275) cells in YNB+CAA supplemented with 0.2%

1052  glucose. Cultures were grown for 16 h at 37 °C.
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1054 Supporting Information - Tables

Table S1. Strains used in this study.

Strain Genotype Reference
CAl4-derived strains
CAl4 ura3A::imm434/ura3A::imm434 (46)
CFG273 ura3A::imm434/ura3A::imm434 GDH2/GDH2-  This work
GFP-URAS3
SC5314-derived strains
SC5314 Prototrophic wild type
CFG154 NEUT5L::FRT puti-/puti- (15)
CFG159 NEUTSL::FRT puti-/put1- ENO1/eno1::Penoi-  (15)
CC9-pFS083 put2- /put2-
CFG318 NEUTS5L::FRT put2- /put2- (15)
CFG182 NEUT5L::pV1524 (15)
CFG246 ENO1/eno1::Penor-CC9-pFS039 durl,2-/- (15)
CFG275 NEUT5L::FRT gdh2-/- ADH1/adh1::Papri-RFP-  This work
NAT
CFG277 NEUT5L::Penori-CC9-pFS108 gdh2-/- (Clone 1) This work
CFG278 NEUTS5L::Penor-CC9-pFS108 gdh2-/- (Clone 2)  This work
CFG279 NEUTS5L::FRT gdh2-/- (from CFG277) This work
CFG281 NEUT5L::FRT gdh2-/- (from CFG278) This work
CFG283 NEUTS5L:: PENo1-CC9-,DFS708 This work
SCADH1G4A ADH1/adh1::Papni-GFP-caSAT1 @47
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1056 Table S2. Primers used in this study

p# Primer Name Sequence Reference
1 sgRNA-GDH2T atttgTACATTGACTCCCCCTTTAGg This study
sgRNA-GDH2B aaaacCTAAAGGGGGAGTCAATGTAc This study

3 RT-GDH2Top GTTTAAACATTTACAGAACCACATCAAACAC  This study
TTCATCCCAAGTTAGTTTGAAACACGACTAA

ctcgagTAAHTAGGG
4 RT-GDH2Bot CAGGGATAAAACCAGTGGAATCCAAAACAT  This study
CCAAAACCTGATCAAATTGATCCTTTTTACC
CTAaaTTActcgagTTAGTC
GDH2-VerF CACATAGAGTATGCATGCAC This study
6 GDH2-VerR GATTCAGCATCAACAGTGTC This study

GDH2-GFPTop GTTTACTCTAGAGGAATCGATTCTAATCCTG  This study
CTAAATTTTTGGAATTTATCAGTTCTATTAGA
AAGGATTTTATTCAAAAGGGATTGCTCAAGT
ATGGTGCTGGCGCAGGTGCTTC

8 GDH2-GFPBot AAGCAAACTTTAAATAAATAATTATAAATAGA  This study
ATTTTTGAAAATCAAGCATTTTCTCATAATTAT
AGATAAATCTCTAAACGTATTTGAAACAACCT
CTGATATCATCGATGAATTCGAG

9 GDH2-GFPverrev CTTCGGGCATGGCACTCTTG This study
10 p91_FS95 GGCATAGCTGAAACTTCGGC (15)
11 p112_5'ADH1test ACAATATTTGATAGAGAC (15)
12 p113_3'ADH1test TTGAATCTACGAGACTC (15)
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