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Abstract

Hsp90 is a molecular chaperone with a direct or indirect impact on the abundances
of large portions of eukaryotic proteomes. Hsp90 has previously been observed to buffer
genetic variation, meaning that its presence in the cell can nullify or reduce the strength of
phenotypes associated with genetic variants or mutants. Several mechanisms have been
proposed to explain this phenomenon. Some of these require that Hsp90 binds and
stabilizes the mutant proteins while others posit that increases in the abundance of the
protein resulting from factors downstream of Hsp90 bring that protein to a level such that it
can tolerate small reductions in activity. Hsp90 bufferability may play a critical role in
evolution as it decides which variants will contribute to the phenotypic diversity of a
population and under which conditions. In order to assess the strength and the nature of
their impact, a better understanding of the prevalence and characteristics of Hsp90-buftfered

variants as well as the predominant mechanism of buffering is necessary. Here, we establish
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and conduct a screen for identifying Hsp90-bufferable point mutations in yeast essential
genes using CBF5, a pseudouridine synthase, as the target. We transformed an error-prone
PCR generated CBF5 mutant library into a CBF5 conditional knockdown strain with Hsp90
levels controlled by the Tet-Off promoter. We assayed the fitness of mutants in normal and
reduced-Hsp90 conditions and identified several mutants with Hsp90-bufferable
phenotypes. Furthermore, we developed an approach for rapidly identifying yeast colonies

with these phenotypes based on replica plating and image analysis.
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Introduction

Hsp90 is a highly expressed and highly conserved chaperone protein implicated in
the maintenance of protein homeostasis in Eukaryotes'. The role of Hsp90 is to bind
unstable or misfolded proteins and hold or refold them, allowing for them to function while
escaping aggregation or degradation”.

Owing to its large number of clients and the downstream effects of those clients, the
activity of this chaperone exerts an enormous influence over the makeup of the proteome.
In yeast, reducing the expression of Hsp90 resulted in changes in abundance of more than
20% of proteins, with approximately half of the affected proteins appearing to be Hsp90-
binding clients’.

Although critical for the maintenance of cellular homeostasis on a moment to
moment timescale, Hsp90 has attracted the interest of evolutionary biologists for its
capacity to affect how organisms evolve over larger time periods. A genetic buffer is a
system which exerts some epistatic influence over a gene or set of genes such that the
correspondence between the genotype of the gene and the phenotype of the organism is
obscured by the buffer!. Many systems or design schemes with extensive genetic buffering
capabilities have evolved throughout life including pathways with redundant components,
polyploidy and the RNAi system>®"#, Genetic buffers reduce the selective constraints on
the genes that they target by shielding them from the deleterious phenotypes associated

with most mutations. Under some circumstances, this allows those targets to evolve new
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phenotypes more quickly. The well documented process of neofunctionalization can indeed
be thought of as a situation in which one paralog buffers the effects of mutations on the
other’. While the idea that nature selects for evolvability has received some criticism, a key
insight is that these systems need not evolve as genetic buftfers per se but rather as general
measures to increase robustness'” ', The same set of measures which can protect organisms
from reduction in protein function brought on by changing environments and the
stochasticity of intracellular processes also protect them from reductions in protein function
caused by mutations.

The buildup of genetic changes and therefore variation afforded by genetic buffers
allows organisms to access genotypes that may otherwise be unreachable due to phenotypic
costs of intermediate steps. However, a genetic buffering system whose strength can be
modulated by the environment allows not only for the buildup of genetic variation, but also
for condition-specific manifestation of it as phenotypic variation. Systems with these
characteristics have been dubbed ‘evolutionary capacitors’'. The existence of these
systems has intrigued evolutionary biologists for their potential ability to control the level
of variation, and thus the strength of natural selection in populations.

Following the pioneering work of Susan Lindquist over two decades ago, Hsp90 has
been an object of interest due to its observed ability to act as an evolutionary capacitor.
Reducing Hsp90 in diverse organisms such as fruit flies, arabidopsis, yeast and cavefish has

been shown to exaggerate or ‘reveal’ the effects of ‘cryptic’ genetic variants that, under

doi:10.6342/NTU202302603



normal circumstances, are phenotypically silent'> "> '*'>1¢ Tt has also been found that
kinases that are clients of Hsp90 evolve more quickly than those that are non-clients'” .The
most frequently cited mechanism of Hsp90’s buffering effect is that by folding and
stabilizing protein variants with reduced stability, the presence of Hsp90 determines
whether or not mutations in proteins will result in their reduced abundance in the cell.
Importantly, this explanation does not demand that the wild-type versions of the mutant
proteins are themselves Hsp90 clients. It has been shown that single amino acid changes on
the surface of proteins can significantly alter the dependence of those proteins’ abundance
on Hsp90'. This means that non-clients may be effectively turned into clients through
single mutations.

Additionally, there are other possible mechanisms of buffering by Hsp90 that do not
require that the mutant protein is a client of Hsp90, only that Hsp90 has some influence
over the abundance of that protein (such as by stabilizing a transcription factor of that
gene)". Some phenotypes are robust to change meaning that they can be maintained in spite
of perturbations in the total activity of the protein(s) linked to that phenotype. Depending
on the degree of robustness, this sort of system may be able to tolerate the reduced
activity/abundance associated with mutation or the reduced abundance brought on by
reduced Hsp90 availability, but not both. This would result in a mutant phenotype that that

only becomes apparent when available Hsp90 is reduced. Although the mechanism differs,
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this indirect buffering would have the same phenotypic outcome as a mechanism involving
direct stabilization of a mutant by Hsp90.

The means through which the cryptic genetic variation stored in Hsp90 buffered
mutations is released is thought to be the titration of Hsp90 during protein folding stress'.
According to the titration model, the number of misfolded proteins in the cell increases
under stress conditions, reducing the availability of Hsp90 for any single protein. This
effect has been observed and measured for several kinds of proteotoxic stress including heat
stress”. This paints an intriguing picture in which stress conditions bring about phenotypic
variation in populations, providing more material on which natural selection can act. Thus,
Hsp90 acts as a sort of tuner for the degree of bet hedging in the population. Bet hedging
provides an advantage in fluctuating environments which would likely be the same types of
environments as those in which Hsp90 becomes titrated due to the cell’s need to
reconfigure its transcriptional program >,

The buffering of genetic variants by Hsp90 has significant impacts on human health.
Hsp90-inhibitors are a frequent target for use in cancer treatment, partly owing to the
tendency of oncogenic mutant proteins to have an increased reliance on Hsp90**. A
classic example is provided by c-Src, a kinase which acquires oncogenic properties only
after the mutation of a key regulatory residue. The resulting protein, known as v-Src has
been demonstrated to have a greater reliance on Hsp90 than c-Src making it an example of

t25

an Hsp90-buffered mutant™. The buffering action of Hsp90 also plays a role in viral
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infection. Viruses have been shown to be hypersensitive to Hsp90 inhibitors®**”. One of the
hypothesized reasons for this is that RNA viruses rely on highly error-prone reverse
transcriptases to replicate their genomes®. The mutant proteins that result from these errors
have reduced stability, requiring Hsp90 to buffer the deleterious phenotype associated with
this loss of stability. Lastly, Hsp90 has been shown to modulate the severity of many
mutations associated with genetic diseases in humans®.

Since an understanding of what makes some variants bufferable has considerable
ramifications for both evolution and health, there has been some effort to identify the
factors behind this phenomenon. A comparison of the properties of Hsp90-client kinases
and non-client kinases in humans revealed key insights such as the fact that the strength of
a protein’s interaction with Hsp90 seems to correlate with the inherent instability of the
protein®. Interestingly, it was also found that the correlation between the strength of a
protein’s interaction with Hsp90 and its change in abundance following Hsp90 inhibition is
fairly weak.

In order to probe the properties of Hsp90-bufferable mutations even more deeply, a
method with higher resolution is desirable. Even closely related members of the same
protein family will differ by several amino acid positions, so it is difficult for comparisons
among them to tease out which factors might contribute to bufferability and which are
irrelevant. Here, we develop a screen for the investigation of the bufferability of mutants of

yeast essential genes by taking advantage of error-prone PCR generated mutant libraries.
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We created knockdown strains of our genes of interest and transformed the cells with
plasmids harboring mutant copies of those genes. Our yeast strains were developed from a
background in which Hsp90 expression is controlled by the Tet-Off promoter. Thus, we
were able to measure the growth of mutants in conditions with normal or reduced Hsp90
levels by adding doxycycline to the growth media. We identified bufferable mutants as
those which displayed a much larger sensitivity to Hsp90 reduction than the wild type
yeast.

Essential genes represent ideal targets for this screen for several reasons. Their close
relationship to cell survival and proliferation make it easy to evaluate their function by
measuring yeast growth rate. Additionally, these genes necessarily serve important roles in
the cell, so insights about their behavior will likely be useful in other contexts. So far, we
have performed our screen on CBF5, an Hsp90 client which encodes a pseudouridine
synthase enzyme which is necessary for stabilization of rRNA and tRNAs’"*. Currently we
are preparing to screen several other genes including SPT15, another Hsp90 client which is
a universal transcription factor; and CDC42, a non-client which is required for establishing
cell polarity during cell division®>>*?*, Our last target, CDC28 the cell cycle checkpoint
mediator, has not been reported as a client of Hsp90, though its human ortholog, Cdk1
has*. By screening for Hsp90-bufferable mutations in multiple genes including clients and

non-clients, we hope to assess not only the physical properties that cause some mutations to
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be bufferable, but also gain some insights about the relative contributions of the different

possible mechanisms of Hsp90-buffering.
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Results:

The DDI2 promoter allows for conditional knockdown of four essential genes

The promoter for the gene DDI2 was previously identified as being induced by the
drug cyanamide®’. In order to create conditional knockdown strains for eventual screening
of our mutant library, we created four yeast strains with the DDI2 promoter inserted directly
upstream of our four essential genes of interest. The growth of each yeast strain was
measured over time with varying concentrations of cyanamide. Our strains showed
differing sensitivities to cyanamide, reflecting the different expression levels necessary to
maintain their corresponding proteins at abundances sufficient for growth (Figure 1). For all
strains, the difference in growth rate between growth in media without cyanamide and
media with the optimal cyanamide concentration was large enough that we felt that
phenotypes associated with mutants could be easily detected.

We found that for our strains, a concentration of 0.625mM allowed for growth
without causing strong toxicity and thus used this condition for culturing these strains for

future experiments.
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Expression level reductions of CBF5, CDC28, CDC42 and SPT15 cannot be buffered

by Hsp90

Before our screen for Hsp90 bufferable mutants, we asked if reductions in gene
expression in these four genes could themselves be buffered. To measure this, we
performed spot assays with our conditional knockdown strains on YPD plates with varying
concentrations of cyanamide with and without doxycycline (Figure 2). We observed that the
cyanamide concentration has little effect on the response of these strains to doxycycline
indicating that Hsp90 cannot buffer the effects of low expression of the four essential
genes. This suggests that any mutants identified in the screen will be those that directly

affect Hsp90 interaction.

The phenotvpes of some CBF5 mutants can be buffered by Hsp90

Upon establishing conditional knockdown strains for our four genes of interest, we
used error-prone PCR to generate mutant libraries for CBF5 and SPT15. Our epPCR
procedure was designed to allow for mutagenesis of virtually the entire ORF of each gene.
The epPCR products were then cloned into vectors containing the promoter and terminator
corresponding to the gene of interest and amplified in E. coli (Figure 3a). We then collected

E. coli colonies (totalling 3.2 x 10” cells for CBF5, 5 x 10" cells for SPT15) and extracted
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the plasmid from the pooled samples. We calibrated our epPCR protocol such that the
average number of point mutations on the genes in each library was close to 1. Error profile
was checked by picking 9-10 E coli transformants, extracting the plasmid and sequencing
the gene. For both genes, the libraries consisted of approximately equal parts wild type
copies, single mutants and multiple mutants (Table 1).

We then transformed the CBF5 mutant library into our CBF5 conditional knockout
strain (Figure 3b). To approximate the proportion of our mutant library that consists of non-
functional mutants, we plated the same volume of transformants on media with and without
cyanamide (Figure S1). Since cyanamide should stimulate expression of the endogenous
copy of the gene and allow for the rescue of non-functional mutants, we assumed the
proportion of non-functional mutants should be related to the difference in the number of
colonies between the two conditions. However, we found no difference in the number of
colonies between the plates. We note, however, that this methodology would fail to detect
dominant negative mutants since their phenotypes would not be able to be rescued by the
addition of cyanamide.

To screen mutants for Hsp90 bufferability, we measured their growth in liquid YPD
media with and without doxycycline. We defined mutants as having bufferable phenotypes
based on the ratio of their maximum slope in the doxycycline condition to their maximum
slope in YPD. For each mutant, this ratio was normalized to that of the wild type strain.

This value will henceforth be referred to as the bufferability score (Figure 4a). We defined

10 doi:10.6342/NTU202302603



Hsp90 bufterable mutants as those with a bufferability score less than 0.6. In the
distribution of bufferability scores, this number corresponds to the ratio at which we saw a
clear separation between those mutants which appear approximately normally distributed
around the wild-type bufferability of one and a second group of mutants with lower ratios
(Figure 4b)

In a preliminary screen of 94 mutants, we found five with Hsp90-bufferable
phenotypes. Given that our library is approximately 30% wild type, this represents 7.95%
of the non-wild type, non-lethal members of our library. We note that those five colonies
also have somewhat reduced growth rates even under the YPD condition. However, several
colonies with low growth rates in YPD do not show a bufferable phenotype indicating that

bufferability is not simply determined by basal growth rate.

Image analysis of replicate plates allows for more efficient identification of Hsp90-

bufferable mutants

In order to establish a more efficient means of screening mutants, we created a script
to analyze scanned images of replica plates using the Python Image Library (PIL). We
transformed our mutant library to YPD plates containing its selection marker, Hygromycin

B, and transferred the colonies to three other plates via replica plating. These consisted of a
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YPD plate containing doxycycline, a YPD plate which would be incubated at 37°C and an
additional YPD plate as a control for the efficiency of the replica process.

The control and 37°C plates were scanned after 1 day of growth while the replicas
on the doxycycline plate were scanned after 2 days of growth. We reasoned that colonies
with Hsp90-bufferable mutants should grow slower on doxycycline media and at 37°C than
on YPD media at 28°C and thus appear darker in the scanned images. Thus, we wrote our
script to measure the brightness of all of the colonies on each plate and for each colony,
calculate the ratio of brightness on the doxycycline or 37°C plate to that on the control plate
(Figure 5). We used this method to calculate these ratios for 3208 colonies across 11 initial
plates of transformants. The data showed no relationship between the Dox/Ctrl ratio for a
given colony and its Heat/Ctrl ratio (Figure 6). This result is surprising given that we expect
Hsp90 to become titrated by misfolding proteins during heat stress. From the perspective of
an individual mutant protein which requires Hsp90 to function, this effect should be similar
to that of reduced Hsp90 expression brought about by doxycycline treatment. The lack of a
relationship between these quantities suggests that 37°C may not have been an extreme
enough condition to significantly titrate Hsp90 and thus reveal the phenotypes of Hsp90
bufferable mutants.

We then focused the imaging analysis technique on those 94 mutants previously
screened in liquid culture. Of the 94, we were able to quantify colony brightness on all

three plates for 84 of them. This analysis revealed a weak correlation between the
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bufferability score measured from liquid culture and the ratio of brightnesses on the plate (r
=0.22). We reasoned that for a given mutant, colony size (and therefore brightness) is more
closely related to final cell density (or yield) in liquid culture than it is to maximum slope.
Indeed, the correlation coefficient between ratios of brightnesses and ratios of OD600 after
36 hours is notably greater (r = 0.42).

To test if the imaging analysis can be used to predict bufferable mutants from
brightness information, we set the script to identify the 50 colonies with the lowest
dox/control brightness ratios from the 3208 colonies detected. We then chose 18 predicted
bufferable mutants from this set by manually inspecting the images, and used these cells for
growth rate measurements in liquid culture. We compared the bufferabilities of these
mutants with those of mutants selected via two other methods. The first method was
picking colonies at random as discussed previously. We also tried to increase the efficiency
of our screening by transforming yeast directly onto doxycycline media and picking only
small colonies. A comparison of these methods showed that the imaging informed method
greatly surpassed the others in terms of enriching the pool for low-bufferability score
mutants (Figure 7). We caution that due to some issues we have observed with
reproducibility between plate reader experiments, the comparison between the randomly
picked mutants and those from transformation to doxycycline or imaging may not be apt.
However, the growth rates of those mutants picked from the yeast transformed to

doxycycline and those identified by imaging were measured on the same plate.
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In addition to sorting the mutants by dox/control brightness ratio, we also tried to
sort them by the product of their dox/control brightness ratio and heat/control brightness
ratio. However, when we pulled out the top 50 colonies sorted by this score, we found that
for most mutants, the product is dominated by one of the two conditions (that is, few

colonies have strongly reduced growth in both conditions).

Characterization of Hsp90-bufferable mutants

Through several rounds of screening (mostly using the random selection method),
we identified 9 mutants with Hsp90 bufferable phenotypes that could be repeated in
subsequent tests. Since it is possible that the observed phenotypes were results of mutations
in the genome rather than the mutant copies of CBF5 on the plasmid, we isolated the
plasmids from the 9 candidates and re-transformed them into naive yeast. The growth
curves of three transformants were measured for each mutant. Although many of these
mutants did not maintain a bufferability score less than 0.6, eight of them had scores that
were still significantly lower than the wild type strain (Figure 8). We sequenced the copy of
CBF5 in the plasmids of these mutants (Table 2). Three of the mutants had single
nucleotide substitutions, four had two and one had three.

Interestingly, we observed one mutant (P1-76) which contains only a synonymous

mutation. This causes a change from the less common GAG codon to the more common
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GAA codon. It is currently understood that the rate of codon incorporation can affect the
folding stability of proteins, with slower codons being required at specific sites to allow
time for folding®. Although Hsp90 is not known to be directly involved in co-translational
folding, chaperones that protect nascent polypeptides shuttle them to Hsp90 for further
folding, meaning it still plays a crucial role in this process®. However, since we have not
ruled out the possibility that our detection of this mutant was an experimental artifact
(possibly related to changes elsewhere on the plasmid), we did not include it in further

analysis.

Negative epistasis of Hsp90-bufferability between two mutations on CBF5

In mutants with multiple nucleotide substitutions, the relationship between the
individual mutations and the bufferable phenotype is not clear. To address this, we used
site-directed mutagenesis to recreate both component mutations of one of our mutants,
P1-62 (Figure 9). While both mutations, appear to contribute some bufferability to the
protein, T1036C alone appears sufficient to completely recreate the phenotype of the
original double mutant. When T1036C is combined with G1356T, there is no significant

change in phenotype.
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No clear patterns govern Hsp90 bufferability of four CBFS mutations

Using the two non-synonymous mutants identified by screening and the two
individual mutants created by site-directed mutagenesis, we searched for features which
might explain the bufferability of these mutations. While our sample of four mutations does
not provide enough statistical power to make broad conclusions about Hsp90 bufferable
mutations, we can nevertheless make observations about the properties of this collection of
mutants.

The Blosum62 score represents the rate at which a given amino acid is found to
substitute for another amino acid in nature. As amino acids with similar biochemical
properties are more likely to be interchangeable, this acts as a proxy for the biochemical
similarity of two amino acids with higher scores indicating higher similarity. The Blosum62
scores for the amino acid substitutions of our single mutants (2,2,1 and 0) are all 0 or
greater. We generated the distribution of the Blosum62 scores of all possible non-
synonymous single nucleotide mutants of CBF5 and found the median of the distribution to
be 1 (Figure 10a). The medians of these two samples are significantly different (Mann-
Whitney U Test: p = 0.00346) but we note that this pattern may have arisen simply due to
the fact that our bufferable mutants are necessarily non-lethal.

Since reductions in gene expression are non-bufferable, bufferable mutations should

be those with increased reliance on Hsp90 for folding. Proteins generally fold to shield a
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core of hydrophobic residues from the hydrophilic environment of the cell*’. Thus,
mutations to residues which are buried deep inside the protein structure are thought to be
more destabilizing than those occurring at the surface. To determine if accessibility plays a
role in the bufferability of our mutants, we calculated the relative solvent accessible surface
area (RSASA) of the residues at which mutations occurred in our mutants using the crystal
structure of the H/ACA ribonucleoprotein complex determined by Li et al*'. Since this
crystal structure does not include all residues of CBFS5, this metric could not be calculated
for all of the residues at which we observed mutations. The RSASAs of the three single
mutants occurring at residues which are resolved in the crystal structure do not appear
obviously different from what might be expected from a random sample of all of the
resolved residues of CBF5 (Figure 10b).

To even more directly probe whether stability changes are the cause of the observed
bufferability in our mutants, we took advantage of INPS, an online tool for predicting
protein stability changes of mutants from amino acid sequences*. We chose INPS over the
slightly better performing INPS-3D in order to obtain estimates for mutations affecting
residues which are not included in the CBF5 crystal structure. We note that in our data, we
follow the convention used by Fariselli et al. in which negative AAG values indicate
destabilization. All four of our single amino acid variants were predicted to be slightly

destabilizing (-1 < AAG < 0). Since slightly destabilizing mutations represent such a large
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fraction of the stability changes predicted by INPS, this information does not suggest nor

rule out a relationship between stability and bufferability (Figure 10c).
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Discussion

The Hsp90 bufferability of the mutants of a gene play a role in deciding the
evolutionary future of that gene. In the case of essential genes, the buffering effect of
Hsp90 opens new paths through genotypes that would otherwise cause unfit phenotypes'”.
Thus knowledge of the patterns underlying bufferability will allow us to predict how
genotypes might change over time in a condition dependent manner.

We established a protocol for screening mutants of essential genes for Hsp90
bufferability and identified some mutations in the essential gene CBF5 with Hsp90
bufferable phenotypes. Our screen suggests that Hsp90-buffered mutants of CBF5 have a
frequency of approximately 7% in our library. Further screening will be required to provide
an estimate of the frequency of these types of mutations among single nucleotide mutants
which should more accurately reflect the set of mutations which could realistically be
sampled by evolution. Our results also suggest that for CBF5, bufferable mutants do not
lack a phenotype altogether under normal conditions. Rather, the typical case appears to be
that they display a phenotype that is weakly different from wild type cells but is
exaggerated under conditions with reduced Hsp90. This finding is still consistent with an
evolutionary capacitor model, as the absence of Hsp90 can still magnify phenotypic
diversity in a population containing mutants that behave similarly to those we identified.

Our finding that reductions in expression level of our four essential genes are not

Hsp90-bufferable make the relatively high frequency of bufferable mutations even more
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surprising. A recent paper showed that mutations in the catalytic region of an enzyme often
cannot be compensated for by increased protein abundance®. Thus, it seems unlikely that
the increase in abundance made possible by increased Hsp90 chaperoning activity could
buffer mutations that strongly affect catalytic activity. If this is true, then our detected
bufferable mutations must have some direct impact on the association between the client
protein and Hsp90.

Previous studies have shown that Hsp90-bufferability correlates, albeit weakly, with
protein stability®’. Given this relationship, it seems reasonable to expect that bufferable
mutations might be those that compromise stability. We attempted to verify this using
INPS, a model created using machine learning to predict stability changes of mutants from
protein sequence. This method takes advantage of factors such as hydrophobicity
differences between the wild type and mutant residues as well as information about the
conservation of the residues. The predicted changes in stability of our mutants were not
particularly strong relative to the set of all possible mutants. This is not surprising given our
small sample set and the previously mentioned weak correlation between stability and
bufferability.

Due to the large number of possible mutations for any gene, it is imperative that any
phenotypic screen of Hsp90 bufferability operate at a fairly high throughput in order to
analyze an appreciable portion of the sample space. Here, we attempted to address this

problem by creating a tool for analyzing scanned images of replica plates. The modest
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correlation (r = 0.24) between Hsp90 bufferability as measured in liquid culture to the ratio
of brightness between colonies on plates with and without doxycycline suggests that this
method is somewhat informative. When the most extreme colonies are picked using this
method, it massively increases the efficiency of the screening process. Since replica plating
is itself a somewhat noisy and inexact method, it’s possible that further refinement such as
changes to the pressure we used or the initial colony size might allow us to strengthen the
relationship between brightness and OD in liquid culture. Most of the mutants identified
here were picked through the random selection method. We expect that the imaging aided
approach will allow us to identify Hsp90 bufferable mutations in our other essential genes
of interest much more quickly and identify more bufferable mutants such that we can better
understand their properties.

Another high-throughput method would be to leverage a bulk-competition approach.
This has the benefit of measuring phenotype more directly than imaging. We are currently
planning to perform this experiment for one of our four essential genes, CDC28. This
experiment will involve culturing all transformants together in liquid media and allowing
them to grow for several generations. Before and after the growth period, the DNA will be
collected from the yeast, the copy of CDC28 will be amplified via PCR and these
amplicons will be subject to next-generation sequencing using the Illumina platform. For
each mutant, the difference in its frequency in the initial population and the final population

will give us information about the growth rate. By performing this experiment in media

71 doi:10.6342/NTU202302603



with and without doxycycline, we can measure the Hsp90-bufferability of each mutant.
Presently, we have obtained a mutant library for CDC28 which was created via
semiconductor-based oligo synthesis. Due to the precision afforded by this method, we
were able to obtain a library containing all possible single amino acid substitutions of
CDC28 at approximately equal frequencies. This represents an improvement over epPCR-
based libraries which, due to the random nature of the mutagenesis, will inevitably include
non-mutants and multiple mutants.

I acknowledge that a shortcoming of our study is that mutants were classified as
bufferable based on comparison of the growth profiles to those of a strain with the wild-
type copy of CBF5 expressed from the genome. This design fails to account for differences
in fitness or bufferability that might be brought about by the fact that the CBFS5 expression
in our mutants comes from a plasmid, not the genome. Indeed, when we checked the
growth rates of our wild-type strain against the CBF5 conditional knockdown strain
carrying the wild-type gene on the plasmid, we found that the latter responds more strongly
to doxycycline, giving the wild-type gene on the plasmid itself a bufferable phenotype. The
source of this phenotype is currently unknown. Since we established that gene expression
reductions of CBF5 alone are non-bufferable, they should not be the cause of this
discrepancy. We posit that reduction in Hsp90 level instead leads to reduced plasmid
stability or asymmetric plasmid inheritance in our strains. In either case, we would expect

to see a reduced growth rate in doxycycline due to the non-viability of those progeny that
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do not receive a plasmid (harboring an essential gene) after cell division. Indeed,
aneuploidy has previously been reported as being increased under Hsp90 stress*. We are
currently checking our bufferable mutants against the strain carrying the wild-type CBF5

on a plasmid to rule out potential false positives.
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Materials and Methods

Yeast strains
The strain used for the creation of all conditional knockdown strains in this study is
derived from the BY4741 background. Additionally, our strains carry the following genetic

modifications to the Hsp90 loci: hsp82A::NAT and G418-Tet-HSCS2.

DDI2 insertion

Conditional knockdown strains were generated by insertion of the DDI2 promoter
between the promoter and ORF of the gene of interest. For each gene, we created a
recyclable cassette in which URA3 was flanked by two identical copies of the DDI2
promoter. This sequence was in turn flanked in the 5’ direction by a ~500bp region
homologous to the 3’ end of the promoter and in the 3’ direction, a ~500bp region
homologous to the start of the gene.

This design was constructed on a plasmid, excised via restriction digest and
transformed into yeast using the lithium acetate method. For some inserts, we observed no
transformants following this procedure. For these, we first transformed diploid cells and
performed tetrad dissection on URA3 media with cyanamide to obtain haploid cells with
the desired genotype. For all strains, we attempted to pop out URA3 by plating cells on 5-

FOA plates containing 0.625mM Cyanamide. However, despite many attempts, we were
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only able to successfully remove URA3 from the CDC28 conditional knockdown strain.
This indicates that changes in the leakiness of the DDI2 promoter brought on by

spontaneous loss of the URA3 should not be a concern.

Library construction

All plasmid construction was performed using the In-Fusion HD cloning kit from
Takara Bio. The gene of interest was PCR amplified and inserted into a plasmid containing
the KanR gene. This plasmid was then used as the template for error-prone PCR. epPCR
was performed using the GeneMorph II Random Mutagenesis Kit from Agilent
Technologies. For the template, we used the amount of plasmid corresponding to 1 pg of
the coding sequence. The epPCR products were subsequently inserted into a vector for the
expression of the gene. Our CBF5 expression vector was constructed using pRS41H as a
backbone and consisted of a 480bp promoter region and 484bp terminator region separated
by a smal restriction enzyme cut site. The vector was linearized at this site and the epPCR
product was inserted. The resulting plasmid was cloned into E coli and colonies were plated
across 10 plates. After 1 day of growth, the E. coli were pooled together and the plasmid

was extracted using the Presto Mini Plasmid Kit from Geneaid.
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Spot assays

Yeast were grown to stationary phase overnight in YPD and diluted to a density of 1
OD600 in distilled water. Four 10-fold serial dilutions were then prepared from this
suspension and SuL of each were spotted onto agar plates. Plates were then incubated at

28°C for 3 days.

Growth rate measurements

Measurements of yeast growth were performed in the Tecan Infinite 200 Pro plate
reader. Following overnight culture, yeast were diluted to ~0.3 OD600 by eye and refreshed
for two hours. The absorbances of these cultures were subsequently measured and all cells
were diluted to 0.1 OD600 in YPD media. 60uL of these suspensions were mixed with
60uL of YPD or YPD with 0.2pg/mL doxycycline making the final cell density 0.05
OD600 and the final doxycycline concentration 0.1pug/mL

Maximum slopes were calculated by finding the 6 hour window with the greatest

increase in OD600.

Colony brightness measurement
Our tool for measurement of colony brightness was created in Python and took
advantage of the Python imaging library. First, scanned images were aligned by adjusting

the positions and rotations of the images to minimize the pixelwise difference in brightness.
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Following this, the pre-replica image was used for identification of colonies. To find and
count colonies of different brightnesses, the tool iterates through different brightness
thresholds. Colonies are first identified as areas passing a high threshold. As the threshold is
decreased, new colonies are added only if their brightest areas do not overlap with those of
their neighbors. This allows for identification of dim colonies while still discriminating
between neighboring colonies. The coordinates of these colonies are then mapped to the
replica images and adjusted slightly to better align with the locations of the colonies on
those plates. The brightness within a circle around each of these points is recorded for each
plate. The radius of the circle is decided based on the mean size of colonies on the YPD
plate that have no neighbors. The script outputs a table of brightnesses for all colonies on
each plate, an image of each pre-replica plate with all colonies labeled and a .ppt file

containing images of the top 50 colonies sorted by dox/control brightness ratios.

Site directed mutagenesis

Site directed mutagenesis was performed using the QuikChange Lightning Multi
Site-Directed Mutagenesis Kit from Agilent Technologies in which a mutant strand of the
plasmid is synthesized from primers containing the desired nucleotide substitution and the

original strand is digested by Dpnl
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Extraction of yeast plasmids

Genomic DNA of yeast was obtained using cell lysis in a beater followed by
phenol/chloroform extraction and precipitation in ethanol. The plasmid was then separated
from gDNA using the Geneaid Presto Mini Plasmid Kit. The resulting plasmids were

transformed into E coli for amplification.

Calculation of relative solvent accessible surface area

The DSSP program was used to find the accessible surface area of each residue on
the CBF5 protein structure determined by Li et al*-**. These values were then normalized to
the theoretical maximum accessible surface area of each amino acid determined by Tien et

al.*s.
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Figure 1). Cyanamide response data for conditional knockdown strains. a). Growth curves
of different strains in the presence of varying doses of cyanamide. b). Effect of cyanamide
dose on maximum growth rate for each strain
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Figure 2). Spot assays for conditional knockout strains on varying concentrations of
cyanamide with and without doxycycline. Reduced expression level does not appear to

increase sensitivity to Hsp90 inhibition.
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Figure 3). Experimental design. a). Design of the vector used for expression of the mutant
library. Promoter and terminator are separated by a cut site for smal. The plasmid is
digested by smal and error-prone PCR products are cloned into the construct. b).
Experimental setup and relevant genotypes of our yeast strain. DDI2 allows for the
expression of CBFS5 prior to transformation with the mutant library. Following
transformation, cells are cultured without cyanamide linking their phenotype only to the
mutant copy.
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Figure 4a). Growth rate data from a bufferable mutant and the definition of bufferability
score used in this study. Low score indicates more bufferable. b). Relationship between
bufferability and maximum slope (normalized to that of WT). All bufferable mutants have a
reduced growth rate, but not all slow growing mutants display bufferability. The histogram
of bufferability shows a region which resembles symmetric variation around the wild type

level but also a set of mutants with much lower values around 0.4.
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Figure 5). General overview of imaging method. The plate is scanned before replication,
then replicated to YPD, doxycycline and heated plates. The location of each colony is
determined from the pre-replication image and used as the center point for circles which
will be used to measure brightness.
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Figure 6a). No clear correspondence between the colonies that grow poorly in doxycycline
and those that grow poorly at 37°C. b). Weak correlation between brightness ratios and
metrics measured in liquid culture. Ratios of cell densities after 36 hours correlated more
closely with colony brightnesses than did ratios of maximum slopes
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Figure 9). Negative epistasis of buffered mutations. Both T1036C and G1356T increase
bufferability alone, but their effects do not add.
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Figure 10). Features of the bufferable CBF5 mutants. a). Our four mutants (red dotted
lines) have Blosum62 scores significantly higher than the median of the distribution of all
scores for all possible CBF5 single nucleotide variants. (Mann-Whitney U Test: p =
0.00346) b). The distribution of relative solvent accessible surface areas of the residues
mutated in our single mutants compared to all residues in the CBF5 crystal structure. ¢).
The predicted AAG scores of our mutants compared with the distribution of those of all
possible CBF5 amino acid variants
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1423 Colonies 1434 Colonies

Figure S1). Colony counts in the CBF5 conditional knockout strain transformed with the
mutant library. Colonies counted using a python script. Contiguous black areas indicate
regions counted as single colonies. The similar colony number indicates that non-functional
CBF5 mutants are either rare or mostly dominant negative.
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Figure S2). Locations of all resolved residues found to be mutated in bufferable mutants.
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CBF5 SPT15
Mean Mutations/Kb 0.92 1.24
Mean Mutations/Gene 1.33 0.9
Transitions/Transversions 1.00 8.00
Sites: (AT/GC) 0.71 1.25
Fraction Wild type 0.33 0.5
Fraction Single Mutants 0.33 0.3
Fraction Multiple Mutants 0.33 0.2

Table 1). Test libraries of mutant libraries for CBF5 and SPT15. Obtained by randomly
picking colonies of E. coli transformed with the library
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o ) ) ) Relative Solvent :
Bufferability | Nucleotide Amino acid | BLOSUMG62 . Predicted
Mutant Accessible
score change change score AAG
Surface Area
P1-53 0.766 G104A R35K 2 0.245 -0.887325
P1-62 0.598 T1036C Y346H 2 0.007 -0.7616135
G1356T K453N 0 - -0.787778
P1-72 0.538 G229T AT77S 1 0.419 -0.4647635
P1-76 0.703 G1224A E409E 5 - 0
P1-84 0.638 G442A G148S 0 0.25 -0.895519
G500T R167L -2 0.208 0.0835478
G1118A R373H 0 - -0.683844
P9-7 0.659 G562A A188T 0 - -0.46379225
T982G C328G -3 0.204 -2.31423
P9-13 0.699 A106T S36C -1 0.194 -0.290445
G1080A K361K 5 - 0
P9-72 0.692 T311C V104A 0 - -2.52339
GO665A G222D -2 0.173 -0.914077

Table 2). Characterization of bufferable mutants. Shaded rows represent those mutations
that have been tested individually.
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