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Summary

Cell survival depends upon the ability to adapt to changing environments. Environmental
stressors trigger an acute stress response program that rewires cell physiology, downregulates
proliferation genes and pauses the cell cycle until the cell adapts. Here, we show that dynamic
phosphorylation of the yeast cell cycle-regulatory transcription factor Hcm1 is required to maintain
fitness in chronic stress. Hcm1 is activated by cyclin dependent kinase (CDK) and inactivated by
the phosphatase calcineurin (CN) in response to stressors that signal through increases in
cytosolic Ca®". Expression of a constitutively active, phosphomimetic Hcm1 mutant reduces
fitness in stress, suggesting Hcm1 inactivation is required. However, a comprehensive analysis
of Hcm1 phosphomutants revealed that Hcm1 activity is also important to survive stress,
demonstrating that Hcm1 activity must be toggled on and off to promote gene expression and
fitness. These results suggest that dynamic control of cell cycle regulators is critical for survival in

stressful environments.

Introduction
Cells are continuously exposed to stressors in the environment and must adapt to these
challenges to survive and proliferate. Adaptation not only protects healthy cells from death, but
conversely, it can promote the development of disease. For instance, cancer cells must adapt to
stressful environments when they metastasize to distant sites', and fungal pathogens rely upon
stress response pathways for survival within the host?. Despite the importance of this process,
the long-term changes that cells must undergo to maintain fithess and proliferation when faced
with chronic stress are poorly understood.

The acute stress response, which occurs immediately following exposure to an
environmental stressor, is conserved from yeast to humans and includes a downregulation of
protein synthesis and an upregulation of stress response genes®*. In addition to these changes

that impact cell physiology, cell cycle-regulatory genes are downregulated, and cells undergo a
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transient cell cycle arrest®®

. After cells adapt to the new environment, the acute stress response
is resolved and cells resume proliferation in the new environment, albeit at a reduced rate’. It is
thought that it is important to pause cell division while cells undergo adaptation to promote long-
term survival®®, however this has not been examined for most stressors.

Some stressors signal through an increase in cytosolic Ca** and coordinate the stress
response program and cell cycle changes by activating the conserved Ca*'-activated
phosphatase calcineurin (CN)'®"'. CN activation leads to a decrease in expression of cell cycle-
regulatory genes and controls the length of cell cycle arrest, in combination with the stress
activated MAPK Hog1/p38'2. One direct target of CN in budding yeast is the S-phase transcription
factor (TF) Hcm1'™. Hem1 is a forkhead family transcriptional activator which, like it's human

homolog FoxM1, plays a crucial role in maintaining genome stability'°

. Hem1 regulates
expression of key cell cycle genes including histone genes, downstream cell cycle-regulatory TFs,
and genes that regulate mitotic spindle function. As cells progress through the cell cycle, Hcm1 is
activated by multisite phosphorylation by cyclin dependent kinase (CDK)'®. CDK phosphorylates
eight sites in the Hcm1 transactivation domain (TAD) to stimulate its activity and a three site
phosphodegron in the N-terminus to trigger proteasomal degradation. Immediately following
exposure to CaCl, or LiCl stress, two stressors that activate CN, CDK activity decreases, the
activating phosphates on Hcm1 are specifically removed by CN, and expression of Hcm1 target
genes decreases'>'*'". Whether or not Hcm1 inactivation is critical for cells to adapt and survive
in the face of chronic stress is unknown.

Mutations within the Hcm1 TAD have been used to study the consequences of
phosphorylation. Phosphomimetic mutations at all CDK phosphosites in the TAD generate a
constitutively active protein that leads to increased expression of Hcm1 target genes’®. In normal
growth conditions this mutant provides a fithess advantage to cells, rendering them more fit than

wild type (WT)'™'8. This is a surprising result because advantageous mutations are expected to

be selected for during evolution. However, the fact that activating phosphates are removed by CN
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when cells are faced with stress suggests that dephosphorylation and inactivation of Hcm1 may
be necessary for cells to survive in stressful environments.

Here, we investigated this possibility and found that cells expressing a constitutively active,
phosphomimetic Hcm1 mutant lose their fithess advantage when exposed to LiCl stress for
several days. To determine the optimal level of Hcm1 activity for fitness in this environment, we
screened a collection of Hcm1 mutants that encompass all possible combinations of non-
phosphorylatable and phosphomimetic mutations in the TAD, representing the entire spectrum of
possible activity levels. Surprisingly, this screen revealed that almost all mutants were less fit
when growing in stress compared to stress-free conditions. Moreover, Cks1-docking sites that
stimulate Hcm1 activity by promoting processive phosphorylation by CDK became more important
for fitness when cells were grown in chronic stress. Finally, mutants that have increased Hcm1
activity because proteasomal degradation is blocked, but retain dynamic phosphoregulation of
the TAD, were more fit than WT cells in chronic stress. These results demonstrate that simple
Hcm1 inactivation is not the mechanism by which cells survive in chronic stress; instead, dynamic
regulation of the Hcm1 activity — obtained through a combination of phosphorylation by CDK and

dephosphorylation by CN — is critical to maintain fitness.

Results

Expression of a phosphomimetic Hcm1 mutant decreases fitness in LiCl stress

CDK phosphorylates eight sites in the Hcm1 TAD to activate the protein during an unperturbed
cell cycle. When cells are exposed to a CN-activating stressor such as CaCl, or LiCl, these
phosphates are removed by the phosphatase CN'*'® (Figure 1A). This dephosphorylation occurs
rapidly after exposure to LiCI"® and, notably, Hcm1 remains in a hypophosphorylated state after
cells adapt to LiCl stress and resume cycling (Figure 1B). To determine if dephosphorylation of

Hcm1 is necessary for cells to survive when faced with chronic LiCl stress, we utilized a
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79  constitutively active phosphomimetic Hcm1 mutant, Hcm1-8E, in which each CDK site in the TAD
80 is mutated to two glutamic acids (S/T-P to E-E) to mimic the charge of a phosphate'®'®. The Hcm1-
81 8E protein is more active than WT Hcm1 and, as a result, confers a fitness advantage to cells in
82  a competitive growth assay in optimal growth conditions that lack environmental stressors. To
83 determine the consequence of elevated Hcm1 activity in stress, we compared the fitness of cells
84  expressing Hcm1-8E to cells expressing WT Hecm1, in the presence or absence of LiCl (Figure
85  1C-1D). As previously shown, hcm1-8E cells exhibited a fitness benefit in the absence of stress
86  (Figure 1C). However, hcm1-8E cells lost their fithess advantage and displayed a modest fithess
87  defect when cultured in medium containing LiCl (Figure 1D), supporting the possibility that cells
88 need to inactivate Hcm1 to survive in the presence of chronic LiCl stress.
89
90 Hcm1 mutants with fixed phosphorylation states are less fit in LiCl stress
91 Hcm1 retains some phosphorylation when cells are grown for three days in LiCl (Figure 1B),
92  suggesting that some activity may remain, and that a reduced level of Hcm1 activity might be
93 optimal in stress. To test this hypothesis, we employed Phosphosite Scanning, a recently
94  developed screening approach that can simultaneously determine the effects of hundreds of
95  phosphosite mutations on cellular fitness'®. In this approach, a collection of strains expressing
96 different phosphomutant proteins are pooled and passaged together. The abundance of each
97 mutant in the population is followed over time by deep sequencing and a selection coefficient is
98 calculated, based on the change in abundance of each mutant over time relative to WT. Screening
99 libraries of mutants with all possible combinations of unphosphorylatable and phosophomimetic
100 mutations enables the determination of the contribution of each individual phosphosite to a fithess
101 phenotype.
102 To determine how different levels of Hcm1 activity impact fitness in stress, we performed
103  Phosphosite Scanning screens with a collection of mutants in which each CDK phosphosite (S/T-

104  P)in the TAD is mutated to an unphosphorylatable alanine (A-P) or two glutamic acids (E-E), in
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105  all possible combinations (A/E library, Figure S1A)'. In unstressed growth conditions, fitness
106  values conferred by these Hcm1 mutants are highly correlated with the activity of each mutant
107  and this collection of mutants represents the entire continuum of possible Hcm1 activities, from
108 the completely inactive Hcm1-8A mutant (with all phosphosites mutated to A-P) to the Hcm1-8E
109  mutant that has increased activity relative to WT'®. To determine how each Hcm1 mutant impacts
110 fitness in stress, these mutants were simultaneously screened in control and LiCl containing
111 media (Figure 2A).

112 First, we examined how overall fitness was impacted when cells were growing in stress.
113  Selection coefficients of each mutant in LiCl-containing medium were directly compared with
114  those from control medium (Figure 2B). Surprisingly, although there was a strong correlation
115  between selection coefficients in the two environments, almost all mutants were less fit in LiCl
116  than control conditions. This effect was most severe for mutants with greatest number of
117  phosphomimetic (activating) mutations (Figure 2C), whereas mutants that had two or fewer
118  phosphomimetic mutations were most similar between control and LiCl media. Notably, although
119  the hem1-8E mutant displayed a modest fitness defect in pairwise competition assays carried out
120 in LiCl (Figure 1D), it had a slight fithess advantage in pooled screens. This observation is likely
121 due to technical differences in the experimental approach, and consistent with previous findings
122  that pooled screens result in slightly higher selection coefficients than pairwise competition
123  assays'®. However, the hcm1-8E mutant fitness advantage was modest in pooled LiCl screens
124  and decreased in LiCl compared to control conditions (Figure 2C, mutant with eight E
125  substitutions). These data demonstrate that Hcm1 activity is required for fithess in stress, however
126  the most highly active mutants exhibit large reductions in fitness compared to control growth
127  conditions.

128 Next, we wanted to determine how individual TAD phosphosites impact cellular fitness in
129  LiCl stress. To do this, we compared the selection coefficients of all mutants that had either a non-

130 phosphorylatable alanine (A) or two glutamic acids (E) at each site (Figure 2D, 2E). In both control
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131 and LiCl conditions, a phosphomimetic mutation at any site increased fitness relative to an alanine
132  substitution at the same site. Notably, mutations at sites T460 and S471 had the greatest effect
133  on fitness in both conditions, consistent with previous measurements in the absence of stress’®.
134  Together, these data show that when phosphorylation patterns of Hcm1 are fixed because all sites
135  are changed to either phosphodeficient or phosphomimetic amino acids, the fitness of almost all
136  mutants is decreased in stress. This raises the possibility that it is not inactivation of Hcm1 that is
137 important for cells to maintain fitness in stress, but rather dynamic regulation conferred by
138  phosphorylation and dephosphorylation of the TAD.

139

140 Elevated importance of processive Hcm1 phosphorylation in stress

141  To investigate the importance of dynamic phosphorylation of Hcm1 in stress, we used
142  Phosphosite Scanning to screen libraries of mutants that include WT phosphosites in combination
143  with phosphodeficient or phosphomimetic mutations. In contrast to the A/E library, in which all
144  phosphosites are fixed, the inclusion of WT sites allows some phosphorylation by CDK during the
145 experiment and can reveal how a fixed phosphorylation state at one site influences
146  phosphorylation at other sites'®. We screened two collections of mutants: one in which all sites
147  are either WT or a non-phosphorylatable alanine (WT/A library, Figure S1B); and one in which all
148  sites are either WT or phosphomimetic (WT/E library, Figure S1C)'8. The fitness of all mutants
149  was compared between control conditions and LiCl conditions, as described above.

150 First, we asked whether all eight sites in the TAD contribute to fitness in LiCl stress, by
151  analyzing the results from the WT/A library screen. Similar to the A/E screen, selection coefficients
152  for all mutants were correlated between control and LiCl stress, however all scores were reduced
153 in LiCl compared to control (Figure S2A). Moreover, alanine substitutions in an otherwise WT
154  background reduced fitness to a greater extent than observed when the same alanine
155  substitutions were included an otherwise phosphomimetic background (compare Figure S2B with

156  Figure 2C). This observation is consistent with a previous discovery that CDK relies upon the


https://doi.org/10.1101/2024.09.18.613713
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.18.613713; this version posted September 19, 2024. 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-NC-ND 4.0 International license.

157  phosphoadapter subunit Cks1 to promote phosphorylation of critical regulatory sites in the Hcm1
158  TAD'. Cks1 can only bind to phosphothreonine®?°, so alanine substitutions reduce activity in two
159  ways: first, activity is directly reduced because alanines cannot be phosphorylated and provide
160 the charge conferred by a phosphate and second, activity is indirectly decreased because
161 alanines cannot interact with Cks1 and thereby reduce phosphorylation of more C-terminal WT
162  sites in the domain. Despite the decreased fitness of all mutants in the WT/A library, fitness
163  generally increased with the number of WT sites in any given mutant (Figure S2B), and a WT site
164  was more advantageous than an alanine at each position (Figure S2C, S2D), in both control and
165  LiCl conditions. These results support the conclusion that phosphorylation at each site contributes
166  to Hcm1 activity in both control and stress conditions.

167 We further explored the contribution of Cks1 priming sites to fitness in stress by screening
168 the WTI/E library (Figure S1C). Like alanine mutations, phosphomimetic (E-E) mutations cannot
169  serve as Cks1 priming sites. Because of this, E-E substitutions effectively behave as separation
170  of function mutations: they contribute to Hcm1 activation because they are charged, but are
171 unable to act as Cks1 priming sites, so they impair phosphorylation of more C-terminal WT sites
172 in the TAD. The cumulative effect of these mutations is evident when comparing selection
173  coefficients of WT/E mutants in control and LiCl conditions (Figure 3A). Whereas most mutants
174  in this collection are more fit than WT in control conditions, the majority of mutants become less
175  fitthan WT in stress (Figure 3A, lower right quadrant). The subset of mutants that remained more
176  fit than WT in stress included most mutants that have phosphomimetic mutations at T460 and
177  S471, likely because this group of mutants does not depend on Cks1 priming to facilitate the
178  phosphorylation of these two sites that have the greatest impact on Hcm1 activity (Figure 2D).
179  Notably, in the WT/E library, fithess did not increase with the number of phosphomimetic mutations
180 when cells were growing in LiCl (Figure 3B), suggesting that priming by Cks1 is of increased

181 importance when cells are growing in stress.
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182 To further investigate the need for Cks1 priming, we analyzed the fithess of
183  phosphomutants based on their genotype at each site. If a phosphomimetic mutation has a
184  negative effect and confers a reduced selection coefficient compared to the WT CDK site, it
185  suggests that position functions as a priming site'®. For example, in control media mutants that
186  are phosphomimetic at site 428 are less fit than mutants that are WT at the same site, indicating
187  that site 428 is a Cks1 priming site (Figure 3C)'"® .Notably, this deleterious fitness effect was
188  amplified in LiCl stress, and there was a similar reduction in fitness among mutants that are
189  phosphomimetic at site 440 (Figure 3D). Interestingly, mutants that were phosphomimetic at two
190 additional sites, 479 and 486, also showed a reduction in fitness relative to mutants that are WT
191 at the same sites in LiCl. Since these phosphomimetic mutations improved or had little effect on
192 fitness in control conditions (Figure 3C), it suggests that these may be additional Cks1 priming
193  sites within the Hcm1 TAD that only become important for fitness in stress. In fact, mutants with
194  phosphomimetic mutations at either T428 and T440 or T479 and T468 displayed significantly
195 reduced fitness in stress compared to mutants with WT sites, despite equivalent fithess in control
196  conditions (Figure 3E, 3F). The importance of Cks1-dependent priming supports the conclusion
197  that dynamic phosphorylation of the Hcm1 TAD is critical for fithess when cells are challenged
198  with LiCl stress.

199

200 Dynamic phosphorylation of the Hcm1 TAD is required for fitness in stress

201 If the hem1-8E mutant is less fit in stress because its phosphorylation cannot be dynamically
202 regulated, and not because it has increased activity, then an alternative mutant in which activity
203 is increased by a different mechanism might not exhibit reduced fitness in stress. To test this
204  possibility, we examined the fitness of hecm1-3N mutant cells. Hcm1-3N contains three alanine
205  substitutions in the N-terminal phosphodegron that prevent proteasomal degradation and stabilize
206 the protein, thereby increasing Hcm1 activity without perturbing TAD phosphorylation dynamics

207  (Figure 4A)". Cells expressing Hcm1-3N exhibit similar increases in fitness as Hcm1-8E
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208 expressing cells, compared to WT, in the absence of stress (Figure 4B, 1C, 4F)"*'8 Importantly,
209 the Hcm1-3N mutant contains a WT TAD, so phosphorylation is reduced in chronic stress, despite
210 increased Hcm1 protein levels (Figure S3A, S3B). If it is dynamic regulation of Hcm1 that is
211 important for fitness in stress, hcm1-3N cells should differ from hcm1-8E and retain their fitness
212  advantage.

213 To test this hypothesis, pairwise competition assays were carried out between hcm1-3N
214  and WT cells in control and LiCl containing medium. Consistent with previous observations, hcm1-
215 3N cells were more fit than WT cells in control conditions (Figure 4B, 4F). Notably, in contrast to
216  the decreased fitness observed in hcm1-8E cells (Figure 1D, 4F), the fitness benefit in hcm1-3N
217  cells was enhanced when cells were challenged with LiCl stress (Figure 4C, 4F). To compare
218 these effects directly, these two sets of mutations were combined to generate a stable,
219  constitutively active mutant (hecm1-3N8E, Figure 4A). In a pairwise competition assay, hcm1-3NSE
220 cells had similar fithess as hcm1-3N cells in control conditions (Figure 4D), as previously
221 reported'®. However, hcm1-3N8E cells were less fit than hem1-3N in LiCl stress (Figure 4E).
222  Therefore, preventing dynamic phosphorylation reverses the fitness benefit provided by increased
223  Hcm1 expression in stress.

224 When cells are continuously exposed to a CN-activating stress, cells experience bursts in
225  cytosolic Ca?*, followed by pulses of CN activity?'?2. This suggests that Hcm1 may undergo pulses
226  of inactivation in chronic stress, which could then be reversed by CDK activity. For some TFs,
227 increasing the frequency of activation results in a greater induction of target gene expression,
228  compared to increasing the amplitude of TF activity?>?*. Therefore, we considered that Hcm1 may
229 undergo pulses of activity in stress, through modulation of phosphorylation, which in turn could
230 impact the expression of its target genes. If so, hcm1-8E cells may be unable to activate target
231 genes to the same extent as hem1-3N when exposed to stress. To test this hypothesis, cells
232  expressing WT Hcm1, Hcm1-3N or Hcm1-8E were grown in control medium or LiCl for 40 hours

233 and Hcm1 target gene expression was quantified by RNA sequencing. Hcm1 only activates target
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234  gene expression during S-phase. Consequently, because the experiment was performed in
235 asynchronous cultures, where only ~16% of cells are in S-phase (Figure S3C), we observed
236  modest fold change differences between wild type and mutant strains for individual Hcm1 target
237  genes (Dataset S2). For this reason, we used Gene Set Enrichment Analysis (GSEA) to examine
238 changes in expression of Hcm1 target genes as a group. GSEA revealed that Hcm1 targets were
239  collectively expressed at elevated levels in both hcm1-3N and hem1-8E mutants compared to WT
240 in unstressed conditions, confirming that the two mutants exhibit a similar increase in activity
241  (Figure 4G, a negative normalized enrichment score (NES) indicates lower expression in WT
242  compared to mutant). However, when cells were grown in LiCl, Hcm1 target genes increased in
243  expression in hem1-3N cells, but not in hem1-8E cells. Moreover, target genes were more highly
244  expressed in hecm1-3N cells than hem1-8E cells when they were directly compared (Figure 4G).
245  These results demonstrate that dynamic phosphorylation of Hcm1 in stress increases expression
246  of Hcm1 target genes and suggests that expression of these genes promotes fitness in stress.
247

248 Discussion

249 Immediately upon exposure to an environmental stressor, cells rewire many cellular pathways to
250 promote stress resistance and long-term survival. A conserved feature of this acute response is
251 the inactivation of cell cycle-regulatory TFs and downregulation of their target genes. Although
252  cell cycle arrest is not required for the execution of the acute stress response?, it is possible that
253 arrest and/or downregulation of cell cycle-regulatory genes is important for adaptation and
254  survival after cells resume proliferation in the new environment. In support of this possibility, we
255 found that expression of the Hcm1-8E phosphomimetic mutant, which cannot be
256  dephosphorylated and inactivated, reduces fitness in chronic LiCl stress (Figure 1D). However,
257  several pieces of evidence argue that simple Hcm1 inactivation does not promote fitness in stress,
258  but rather its phosphorylation must be dynamically regulated to activate target gene expression

259 and ensure fitness. First, almost all Hcm1 phosphosite mutants that retain activity but have fixed

10
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260 phosphorylation states are less fit in LiCl than control conditions (Figure 2B). This includes
261 mutants that have WT-like activity, as well as those that have increased activity compared to WT.
262  Second, TP motifs that function as Cks1 priming sites to promote processive phosphorylation by
263 CDK are of greater importance in stress (Figure 3E, 3F), which suggests that increased CDK-
264  dependent phosphorylation is required to counteract CN-dependent dephosphorylation. Finally,
265 cells expressing the Hcm1-3N protein, which has increased activity because it is stabilized but
266  retains phosphorylation-dependent activation'®, confers a fitness advantage in LiCl stress (Figure
267  4C). Together, these data demonstrate that Hcm1 activity is required for fitness in stress, and that
268 its dynamic phosphoregulation is critical.

269 Dynamic regulation is a recognized feature of many TFs, most notably TFs that respond
270  to stress. In mammalian cells pulsatile nuclear localization and activation of NFAT?°, p532%-2¢ and
271 NFkB?*2 |ead to an altered transcriptional output in response to different signals. In budding
272  yeast, at least ten TFs display pulsatile nuclear localization in response to specific cues, thereby
273  increasing frequency of their activation®®. In the case of the stress-activated TF Msn2, exposure
274  to distinct stressors triggers either sustained or pulsatile Msn2 nuclear localization®*, resulting in
275  expression of distinct groups of target genes belonging to different promoter classes®2*. Notably,
276 the CN-regulated TF Crz1 also exhibits pulsative activation via regulation of its nuclear
277  localization?'?2, When cells are exposed to continuous extracellular CaCl,, the frequency of
278 cytosolic Ca®* pulses increases, and these are followed by pulses of CN activation. CN then
279 dephosphorylates Crz1, leading to pulses of nuclear localization and target gene activation.
280 Importantly, Hcm1 does not display pulses of nuclear localization®, instead its activation is
281 controlled by phosphorylation. Since Hcm1 is also a CN target, we propose that when cells are
282  growing in LiCl stress pulses of CN activity result in dephosphorylation and inactivation of Hcm1,
283  which are then countered by CDK-dependent phosphorylation, leading to pulses of Hcm1 activity.

284  To our knowledge the only described mechanism of TF frequency modulation is through changing

11
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285  TF localization, therefore dynamic phosphorylation represents a novel mechanism of controlling
286  TF target gene expression in stress.

287 Dynamic phosphoregulation is likely to also control the activities of other CDK target
288  proteins in stress. In addition to CN, which antagonizes CDK as well as other kinases'', the cell

3-37 and could

289  cycle-regulatory phosphatase Cdc14 is activated during the stress response
290 regulate phosphorylation dynamics. Moreover, a recent phosphoproteomic study monitored
291 proteome-wide phosphorylation after acute exposure to more than 100 stress conditions and
292  found that ~20% of phosphorylated proteins show a change in phosphorylation after acute stress
293  exposure®. However, monitoring dynamic changes in phosphorylation status has largely been
294  restricted to proteins that undergo a localization change or other easily measurable phenotype.
295 Here, we show that Phosphosite Scanning can be used to reveal the importance of
296  phosphorylation dynamics'. Screening mutants in which all sites are mutated to either non-
297  phosphorylatable or phosphomimetic mutations reveals the importance of being able to add and
298 remove phosphates. In addition, by screening mutants that combine phosphosite mutations and
299  wild type sites, Phosphosite Scanning can reveal whether priming sites for the CDK accessory
300 subunit Cks1 are important in stress, supporting the importance of dynamic phosphorylation. We
301 anticipate that this approach will enable the investigation of phosphorylation dynamics of other
302 proteins and reveal whether dynamic phosphorylation is a common mechanism that modulates

303  protein function when cells are growing in stressful environments.

304
305 Methods
306 Yeast strains and plasmids

307  All cultures were grown in rich medium (YM-1) or synthetic media lacking uracil (C-Ura) with 2%
308 dextrose or galactose. Cultures were grown at 30°C or 23°C as indicated. A record of strains and

309 plasmids used in this study can be found in Tables S1 and S2, respectively.
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310
311 Co-culture competition assays

312  Pairwise competition assays were done as described in Conti et al. 20238, Strains in which the
313 endogenous copy of HCM1 is regulated by a galactose inducible promoter (GAL1p-HCM1) and
314  expressing either WT or non-fluorescent GFP were transformed with plasmids expressing WT or
315  mutant HCM1 from the HCM1 promoter. Initially, cultures were grown in synthetic media lacking
316  uracil with 2% galactose to ensure expression of HCM1. Logarithmic phase cells were equally
317 mixed by adding one optical density (OD600) of each strain to the same culture tube in a final
318  volume of 10mL C-Ura with 2% galactose. To determine the starting abundance of each strain,
319 0.15 optical densities were collected from the co-culture tubes. Samples were pelleted by
320 centrifugation, resuspended in 2mL sodium citrate (50mM sodium citrate, 0.02% NaNs, pH 7.4)
321  and stored at 4°C pending analysis by flow cytometry. To evaluate fithess in LiCl stress, co-
322  cultures were diluted within a range of 0.005-0.04 optical densities (ODeoo) into synthetic media
323  lacking uracil with 2% dextrose with or without 150mM LiCl after mixing at the start of the
324  experiment. Cultures were then sampled and diluted every 24 hours for a total of 96 hours.
325  Cultures reached saturation prior to dilution. At each timepoint, 0.15 optical densities were
326  collected, pelleted, and resuspended in 2mL sodium citrate, and stored at 4°C until the conclusion
327  of the experiment. Following the final timepoint, the percentage of GFP positive cells was
328 quantified in each sample using a Guava EasyCyte HT flow cytometer and GuavaSoft software.
329 5000 cells were measured in all samples. Results were analyzed using FloJo software. Averages
330 of n=3-13 biological replicates are shown, exact number is indicated in the figure legends.
331  Selection coefficients for pairwise assays were calculated by calculating the slope of the best fit

332 line of log2 fold change in mutant fraction over time, relative to WT in the same experiment.

333
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334  Western blotting

335  Yeast culture amounting to one optical density (OD600) was collected, pelleted by centrifugation,
336  and stored at-80°C prior to lysis. Cell pellets were lysed by incubation with cold TCA buffer (10mM
337  Tris pH 8.0, 10% trichloroacetic acid, 25mM ammonium acetate, 1mM EDTA) on ice for 10
338 minutes. Lysates were mixed by vortexing and pelleted by centrifugation at 16,000xg for 10
339 minutes at 4°C. The supernatant was aspirated, and cell pellets were resuspended in 75uL
340 resuspension solution (100mM Tris pH 11, 3% SDS). Lysates were incubated at 95°C for five
341 minutes then allowed to cool to room temperature for five minutes. Lysates were clarified by
342  centrifugation at 16,000xg for 30 seconds at room temperature. Supernatants were then collected,
343 transferred to a new tube and 25ulL 4X SDS-PAGE sample buffer (250mM Tris pH 6.8, 8% SDS,
344  40% glycerol, 20% B-mercaptoethanol) was added. The samples were incubated at 95°C for five

345 minutes, then allowed to cool to room temperature and stored at -80°C.

346 For standard Western blots, resolving gels contain 10% acrylamide/bis solution 37.5:1,
347 0.375M Tris pH 8.8, 0.1% SDS, 0.1% ammonium persulfate (APS), 0.04%
348 tetremethylethylenediamine (TEMED). Phos-tag gels contain 6% acrylamide/bis solution 29:1,
349  386mM Tris pH 8.8, 0.1% SDS, 0.2% APS, 25uM Phos-tag acrylamide (Wako), 50uM manganese
350 chloride and 0.17% TEMED. All stacking gels contain 5% acrylamide/bis solution 37.5:1, 126mM
351 TrispH 6.8, 0.1% SDS, 0.1% APS and 0.1% TEMED. All SDS-PAGE gels were run in 1X running
352  buffer (200mM glycine, 26mM Tris, 35mM SDS). Phos-tag gels were washed twice with 1X
353 transfer buffer containing 10mM EDTA for 15 minutes (150mM glycine, 20mM Tris, 1.25mM SDS,
354  20% methanol) and once with 1X transfer buffer for 10 minutes on a shaking platform with gentle
355  agitation. All gels were transferred to nitrocellulose in cold 1X transfer buffer at 0.45A for two

356 hours. After transfer, nitrocellulose membranes were blocked in a 4% milk solution for 30 minutes.
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357 Western blotting was performed with primary antibodies that recognize a V5 epitope tag
358  (Invitrogen, 1:1000 dilution) or PSTAIRE (P7962, Sigma, 1:10,000 dilution). Primary antibody
359 incubations were done overnight at 4°C. Importantly, molecular weight makers are not shown with

360 Phos-tag gels as they do not accurately reflect the molecular weight of proteins.
361
362 Phosphosite Scanning screens

363  Phosphosite scanning screens were carried out using pooled plasmid libraries that had been
364  previously constructed' and transformed into a GAL1p-HCM?1 strain. A plasmid expressing WT
365 HCM1 was added to all libraries as a control. During transformation, cells were cultured in YM-1
366  containing 2% galactose to maintain expression of endogenous HCM1. Following transformation,
367  cells were cultured overnight at 23°C in synthetic media lacking uracil (C-Ura) with 2% galactose.
368  After approximately 16 hours, an aliquot of transformed cells was removed and plated on C-Ura
369 to confirm a transformation efficiency of at least 10X library size. Remaining cells were washed
370  with 15mL C-Ura with 2% galactose five times, resuspended in 50mL C-Ura with 2% galactose
371 and allowed to grow to logarithmic phase for approximately 48 hours at 30°C. The starting
372  population was sampled to determine the initial abundance of each mutant in the population prior
373  to selection. Cell pellets amounting to 20 optical densities were harvested, frozen on dry ice, and
374  stored at -80°C prior to preparation of sequencing libraries. To evaluate fitness in stress, cultures
375  were then diluted into synthetic media lacking uracil with 2% dextrose with or without 150mM LiCl
376  after sampling at time zero. For all timepoints after time zero, cells were diluted into a range of
377 0.08 and 0.1 optical densities in 10mL of the appropriate media. At each timepoint, cultures
378 reached saturation prior to sampling and dilution. Cultures were sampled and diluted as above

379  every 24 hours for a total of 72 hours.

380
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381 lllumina sequencing library preps

382  For analysis by sequencing, plasmids were recovered from the frozen samples using a YeaStar
383  Genomic DNA Kit (Zymo Research). Mutant hcm1 sequence was amplified by PCR (21 cycles)
384  using plasmid specific primers and Phusion High-Fidelity DNA polymerase (New England Biolabs).
385 DNAfragments were purified from a 1% agarose gel using a QlAquick Gel Extraction Kit (Qiagen).
386 Barcoded TruSeq adapters were added to the mutant fragments by PCR (7 cycles) using primers
387  specific to the HCM1 region fused to either the TruSeq universal adapter or to a unique TruSeq
388 indexed adapter. Sequences of oligonucleotides that were used in library construction can be
389 found in Table S3. Barcoded fragments were purified from a 1% agarose gel as described above.
390 Pooled barcoded libraries were sequenced on a HiSeq4000 platform (Novogene) to obtain paired-
391 end 150 base pair sequencing reads. All sequencing data is available from the NCBI Sequencing

392  Read Archive under BioProject # PRIJNA1117860.
393
394  Phosphosite scanning data analysis

395  Abundance of HCM1 alleles was quantified by counting all paired-end sequencing fragments that
396 had an exact match to an expected sequence in both reads using a custom python script. Custom
397  scripts used to generate count tables are available on GitHub
398  (https://github.com/radio1988/mutcount2024/tree/main/AE_type) and Zenodo
399 (https://zenodo.org/records/13144766). Selection coefficients were calculated as the slope of the
400 log2 fraction of reads versus time for each mutant, normalized to the log2 fraction of reads versus
401  time of WT. All selection coefficients for all screens can be found in Dataset S1. Box and whisker
402 plots were generated using GraphPad Prism software. In all box and whisker plots the black

403 center line indicates the median selection coefficient, boxes indicate the 25"-75" percentiles,

16


https://doi.org/10.1101/2024.09.18.613713
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.18.613713; this version posted September 19, 2024. 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-NC-ND 4.0 International license.

404  black lines represent 1.5 interquartile range (IQR) of the 25" and 75™ percentile, black circles

405  represent outliers.
406
407  RNA purification

408 Cells amounting to five optical densities were harvested, pelleted by centrifugation at 3000rpm
409 for three minutes, and stored at -80°C. Cell pellets were then thawed on ice, resuspended in
410  400uL AE buffer (50mM sodium acetate pH 5.3, 10mM EDTA), and moved to room temperature.
411 40uL 10% SDS and 400uL AE equilibrated phenol was added to each sample and thoroughly
412  mixed by vortexing for 30 seconds. Samples were heated to 65°C for eight minutes and frozen in
413 a dry ice and ethanol bath for five minutes. Organic and aqueous layers were separated by
414  centrifugation at max speed for eight minutes at room temperature. The aqueous layer was then
415 transferred to a new tube. To remove any residual phenol, 500uL phenol:chloroform:isoamyl
416  alcohol was added and thoroughly mixed by vortexing for 30 seconds. Samples were incubated
417  at room temperature for five minutes and the aqueous and organic layers were separated by
418  centrifugation at maximum speed for five minutes at room temperature. The aqueous layer was
419 transferred to a new tube (~450uL) and the nucleic acids were precipitated by adding 40uL 3M
420 NaOAc pH 5.2 and 1mL 100% ethanol. Samples were mixed by vortexing for 15 seconds and
421  frozen in a dry ice and ethanol bath until completely frozen. Samples were then centrifuged at
422  maximum speed for 10 minutes at 4°C. Supernatants were decanted and pellets washed with 80%
423  ethanol and centrifuged at maximum speed for two minutes at 4°C. Supernatants were removed,
424  pellets allowed to dry completely and resuspended in 50uL water. DNA was degraded by
425  treatment with DNasel. Samples were transferred to PCR strip tubes, 10uL 10X DNasel buffer,
426  2ulL DNasel and 38uL water was added to each sample, and the samples were mixed by vortexing.

427  Samples were incubated at 30°C for 30 minutes, then cooled to 4°C in a thermocycler. 1uL 0.5M
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428 EDTA was added to each sample and mixed. Samples were then heated to 75°C for 10 minutes
429  and cooled to 4°C in a thermocycler. Purified RNA (100uL) was then transferred to a new tube
430 and precipitated by adding 10uL sodium acetate pH 5.2 and 250uL 100% ethanol, and frozen in
431 a dry ice and ethanol bath until completely frozen. RNA was then pelleted by centrifugation at
432  maximum speed for 15 minutes at 4°C. Supernatants were decanted, the pellets washed with 80%
433  ethanol, centrifuged at maximum speed for 2 minutes at 4°C. Supernatants were decanted and
434  pellets allowed to air dry. Pure RNA was resuspended in water. Three biological replicates were
435  performed. Library preparation and sequencing, including polyA mRNA selection, strand specific
436 library preparation, and paired-end 100 base pair sequencing, were performed by Innomics/BGl
437  Americas. All sequencing data is available in NCBI GEO and is accessible through GEO

438  accession number GSE276435.
439
440 RNAseq analysis

441 RNASeq analysis was performed with OneStopRNAseq®. Paired-end reads were aligned to
442  Saccharomyces_cerevisiae.R64-1-1, with 2.7.7a", and annotated with
443  Saccharomyces_cerevisiae.R64-1-1.90.gtf. Aligned exon fragments with mapping quality higher
444  than 20 were counted toward gene expression with featureCounts*'. Differential expression (DE)
445  analysis was performed with DESeq2*2. Within DE analysis, 'ashr' was used to create log2 Fold
446  Change (LFC) shrinkage *® for all possible comparisons of WT and mutant strains, in both control
447  and LiCl conditions. Significant DE genes (DEGs) were filtered with the criteria FDR < 0.05. Gene
448  setenrichment analysis was performed for Hcm1 targets genes using GSEA* on the ranked LFC.

449  GSEAresults are included in Dataset S2.
450

451 Flow cytometry
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452  To analyze DNA content by flow cytometry, cells amounting to 0.15 optical densities were collected,
453  fixed in 70% ethanol and stored at 4°C. Cells were then pelleted by centrifugation at 3000rpm for
454  three minutes, resuspended in 1mL sodium citrate buffer (50mM sodium citrate, 0.02% NaNs, pH
455  7.4) and sonicated. Samples were then pelleted by centrifugation, resuspended in 1mL sodium
456  citrate buffer containing 0.25mg/mL RNaseA, and incubated at 50°C for one hour. 12.5uL
457  10mg/mL Proteinase K was added to each tube and samples were incubated for an additional
458  hour at 50°C. Following incubation, 1mL sodium citrate buffer containing 0.4uL Sytox green was
459  added to each sample and samples were left at room temperature for 1 hour or 4°C overnight,
460 protected from light, for staining. DNA content was analyzed on a Guava EasyCyte HT flow
461  cytometer and GuavaSoft software. 5000 cells were measured in all samples. Results were

462  analyzed using FloJo software.
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Figure Legends

Figure 1. Expression of a phosphomimetic Hcm1 mutant decreases fithess in LiCl stress

(A) Hcm1 activity is regulated by cyclin-dependent kinase (CDK) and the phosphatase calcineurin
(CN). (B) Phos-tag and standard Western blots showing Hcm1 phosphorylation and expression
after the indicated number of hours in LiCl stress. Hcm1 was detected with an antibody that
recognizes a 3V5 tag, PSTAIRE is shown as a loading control. Representative blots from n=3
experiments are shown. (C-D) Strains with the indicated genotypes were co-cultured in control
media (C) or media with 150mM LiCl (D). Percentage of each strain was quantified by flow
cytometry at the indicated timepoints. An average of n=3 biological replicates is shown. Error bars

represent standard deviations.
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619 Figure 2. Phosphosite mutations in Hcm1 decrease fitness in stress.

620 (A) Schematic of Phosphosite Scanning screens. Plasmids expressing all 256 mutants in the A/E
621 library, as well as WT HCM1, were transformed into a strain in which expression of the genomic
622  copy of HCM1 is controlled by a galactose-inducible promoter. The pooled population growing in
623 galactose was diluted and split into dextrose containing media (to shut-off expression of the
624  endogenous copy of WT HCM1) with or without 150mM LiClI at the start of the experiment. (B)
625  Scatterplot comparing average selection coefficients for each mutant in the A/E library in control
626  and LiCl media. Pearson correlation (r) is indicated. (C-E) Box and whisker plots comparing the
627  selection coefficients of different groups of mutants. The black center line indicates the median
628 selection coefficient, boxes indicate the 25"-75" percentiles, whiskers represent 1.5 interquartile
629 range (IQR) of the 25" and 75" percentile, black circles represent outliers. In all panels, selection
630 coefficients are an average of n=4 biological replicates. (C) shows selection coefficients in cells
631  with the indicated number of phosphomimetic mutations in control or LiCl conditions. (D-E) show
632 selection coefficients of mutants that are either phosphodead or phosphomimetic at each position,
633  in control (D) or LiCl containing medium (E).

634

635 Figure 3. Elevated importance of processive Hcm1 phosphorylation in stress

636  (A) Scatterplot comparing average selection coefficients for each mutant in the W/E library in
637  control and LiCl media. Pearson correlation (r) is indicated. Red represents mutants that are
638 phosphomimetic at sites T460 and S471, blue represents all other mutants. (B-F) Box and whisker
639 plots comparing the selection coefficients of different groups of mutants. The black center line
640 indicates the median selection coefficient, boxes indicate the 25"-75" percentiles, whiskers
641 represent 1.5 interquartile range (IQR) of the 25" and 75™ percentile, black circles represent
642  outliers. In all panels, selection coefficients are an average of n=4 biological replicates. (B) shows

643  selection coefficients in cells with the indicated number of phosphomimetic mutations in control
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644  or LiCl conditions. (C-D) show selection coefficients of mutants that are either WT (S or T) or
645 phosphomimetic at each position, in control (C) or LiCl containing medium (D). (E-F) show

646  selection coefficients for mutants that are WT (TT) or phosphomimetic (EE) at indicated positions.
647
648 Figure 4. Dynamic phosphorylation of the Hcm1 TAD promotes fitness in stress.

649 (A) Diagram of Hcm1 mutant proteins showing mutated phosphosites and impacts on protein
650  stability and phosphoregulation of the TAD region. nc, no change. (B-E) Strains with the indicated
651  genotypes were co-cultured in control media (B, D) or media with 150mM LiClI (C, E). Percentage
652  of each strain was quantified by flow cytometry at the indicated timepoints. An average of n=13
653  biological replicates is shown. Error bars represent standard deviations. (F) Comparison of
654  selection coefficients of the indicated strains and growth conditions, from pairwise assays shown
655 in Figures 1C, 1D, 4B, and 4C. One-way ordinary ANOVA with Sidak's multiple comparisons test
656 was used to test significance, *p<0.0001. (G) Normalized enrichment scores (NES) of Hcm1

657  target genes from GSEA analysis of the indicated comparisons. Asterisk (*) indicates FDR=0.

658
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