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Comprehensive fithess maps of Hsp90
show widespread environmental
dependence

Julia M Flynn', Ammeret Rossouw’, Pamela Cote-Hammarlof’, Inés Fragata?,
David Mavor', Carl Hollins 11", Claudia Bank?, Daniel NA Bolon'*

'Department of Biochemistry and Molecular Pharmacology, University of
Massachusetts Medical School, Worcester, United States; ?Instituto Gulbenkian de
Ciéncia, Oeiras, Portugal

Abstract Gene-environment interactions have long been theorized to influence molecular
evolution. However, the environmental dependence of most mutations remains unknown. Using
deep mutational scanning, we engineered yeast with all 44,604 single codon changes encoding
14,160 amino acid variants in Hsp90 and quantified growth effects under standard conditions and
under five stress conditions. To our knowledge, these are the largest determined comprehensive
fitness maps of point mutants. The growth of many variants differed between conditions, indicating
that environment can have a large impact on Hsp90 evolution. Multiple variants provided growth
advantages under individual conditions; however, these variants tended to exhibit growth defects
in other environments. The diversity of Hsp90 sequences observed in extant eukaryotes
preferentially contains variants that supported robust growth under all tested conditions. Rather
than favoring substitutions in individual conditions, the long-term selective pressure on Hsp90 may
have been that of fluctuating environments, leading to robustness under a variety of conditions.

Introduction

The role of environment has been contemplated in theories of evolution for over a hundred years
(Darwin, 1859; Darwin and Wallace, 1858; Wright, 1932), yet molecular level analyses of how envi-
ronment impacts the evolution of gene sequences remain experimentally under-explored. Depend-
ing on environmental conditions, mutations can be categorized into three classes: strongly
deleterious mutations that are purged from populations by purifying selection, nearly-neutral muta-
tions that are governed by stochastic processes, and beneficial mutations that tend to provide a
selective advantage (Ohta, 1973). It has long been clear that environmental conditions can alter the
fitness effects of mutations (Tutt, 1896). However, examining how environmental conditions impact
any of the three classes of mutations is challenging. Measurable properties of nearly-neutral and del-
eterious mutations in natural populations are impacted by both demography and selection
(Ohta, 1973), which are difficult to disentangle. In addition, many traits are complex, making it chal-
lenging to identify all contributing genetic variations (McCarthy et al., 2008). For these and other
reasons, we do not have a detailed understanding of how environmental conditions impact the evo-
lution of most gene sequences.

Mutational scanning approaches (Fowler et al., 2010) provide novel opportunities to examine fit-
ness effects of the same mutations under different laboratory conditions (Boucher et al., 2016;
Boucher et al., 2014; Canale et al., 2018; Kemble et al., 2019). The EMPIRIC (Exceedingly Meticu-
lous and Parallel Investigation of Randomized Individual Codons) approach that we previously devel-
oped (Hietpas et al., 2011) is particularly well suited to address questions regarding the
environmental impact of mutational effects for three reasons: it quantifies growth rates that are a
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direct measure of experimental fitness, all point mutations are engineered providing comprehensive
maps of growth effects, and all the variants can be tracked in the same flask while experiencing iden-
tical growth conditions. We have previously used the EMPIRIC approach to investigate how protein
fitness maps of ubiquitin vary in different environmental conditions (Mavor et al., 2016). The analysis
of ubiquitin fitness maps revealed that stress environments can exacerbate the fitness defects of
mutations. However, the small size of ubiquitin and the near absence of natural variation in ubiquitin
sequences (only three amino acid differences between yeast and human) hindered investigation of
the properties underlying historically observed substitutions.

Mutational scanning approaches have emerged as a robust method to analyze relationships
between gene sequence and function, including aspects of environmental-dependent selection pres-
sure. Multiple studies have investigated resistance mutations that enhance growth in drug or anti-
body environments (Dingens et al., 2019; Doud et al., 2018; Firnberg et al., 2014; Jiang et al.,
2016; Stiffler et al., 2015). Most of these studies have focused on interpreting adaptation in the
light of protein structure. Of note, Dandage, Chakraborty and colleagues explored how environmen-
tal perturbations to protein folding influenced tolerance of mutations in the 178 amino acid gentami-
cin-resistant gene in bacteria (Dandage et al., 2018). However, the question of how environmental
variation shapes the selection pressure on gene sequences has not been well studied.

Here, we report comprehensive experimental fitness maps of Heat Shock Protein 90 (Hsp90)
under multiple stress conditions and compare our experimental results with the historical record of
hundreds of Hsp90 substitutions accrued during its billion years of evolution in eukaryotes. Hsp90
encodes a 709 amino acid protein and to our knowledge it is the largest gene for which a compre-
hensive protein fitness map has been determined. Hsp90 is an essential and highly abundant molec-
ular chaperone which is induced by a wide variety of environmental stresses (Gasch et al., 2000;
Lindquist, 1981). Hsp90 assists cells in responding to these stressful conditions by facilitating the
folding and activation of client proteins through a series of ATP-dependent conformational changes
mediated by co-chaperones (Krukenberg et al., 2011). These clients are primarily signal transduc-
tion proteins, highly enriched in kinases and transcription factors (Taipale et al., 2012). Through its
clients, Hsp90 activity is linked to virtually every cellular process.

Hsp90 can facilitate the emergence and evolution of new traits in response to stress conditions,
including drug resistance in fungi (Cowen and Lindquist, 2005), gross morphology in flies
(Rutherford and Lindquist, 1998) and plants (Queitsch et al., 2002), and vision loss in cave fish
(Rohner et al., 2013). In non-stress conditions, an abundance of Hsp90 promotes standing variation
by masking the phenotypic effects of destabilizing mutations in clients. Stressful conditions that tax
Hsp90 capacity can then manifest in phenotypic diversity that can contribute to adaptation. Because
of the biochemical and evolutionary links between Hsp90 and stress, we hypothesized that environ-
mental stress would result in altered fitness maps.

The conditions in natural environments often fluctuate, and all organisms contain stress response
systems that aid in acclimation to new conditions. The conditions experienced by different popula-
tions can vary tremendously depending on the niches that they inhabit, providing the potential for
distinct selective pressures on Hsp90. Previous studies of a nine amino acid loop in Hsp90 identified
multiple amino acid changes that increased the growth rate of yeast in elevated salinity
(Hietpas et al., 2013), demonstrating the potential for environmental-dependent beneficial muta-
tions in Hsp90. However, the sequence of Hsp90 is strongly conserved in eukaryotes (57% amino
acid identity from yeast to human), indicating consistent strong purifying selection.

To investigate the potential influence of the environment on Hsp%0 evolution, we quantified fit-
ness maps in six different conditions. While proximity to ATP is the dominant functional constraint in
standard conditions, the influence of client and co-chaperone interactions on growth rate dramati-
cally increases under stress conditions. Increased selection pressure from heat and diamide stresses
led to a greater number of beneficial variants compared to standard conditions. The observed bene-
ficial variants were enriched at functional hotspots in Hsp90. However, the natural variants of Hsp90
tend to support efficient growth in all environments tested, indicating selection for robustness to
diverse stress conditions in the natural evolution of Hsp90.
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Results

We developed a powerful experimental system to analyze the growth rate supported by all possible
Hsp90 point mutations under distinct growth conditions. Bulk competitions of yeast with a deep
sequencing readout enabled the simultaneous quantification of 98% of possible amino acid changes
(Figure 1A). The single point mutant library was engineered by incorporating a single degenerate
codon (NNN) into an otherwise wild-type Hsp90 sequence as previously described (Hietpas et al.,
2012). To provide a sensitive readout of changes in Hsp90 function, we transferred the library to a
plasmid under a constitutive low-expression level ADH promoter that reduced Hsp90 protein levels
to near-critical levels (Jiang et al., 2013). To efficiently track all variants in a single competition flask
so that all variants experience identical conditions, we updated our previously developed EMPIRIC
approach to include a barcoding strategy (Hietpas et al., 2012). As described in the
Materials and methods, this barcode strategy enabled us to track mutations across a large gene
using a short sequencing readout.

We transformed the plasmid library of comprehensive Hsp90 point mutations into a conditional
yeast strain where we could turn selection of the library on or off. We used a yeast Hsp90-shutoff
strain in which both paralogs of Hsp90 (hsc82 and hsp82) are deleted and a copy of hsp82 with
expression under strict regulation of a galactose-inducible promoter is integrated into the chromo-
some (Jiang et al., 2013). The mutant libraries were amplified in the absence of selection on the
mutant variant by growing the transformed yeast in galactose media that expresses the wild-type
chromosomal copy of hsp82. We switched the yeast to dextrose media to shut off the expression of
wild-type Hsp90, allowing the mutagenized variants to be the sole source of Hsp90 protein in the
cell, and then split the culture into six different environmental conditions. We extracted samples
from each condition at multiple time points and used Illumina sequencing to estimate the frequency
of each Hsp90 variant over time. We assessed the selection coefficient of each Hsp90 variant from
the change in frequency relative to wild-type Hsp90 using a previously developed Bayesian Markov
Chain Monte Carlo (MCMC) method (Bank et al., 2014, Fragata et al., 2018), where O represents
wild-type and —1 represents null alleles (Figure 1—source data 1).

To analyze reproducibility of the growth competition, we performed a technical replicate under
standard conditions. We used a batch of the same transformed cells that we had frozen and stored
such that the repeat bulk competition experiments and sequencing were performed independently.
Selection coefficients between replicates were strongly correlated (R? = 0.90), and indicated that we
could clearly distinguish between selection coefficients for members of the library containing silent
mutations that do not change the amino acid sequence (wild-type synonyms) and those containing
stop codons (Figure 1B, Figure 1—figure supplement 1). For the second replicate we noted a small
fitness defect (s ~ — 0.2) for wild-type synonyms at positions 679-709 relative to other positions (Fig-
ure 1—figure supplement 1). We did not see this behavior in any other condition or replicate tested
and do not understand its source. The selection coefficients in this study under standard conditions
also correlated strongly (R> = 0.87) with estimates of the Hsp90 N-domain in a previous study
(Mishra et al., 2016; Figure 1—figure supplement 2), indicating that biological replicates also
show high reproducibility. Of note, variants with strongly deleterious effects exhibited the greatest
variation between replicates, consistent with the noise inherent in estimating the frequency of rap-
idly depleting variants (Figure 1B). The stop codons were already partially depleted from the cells at
the 0 time point, likely contributing to their variation between replicates (Figure 1—figure supple-
ment 3A). In accordance with this, there was a higher variation in selection coefficients between rep-
licates for stop codons with the lowest initial reads (Figure T—figure supplement 3B). Stop codon
fitness was similar for all three stop codons (Figure 1—figure supplement 3C) and at positions
across Hsp90 with exception of the last 32 positions that have previously been shown to be dispens-
able for its viability (Louvion et al., 1996; Figure 1—figure supplement 1). A heatmap representa-
tion of all the selection coefficients determined in standard conditions in replicate one is shown in
Figure 1—figure supplement 4.

The large number of signaling pathways that depend on Hsp90 (Taipale et al., 2012) and its
strong sequence conservation suggest that many mutations of Hsp90 may decrease fitness. How-
ever, most variants of Hsp90 had wild-type-like fitness in the competition experiment in standard
conditions (Figure 1C, Figure 1—figure supplement 4). All possible mutations (excluding stops)
were compatible with function at 425 positions. Only 17 positions had low mutational tolerance to
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Figure 1. Approach to determine protein fitness maps of Hsp90. (A) Barcoded competition strategy to analyze the growth effects of all single codon
variants of Hsp90 in a single bulk culture. Hsp82 is the stress-inducible gene that encodes for Hsp90 (B) Measurements of selection coefficients of
amino acid variants are reproducible in replicate growth competitions (see Figure 1—source data 1). Wild-type amino acids are shown in green and
stop codons are shown in red. The bottom panel shows the Root-mean-square deviation (RMSD) averaged for a running window of 40 data points. (C)
Average selection coefficients at each position in standard conditions mapped onto a homodimeric structure of Hsp90 (PDB 2cg?, Ali et al., 2006) and
compared to patterns of evolutionary conservation (see Figure 1—source data 2). ATP is shown in yellow. The graph on the right compares relative
conservation at each position of Hsp90 to the average selection coefficient at that position.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Sequencing counts and selection coefficients for each individual amino acid change across amino acids 2-709 of Hsp%0 in both repli-
cates of standard conditions.

Source data 2. Average selection coefficient (excluding stops) at each position of Hsp90 in Standard replicate 1.

Figure supplement 1. Selection coefficients for wild-type synonyms (green) and stops (red) at each position of Hsp90 for both replicates of standard
conditions.

Figure supplement 2. Measurement of selection coefficients for positions 2-220 in this study correlated strongly (R? = 0.87) with estimates of the
Hsp90 N-domain in a previous study (Mishra et al., 2016), indicating that biological replicates show high reproducibility.

Figure supplement 3. Analysis of variation in stop codon selection coefficients.

Figure supplement 4. Heatmap representation of the selection coefficients observed for single amino acid changes across amino acids 2-709 of Hsp%0
in standard (30°C) conditions in replicate 1.

Figure supplement 5. Correlation of mutational sensitivity with distance to ATP.
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the extent that 15 or more substitutions caused null-like growth defects (R32, E33, N37, D40, D79,
G81, G94, 196, A97, S99, G118, G121, G123, Y125, F156, W300, and R380). All these positions
except for W300 are in contact with ATP or mediate ATP-dependent conformational changes in the
N-domain of Hsp90. In fact, the average selection coefficient at different positions (a measure of
mutational sensitivity) in standard growth conditions correlates (R? = 0.49) with distance from ATP
(Figure 1—figure supplement 5). While W300 does not contact ATP, it transmits information from
client binding to long range conformational changes of Hsp90 that are driven by ATP hydrolysis
(RShl et al., 2013). Our results indicate that ATP binding and the conformational changes driven by
ATP hydrolysis impose dominant physical constraints in Hsp90 under standard laboratory conditions.
At first sight, the observation that most mutations are compatible with robust growth in standard
conditions is at odds with the fact that the Hsp90 sequence is strongly conserved across large evolu-
tionary distances (Figure 1C). One potential reason for this discrepancy could be that the strength
of purifying selection in large natural populations over long evolutionary time-scales is more strin-
gent than can be measured in the laboratory. In other words, experimentally unmeasurable fitness
defects could be subject to purifying selection in nature. In addition, the range of environmental
conditions that yeast experience in natural settings may not be reflected by standard laboratory
growth conditions. To investigate the impact of environmental conditions on mutational effects in
Hsp90, we measured the growth rate of Hsp90 variants under five additional stress conditions.

Impact of stress conditions on mutational sensitivity of Hsp90

We measured the fitness of Hsp90 variants in conditions of nitrogen depletion (ND) (0.0125% ammo-
nium sulfate), hyper-osmotic shock (0.8 M NaCl), ethanol stress (7.5% ethanol), the sulfthydryl-oxidiz-
ing agent diamide (0.85 mM), and temperature shock (37°C). All these stresses are known to elicit a
common shared environmental stress response characterized by altered expression of ~900 genes as
well as having specific responses unique to each stress (Gasch et al., 2000). Genes encoding heat-
shock proteins, including Hsp90, are transiently upregulated in all these stresses except elevated
salinity (Gasch et al., 2000; Piper, 1995).

One way to characterize stress conditions is to measure the extent to which they slow down
growth. For our experiments, each of the environmental stresses were selected to partially decrease
the growth rate. Consistently, all stresses reduced the growth rate of the parental strain within a
two-fold range, with depletion of nitrogen levels causing the smallest reduction in growth rate and
diamide causing the greatest reduction (Figure 2A). To investigate how critical Hsp90 is for growth
in each condition, we measured growth rates of yeast with either normal or more than 10-fold
reduced (Jiang et al., 2013) levels of Hsp90 protein (Figure 2A). Under standard conditions, the
normal level of Hsp90 protein can be dramatically reduced without major impacts on growth rate,
consistent with previous findings (Jiang et al., 2013; Picard et al., 1990).

We anticipated that Hsp90 would be required at increased levels for robust experimental growth
in diamide, nitrogen starvation, ethanol, and high temperature (Gasch et al., 2000) based on the
concept that cells increase expression level of genes in conditions where those gene products are
needed at higher concentration. Consistent with this concept, reduced Hsp90 levels cause a marked
decrease in growth rate at 37°C. However, Hsp90 protein levels had smaller impacts on growth rates
under the other stress conditions, indicating that reliance on overall Hsp90 function does not
increase dramatically in these conditions.

We quantified the growth rates of all Hsp90 single-mutant variants in each of the stress conditions
as selection coefficients (Figure 2—source data 1, Figure 2—figure supplements 1-5). We could
clearly differentiate between the selection coefficients of wild-type synonyms and stop codons in all
conditions (Figure 2B, Figure 2—figure supplement 6), and we normalized to these classes of
mutations to facilitate comparisons between each condition (Figure 2—figure supplement 7). Of
note, the observed selection coefficients of wild-type synonyms varied more in conditions of high
temperature and diamide stress compared to standard (Figure 2—figure supplement 8A,B). We
also note greater variation in the selection coefficients of barcodes for the same codon in the
diamide and high temperature conditions (Figure 2—figure supplement 8C). We conclude that
diamide and elevated temperature provided greater noise in our selection coefficient measure-
ments. To take into account differences in signal to noise for each condition, we either averaged
over large numbers of mutations or categorized selection coefficients as wild-type-like, strongly
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Figure 2. Impact of environmental stresses on yeast growth rates and selection on Hsp90 sequence. (A) Growth rate of yeast with normal and reduced
expression of Hsp90 protein in standard and stress conditions based on individual growth curves. Growth rates are normalized to growth in standard

conditions with reduced Hsp90 expression. (B) Selection coefficients of all Hsp90 amino acid variants in stress conditions compared to standard

conditions (see Figure 2—source data 1). Wild-type synonyms are shown in green and stop codons are shown in red. Selection coefficients were

Figure 2 continued on next page
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scaled to null (s = —1) for the average stop codon and neutral (s = 0) for the average wild type. The diagonal is indicated by the blue dashed line. (C)
The average selection coefficient of all mutations relative to standard conditions, a metric of the strength of selection acting on Hsp90 sequence, in

each stress condition.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Sequencing counts and selection coefficients for each individual amino acid change across amino acids 2-709 of Hsp90 in Nitrogen
Depletion, Salt, Ethanol, Diamide and 37°C.

Figure supplement 1. Heatmap representation of the fitness map observed for single amino acid changes of Hsp90 in nitrogen depletion.

Figure supplement 2. Heatmap representation of the fitness map observed for single amino acid changes of Hsp90 in salt.

Figure supplement 3. Heatmap representation of the fitness map observed for single amino acid changes of Hsp90 in ethanol.

Figure supplement 4. Heatmap representation of the fitness map observed for single amino acid changes of Hsp90 in diamide.

Figure supplement 5. Heatmap representation of the fitness map observed for single amino acid changes of Hsp90 at 37°C.

Figure supplement 6. Distribution of selection coefficients for non-synonymous mutations (black), wild-type synonyms (green), and stops (red) in each

environmental condition.

Figure supplement 7. Distribution of selection coefficients in each environmental condition.

Figure supplement 8. Analysis of variation in wild-type synonym selection coefficients.
Figure supplement 9. Distribution of the difference between selection coefficients of each mutation in each stress condition and the same mutation in

standard conditions.

deleterious, intermediate, or beneficial based on the distribution of wild-type synonyms and stop
codons in each condition (see Materials and methods and Figure 2—figure supplement 7).

We compared selection coefficients of each Hsp90 variant in each stress condition to standard
condition (Figure 2B&C). The stresses of 37°C and diamide tend to exaggerate the growth defects
of many mutants compared to standard conditions, whereas high salt and ethanol tend to rescue
growth defects (Figure 2B&C and Figure 2—figure supplement 9). According to the theory of met-
abolic flux (Dykhuizen et al., 1987, Kacser and Burns, 1981), gene products that are rate limiting
for growth will be subject to the strongest selection. Accordingly, the relationship between Hsp%0
function and growth rate should largely determine the strength of selection acting on Hsp%0
sequence. Conditions where Hsp90 function is more directly linked to growth rate would be more
sensitive to Hsp90 mutations than conditions where Hsp90 function can be reduced without chang-
ing growth rates (Bershtein et al., 2013; Jiang et al., 2013). The average selection coefficients are
more deleterious in diamide and temperature stress compared to standard conditions. These find-
ings are consistent with heat and diamide stresses causing a growth limiting increase in unfolded
Hsp90 clients that is rate limiting for growth. In contrast, the average selection coefficients are less
deleterious in ethanol and salt stress than in standard conditions, which suggests a decrease in the
demand for Hsp90 function in these conditions. Due to the complex role Hsp90 plays in diverse sig-
naling pathways in the cell, the different environmental stresses may differentially impact subsets of
client proteins that cause distinct selection pressures on Hsp90 function.

Structural analyses of environmental responsive positions
Altering environmental conditions had a pervasive influence on mutational effects along the
sequence of Hsp90 (Figure 3A and Figure 3—figure supplement 1). We structurally mapped the
average selection coefficient of each position in each condition relative to standard conditions as a
measure of the sensitivity to mutation of each position under each environmental stress (Figure 3A,
Figure 3—source data 1). Many positions had mutational profiles that were responsive to a range
of environments. Environmentally responsive positions with large changes in average selection coef-
ficient in at least three conditions are highlighted on the Hsp90 structure in green in Figure 3B.
Unlike the critical positions that cluster around the ATP binding site (Figure 1C), the environmentally
responsive positions are located throughout all domains of Hsp90. Similar to critical residues,
environmentally responsive positions are more conserved in nature compared to other positions in
Hsp90 (Figure 3C), suggesting that the suite of experimental stress conditions tested captured
aspects of natural selection pressures on Hsp90 sequence.

Hsp90 positions with environmentally responsive selection coefficients were enriched in binding
contacts with clients, co-chaperones and intramolecular Hsp90 contacts involved in transient confor-
mational changes (Figure 3D and Figure 3—figure supplement 2A). About 65% of the
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Figure 3. Environmental stresses place distinct selection pressures on Hsp90. (A) The average selection coefficient (s) at each position relative to
standard conditions was mapped onto Hsp90 structure (Ali et al., 2006) (See Figure 3—source data 1). (B) Structural images indicating the location of
positions that are critical for Hsp90 function in all conditions (magenta), positions that are environmentally responsive (ER) (green), and positions that
are tolerant in all environments (gray). Critical residues have mean selection coefficients that are null-like in all environments. ER positions have mean
selection coefficients that differed from standard in three or more environments by an amount greater than one standard deviation of wild-type
synonyms. Tolerant residues are not shifted more than this cutoff in any environment. (C) For different classes of positions, evolutionary variation was
calculated as amino acid entropy at each position in Hsp90 sequences from diverse eukaryotes. Distributions are significantly different as measured by
a two-sample Kolmogorov-Smirnov (KS) (All positions vs. ER: N = 678, 137, p<0.0001, D = 0.3%; All positions vs. critical: N = 678, 27, p<0.0001, D = 0.57,
All positions vs. tolerant: N = 678, 136, p<0.0001, D = 0.38) (D) Fraction of different classes of mutations located at contact sites with binding partners.
p<0.0001 (E) A heatmap of the average selection coefficient for all positions at the stated interfaces relative to standard conditions in each

Figure 3 continued on next page
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Figure 3 continued

environment. (F) Venn diagram of deleterious mutations in different environmental conditions (Heberle et al., 2015). Total number of deleterious
mutants in each condition are stated in parentheses.
The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Average selection coefficient (excluding stops) at each position of Hsp90 in each environmental condition relative to the average selec-
tion coefficient in standard conditions.

Figure supplement 1. Heatmap representation of the average selection coefficient (s) at each position in each environmental condition relative to the
average selection coefficient at the same position in standard conditions.

Figure supplement 2. Environmentally responsive Hsp90 positions are enriched in binding contacts.

environmentally responsive residues have been identified either structurally or genetically as interact-
ing with binding partners (Ali et al., 2006, Bohen and Yamamoto, 1993; Genest et al., 2013;
Hagn et al., 2011; Hawle et al., 2006; Kravats et al., 2018, Lorenz et al., 2014; Meyer et al.,
2003; Meyer et al., 2004; Nathan and Lindquist, 1995; Retzlaff et al., 2009, Roe et al., 2004;
Verba et al., 2016; Zhang et al., 2010), compared to about 15% of positions that were not respon-
sive to stress conditions. This analysis was performed on the small subset of clients and cochaper-
ones with known Hsp90-binding sites. While ATP binding and hydrolysis are the main structural
determinants that constrain fitness in standard growth conditions, client and co-chaperone interac-
tions have a larger impact on experimental fitness under stress conditions. Although the mean selec-
tion coefficients of mutations at the known client and co-chaperone binding sites are responsive to
changes in environment, the direction of the shift of growth rate compared to standard conditions
depends on the specific binding partner and environment (Figure 3E and Figure 3—figure supple-
ment 2B). This suggests that different environments place unique functional demands on Hsp90 that
may be mediated by the relative affinities of different clients and co-chaperones. Consistent with
these observations, we hypothesize that Hsp90 client priority is determined by relative binding affin-
ity and that Hsp90 mutations can reprioritize clients that in turn impacts many signaling pathways.

Constraint of mutational sensitivity at high temperature

We find that different environmental conditions lead to distinct selection on Hsp90 based on the
number of beneficial and deleterious variants in each condition, including elevated temperature
placing the greatest purifying selection pressure on Hsp90. Of the 2504 variants of Hsp90 that are
deleterious when grown at 37°C, 884 of them (~35%) are deleterious only in this condition
(Figure 3F). We defined mutants that confer temperature sensitive (ts) growth phenotypes on cells
as variants with selection coefficients within the distribution of wild-type synonyms in standard condi-
tions and that of stop codons at 37°C. Based on this definition, 663 Hsp90 amino acid changes
(roughly 5% of possible changes) were found to be temperature sensitive (Figure 4A, Figure 4—
source data 1). We sought to understand the physical underpinnings of this large set of Hsp90 ts
mutations.

We examined Hsp90 ts mutations for structural and physical patterns. We found that ts mutations
tended to concentrate at certain amino acid positions of Hsp90 (Figure 4B). The clustering of ts
mutations was significant compared to random simulations. Positions with greater than four ts muta-
tions were spread across all three domains of Hsp90 (Figure 4C) with the largest cluster occurring in
the C domain of Hsp90. The C domain forms a constitutive homodimer that is critical for function
(Wayne and Bolon, 2007). Of note, homo-oligomerization domains may have a larger ts potential
because all subunits contribute to folding and dimerization essentially multiplying the impacts of
mutations (Lynch, 2013). To explore the physical underpinnings of ts mutations, we examined if they
were buried in the structure or surface exposed. Mutations at buried residues tend to have a larger
impact on protein folding energy compared to surface residues (Chakravarty and Varadarajan,
1999). Consistent with the idea that many ts mutations may disrupt protein folding at elevated tem-
perature, substitutions that confer a ts phenotype are enriched in buried residues (Figure 4D). Also
consistent with this idea, ts mutations tend to have negative Blosum scores (Henikoff and Henikoff,
1992, Figure 4E), a hallmark of disruptive amino acid changes.

Because growth at elevated temperatures requires higher levels of Hsp90 protein
(Borkovich et al., 1989), some ts mutations are likely due to a reduced function that is enough for

Flynn et al. eLife 2020;9:€53810. DOI: https://doi.org/10.7554/eLife.53810 9 of 25


https://doi.org/10.7554/eLife.53810

e LI FE Research article Evolutionary Biology | Genetics and Genomics

A B
: 0.5 ; z :
i we A
@) 100 {®_
c"\’) Y@k kg x Xk
= 0.0 » 0%000¢ x_ .
€ 5 1 L
Q2 S 7 ( 1)
L ‘D
= I SIS ANUAAE IR, | A Q Observed
2-0.51 Qo
o 5 1072
5 5
[
2-1.0%: € o4
[0 z
n -~ Independent
s i . . _mutations 0 expectlat|ons R
=15 -1.0 -0.5 0.0 0.5 0 5 10 15
Selection coefficient (Standard, 30°C) Number of ts mutations

E.
- I
1.5 " 0.3 x -e- not fs mutants
E - s mutants
3:) 5
< 1.0 £ 0.2
%) i)
c L
3 5
&)
© 0.5 < 0.1
iC 2
[&)
o
| [T
. . . 00 : I 0.0 1 1 1 I I 1 1
Front view Side view ts not ts 4-3-2-101 23 45¢%6738
Red: > 8 ts substitutions Blosum score
Orange: 4 to 8 ts substitutions
F. o
©
_§1-0' temp, expression
s | []30°C, low
'g . 30°C, normal
>0.5- [] 37°C, low
= B 37°C, normal
= |
°
i
0.0-4 - L
WT I66E G170D L499R L50D K102A D180L K398L K594l

Figure 4. Abundance and mechanism of temperature-sensitive (ts) mutations in Hsp90. (A) Ts variants were identified that supported WT-like growth at
30°C, but were null-like at 37°C in bulk competitions. WT synonyms are shown in green and stops in red. The horizonal dashed line corresponds to

= —0.47, the upper limit of stops at 37°C and the vertical dashed line corresponds to x = —0.11, the lower limit of WT synonyms in standard
conditions. The pink-shaded quadrant highlights ts mutations. All ts mutants are listed in Figure 4—source data 1. (B) Distribution of the number of
observed ts mutations at the same positions of Hsp90 (s) is much greater than expected if they had occurred independently (). Independent
expectations were calculated as the probability of the stated number of mutations occurring at the same position by chance. * Indicates observations
that were significantly (p<0.01) greater than independent expectations based on random simulations and one-tailed t-tests. (C) Mapping positions with
multiple ts variants onto Hsp90 structure. ATP is shown in black. (D) Solvent accessible surface area (SASA) of ts mutants compared to non-ts mutants. A
two sample KS test showed significant differences in distributions (N = 663, 11762, p<0.0001, D = 0.1735) (E) Amino acid similarity to the wild type was
estimated as the Blosum score (Henikoff and Henikoff, 1992) for ts and non-ts variants. A two-proportion z-test was performed on each pair for each
Figure 4 continued on next page
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Figure 4 continued

Blosum score and their p-values were adjusted using Benjamini-Hochberg adaptive step-up procedure. * Indicates p<0.05 F. Growth rate of a panel of
individual Hsp90 ts variants analyzed in isolation.
The online version of this article includes the following source data for figure 4:

Source data 1. List of all temperature-sensitive mutants and associated selection coefficients.

growth at standard temperature, but is insufficient at 37°C (Nathan and Lindquist, 1995). We rea-
soned that we could distinguish these mutants by examining how growth rate depended on the
expression levels of Hsp90. We expect that destabilizing mutants that cause Hsp90 to unfold at ele-
vated temperature would not support efficient growth at 37°C independent of expression levels. In
contrast, we expect mutants that reduce Hsp90 function to exhibit an expression-dependent growth
defect at 37°C. We tested a panel of ts mutations identified in the bulk competitions at high and low
expression levels (Figure 4F). The dependence of growth rate at 37°C on expression level varied for
different Hsp90 ts variants. The 166E, G170D and L499R Hsp90 mutants have no activity at 37°C irre-
spective of expression levels. These disruptive substitutions at buried positions likely destabilize the
structure of Hsp90. In contrast, increasing the Hsp90 expression levels at least partially rescued the
growth defect for five ts variants (L50D, K102A, D180L, K398L, K594l), indicating that these variants
do not provide enough Hsp90 function for robust growth at elevated temperature. All five of these
expression-dependent ts variants were located at surface positions. Thus, for the ts mutants we
tested individually, we see a correlation between location of the mutation and type of ts mutation.
Destabilizing mutations tend to be buried and mutants with reduced function tend to be surface
exposed, indicating that the location of ts mutations can delineate these different mechanistic
classes.

Hsp90 potential for adaptation to environmental stress

Numerous Hsp90 variants provided a growth benefit compared to the wild-type sequence in stress
conditions. The largest number of beneficial variants in Hsp90 occurred in high temperature and
diamide conditions (Figure 5A, Figure 5—source data 1). Multiple lines of evidence indicate that
these mutants are truly beneficial variants and not simply measurement noise. First, the beneficial
amino acids generally exhibited consistent selection coefficients among synonymous variants (Fig-
ure 5—figure supplement 1A). Second, beneficial mutants in diamide and high temperature tend
to cluster at certain positions (Figure 5B), which would not be expected for noise. Finally, we con-
firmed the increased growth rate at elevated temperature of a panel of variants analyzed in isolation
(Figure 5—figure supplement 1B). The fact that beneficial mutations in elevated temperature and
diamide often clustered at specific positions in Hsp90 indicates that the wild-type amino acids at
these positions are far from optimum for growth in these conditions. In contrast, the apparent bene-
ficial mutations in other conditions did not tend to cluster at specific positions (Figure 5—figure
supplement 2).

To obtain a more general picture of the potential for adaptation derived from the full fitness dis-
tributions, we used Fisher's Geometric model (FGM) (Fisher, 1930). According to FGM, populations
evolve in an n-dimensional phenotypic space, through random single-step mutations, and any such
mutation that brings the population closer to the optimum is considered beneficial. An intuitive
hypothesis derived from FGM is that the potential for adaptation in a given environment (i.e. is the
availability of beneficial mutations) depends on the distance to the optimum. In order to estimate
the distance to the optimum d, we adopted the approach by Martin and Lenormand and fitted a dis-
placed gamma distribution to the neutral and beneficial mutations for each environment
(Martin and Lenormand, 2006). We observed that the yeast populations were furthest from the
optimum in elevated temperature and diamide (d = 0.072 and 0.05, respectively), followed by nitro-
gen deprivation (d = 0.023), high salinity and ethanol (d = 0.021) and standard (d = 0.014). This sug-
gests that exposure to elevated temperature and diamide results in the largest potential for
adaptation and is consistent with the observation of the largest proportions of beneficial mutations
in these environments. Interestingly, previous results from a 9-amino-acid region in Hsp90 indicated
that there was very little potential for adaptation at high temperature (36°C) as compared with high
salinity (Hietpas et al., 2013). This apparent contradiction between results from the full Hsp90
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Figure 5. Beneficial variants in diamide and elevated temperature conditions. (A) Number of beneficial mutations identified in each condition based on
selection coefficients more than two standard deviations greater than wild-type synonyms. Beneficial mutants at 37°C and in diamide are listed in
Figure 5—source data 1. (B) Distribution of the number of beneficial mutations at the same position in both 37°C (left) and diamide (right) conditions
(o) is greater than expected if they had occurred independently (()). Independent expectations were calculated as the probability of the stated number
of mutations occurring at the same position by chance. * Indicates observations that were significantly (p<0.01) greater than independent expectations
based on random simulations and one-tailed t-tests. (C) Location of positions with four or more beneficial mutations. Positions that are unique to
diamide or 37°C are shown in cyan and two shared positions are shown in magenta. (D) The solvent accessible surface area (SASA) of beneficial

Figure 5 continued on next page
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mutations at 37°C and in diamide compared to all mutations. Distributions are significantly different as measured by a two-sample KS test (37°C vs. all
data, N = 270, 12393, p<0.0001, D = 0.2851; Diamide vs. all data, N = 60,12393, p<0.0001, D = 0.3465) (E) The fraction of Hsp90 positions at interfaces
that were beneficial in 37°C and diamide conditions. (F) Selection coefficients in standard conditions for beneficial mutations at 37°C and in diamide
compared to wild-type synonyms. (KS test; 37°C vs. WT synonyms: N = 463, 660, p<0.0001, D = 0.3281; Diamide vs. WT synonyms: N = 353, 660,

p<0.0001, D = 0.3809).

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. List of all beneficial mutants and associated selection coefficients at 37°C and in diamide.
Figure supplement 1. Validation of beneficial mutants at37°C.
Figure supplement 2. Distribution of the number of beneficial mutations at the same position in standard, nitrogen depletion, salt, and ethanol

conditions.

Figure supplement 3. Selection coefficients in standard conditions for all wild-type-like mutations at 37°C and in diamide.
Figure supplement 4. Synonymous mutations at the beginning of Hsp%0 have strong beneficial growth effects.

sequence and the 582-590 region indicates that a specific region of the protein may be already
close to its functional optimum in a specific environment, whereas there is ample opportunity for
adaptation when the whole protein sequence is considered.

In diamide and elevated temperature, the clustered beneficial positions were almost entirely
located in the ATP-binding domain and the middle domain (Figure 5C), both of which make exten-
sive contacts with clients and co-chaperones (Ali et al., 2006, Meyer et al., 2003; Meyer et al.,
2004; Roe et al., 2004, Verba et al., 2016, Zhang et al., 2010). Beneficial mutations in elevated
temperature and diamide conditions were preferentially located on the surface of Hsp90
(Figure 5D) at positions accessible to binding partners. Analyses of available Hsp?0 complexes indi-
cate that beneficial positions were disproportionately located at known interfaces with co-chaper-
ones and clients (Figure 5E). Clustered beneficial mutations are consistent with disruptive
mechanisms because a number of different amino acid changes can lead to disruptions, whereas a
gain of function is usually mediated by specific amino acid changes. Amino acids that are beneficial
in diamide and elevated temperature tend to exhibit deleterious effects in standard conditions
(Figure 5F), consistent with a cost of adaptation. In comparison, wild-type-like mutations in diamide
and high temperature tend to exhibit wild-type-like fitness in standard conditions (Figure 5—figure
supplement 3). We conjecture that the clustered beneficial mutations are at positions that mediate
the binding affinity of subsets of clients and co-chaperones and that disruptive mutations at these
positions can lead to re-prioritization of multiple clients. The priority or efficiency of Hsp90 for sets
of clients can in turn impact most aspects of physiology because Hsp90 clients include hundreds of
kinases that influence virtually every aspect of cell biology.

In the first seven amino acids of Hsp90, we noted both a large variation in the selection coeffi-
cients of synonymous mutations at elevated temperature and that many nonsynonymous substitu-
tions at these positions generated strong beneficial effects (Figure 5—figure supplement 4A,B).
Synonymous mutations at these positions were only strongly beneficial at high temperature where
Hsp90 protein levels are limiting for growth. Analysis of an individual clone confirms that a synony-
mous mutation at the beginning of Hsp90 that was beneficial at high temperature was expressed at
higher level in our plasmid system (Figure 5—figure supplement 4C,D). These results are consistent
with a large body of research showing that mRNA structure near the beginning of coding regions
often impacts translation efficiency (Li, 2015; Plotkin and Kudla, 2011; Tuller et al., 2010), and that
adaptations can be mediated by changes in expression levels (Lang and Desai, 2014).

Natural selection favors Hsp90 variants that are robust to environment

We next examined how experimental protein fitness maps compared with the diversity of Hsp90
sequences in current eukaryotes. We analyzed Hsp90 diversity in a set of 267 sequences from organ-
isms that broadly span across eukaryotes. We identified 1750 amino acid differences in total that
were located at 499 positions in Hsp90. We examined the experimental growth effects of the subset
of amino acids that were observed in nature. While the overall distribution of selection coefficients in
all conditions was bimodal with peaks around neutral (s = 0) and null (s = —1), the natural amino
acids were unimodal with a peak centered near neutral (Figure 6A, Figure 6—source data 1). The
vast majority of natural amino acids had wild-type-like fitness in all conditions studied here
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Figure 6. Experimental growth effects of natural amino acid variants of Hsp90. (A) The distribution of selection coefficients of natural variants compared
to all variants in each environmental condition (see Figure 6—source data 1). (B) Across all environments, the fraction of natural variants compared to
all variants that were beneficial, wild-type-like, or deleterious. (C) The fraction of natural variants compared to all variants that were environmentally

Figure 6 continued on next page
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responsive or tolerant in all environments. Categories were defined as in Figure 3B. (D) Landscape model indicating that natural variants of Hsp90 tend

to support robust growth under a variety of stress conditions.

The online version of this article includes the following source data and figure supplement(s) for figure 6:

Source data 1. List of selection coefficients of all natural variants of Hsp90 in all environmental conditions.
Figure supplement 1. Hsp90 expression in the Hsp90 shutoff yeast strain harboring either wild-type Hsp90 under the constitutive ADH promoter or a

null plasmid (no insert).

Figure supplement 2. Heatmap of Spearman’s rank correlation coefficients (r) between molecular features (rows) and selection coefficients per

mutation or per position (average selection coefficient for all amino acids at the position) for each environment (columns).

Figure supplement 2—source data 1. The Spearman’s rank correlation coefficients (r) and associated p-values between molecular features and selec-
tion coefficients for each environment.
Figure supplement 3. Validation of yeast Hsp90-shutoff strain.

(Figure 6B and C). Whereas naturally occurring amino acids in Hsp90 were rarely deleterious in any
experimental condition, they were similarly likely to provide a growth benefit compared to all possi-
ble amino acids (5%). This observation indicates that condition-dependent fitness benefits are not a
major determinant of natural variation in Hsp90 sequences. Instead, our results indicate that natural
selection has favored Hsp90 substitutions that are robust to multiple stressful conditions
(Figure 6D). Beneficial mutations in heat and diamide indicate that there is room for improvement in
Hsp?0 function in individual conditions. The clustering of beneficial mutations at known binding
interfaces suggests that the optimal binding affinity for partner proteins may depend on growth con-
ditions. We propose that natural variants of Hsp90 have been selected for binding properties that
are robust to different stresses rather than specific to individual conditions.

Epistasis may provide a compelling explanation for the naturally occurring amino acids that we
observed with deleterious selection coefficients. Analyses of Hsp90 mutations in the context of likely
ancestral states has demonstrated a few instances of historical substitutions with fitness effects that
depend strongly on the Hsp90 sequence background (Starr et al., 2018). Indeed, many of the natu-
ral amino acids previously identified with strong epistasis (E7A, V23F, T13N) are in the small set of
natural amino acids with deleterious effects in at least one condition. Further analyses of natural var-
iants under diverse environmental conditions will likely provide insights into historical epistasis and
will be the focus of future research.

Discussion

In this study, we analyzed the protein-wide distribution of fitness effects of Hsp90 across standard
and five stress conditions. We found that environment has a profound effect on the fates of Hsp%0
mutations. Each environmental stress varies in the strength of selection on Hsp90 mutations; heat
and diamide increase the strength of selection and ethanol and salt decrease the strength of selec-
tion. While proximity to ATP is the dominant functional constraint in standard conditions, the influ-
ence of client and co-chaperone interactions on growth rate dramatically increases under stress
conditions. Additionally, beneficial mutations cluster at positions that mediate binding to clients and
cochaperones. The fact that different Hsp90 binding partners have distinct environmental dependen-
cies suggests that Hsp90 can reprioritize clients that in turn impacts many downstream signaling
pathways.

Our results demonstrate that mutations to Hsp90 can have environment-dependent effects that
are similar to the stress-induced changes to the function of wild-type Hsp90 that have been shown
to contribute to new phenotypes (Jarosz et al., 2010). The low frequency of environment-depen-
dent amino acids in Hsp90 from extant eukaryotes indicates that this type of evolutionary mechanism
is rare relative to drift and other mechanisms shaping Hsp90 sequence diversity.

We observed distinct structural trends for mutations that provide environment-dependent costs
and benefits. Many mutations in Hsp90 caused growth defects at elevated temperature where
Hsp90 function is limiting for growth. These temperature-sensitive mutations tended to be buried
and in the homodimerization domain, consistent with an increased requirement for folding stability
at elevated temperatures. In contrast, beneficial mutations tended to be on the surface of Hsp%0
and at contact sites with binding partners, suggesting that change-of-function mutations may be
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predominantly governed by alterations to binding interactions. Mutations that disrupt binding to
certain clients can lead to the re-prioritization of others, which, due to Hsp90’s central role in numer-
ous cellular pathways, has the potential to modify integral networks in response to stress. Once
more comprehensive data is available on Hsp90-client binding sites, it may be possible to simulate
this rewiring of cellular networks, providing insight into the causes of the beneficial mutations. How-
ever, presently, the large number of clients with unknown binding sites makes these analyses chal-
lenging. In the future, comparing Hsp%0 client-interactomes (Taipale et al., 2012) may help
delineate adaptive biochemical mechanisms.

Limitations:

Our experimental setup has limitations that we have tried to account for in our analyses and con-
clusions. For example, we measured the fitness effects of Hsp90 under artificially low expression
where yeast growth rates are tightly coupled to function of Hsp90 in order to provide a sensitive
readout of fitness defects (Jiang et al., 2013). Expression of Hsp90 under this promoter remains sta-
ble in the stresses tested (Figure 6—figure supplement 1). However, this defined promoter does
not capture the native transcriptional regulation and may not fully recapitulate translational and
post-translational regulation controlling hsp82. While these levels of regulation of Hsp90 are clearly
important physiologically, the sensitive readouts of fitness that we measured appear to capture criti-
cal features of Hsp90 with regard to biochemical function and evolutionary mechanism. For example,
virtually all deleterious mutants measured in this study under stress conditions appear to have also
been subject to purifying selection in nature.

In addition, the experimental strain used in this study is deleted for the constitutively expressed
paralog of hsp82, hsc82. Hsp82 and hsc82 are functionally overlapping, essential genes with 97%
sequence identify (16 amino acid differences) that can compensate for each other’s loss-of-function
in normal growth conditions (Girstmair et al., 2019). The high sequence identity between the two
paralogs indicates that they are both under similar selection pressure. Despite the high sequence
identity, a number of distinct differences have been noted in stability, conformational cycles, and cli-
ent interactomes. Experimental evidence indicates that hsp82 is more stress-specific, and more sta-
ble to unfolding (Girstmair et al., 2019). Further efforts will be required to resolve how distinctions
between Hsp90 paralogs contribute to function and selection.

Relationship to prior work:

A handful of studies have assessed the impact of environment on the fitness landscape of genes
(Dandage et al., 2018; Hietpas et al., 2013; Li and Zhang, 2018; Mavor et al., 2016). For exam-
ple, Dandage, Chakraborty and colleges investigated the effects of temperature and chemical chap-
erones on the fitness landscape of the Gentamicin resistance gene and found that protein stability
and distance to the ligand binding site are the molecular properties with the strongest correlations
with fitness (Dandage et al., 2018). To understand the strength of the molecular constraints on
Hsp%0 on a whole protein level, we performed similar analyses (Figure 6—figure supplement 2).
Consistent with the Gentamicin study, we find the features that best correlate with fitness are pro-
tein stability and distance from the active site. The constraint of protein stability is the highest at 37°
C, indicating increased dependence on stability at the higher temperature. In addition, distance
from the ATP-binding site imposes strong molecular constraints on Hsp90, signifying the importance
of ATP hydrolysis on Hsp90 function. While individual features correlate with fitness effects and
show environmental dependence, single features are unable to capture the majority of observed var-
iance in fitness effects, consistent with a complex set of physical properties that underlie fitness
effects in both proteins.

In another study of the effect of environment on mutational fitness, Li and Zhang detected perva-
sive genotype-by-environment interactions between a yeast tRNA gene and environment (Li and
Zhang, 2018). They found that the correlation of the fitness between mutations in each tested envi-
ronment was linear such that the fitness landscape in one environment together with a change in
slope could be used to accurately predict fitness effects in the second environment. In this study, we
observed a large impact of environment on Hsp90 fitness; however, we observe many fitness effects
that deviate from a linear relationship between environments. While linear models can predict the
fitness of some mutations in different environments, it would not predict many of the types of muta-
tions that are focuses of this study, such as mutations that exhibit an adaptive trade-off, those with
beneficial effects in one environment that become deleterious in another. In addition, the linear
model would not predict the large group of ts mutations with wild-type fitness in standard
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conditions and null fitness at 37°C. As environmental-dependent protein fitness landscapes are ana-
lyzed for an increasing set of genes, it will provide opportunities to explore how different protein
properties such as the number of binding partners may contribute to global trends.

Importantly, our results demonstrate that while mutations to Hsp?0 can provide a growth advan-
tage in specific environmental conditions, naturally occurring amino acids in Hsp90 tend to support
robust growth over multiple stress conditions. The finding of beneficial mutations in Hsp90 in spe-
cific conditions suggests that similar long-term stresses in nature can lead to positive selection on
Hsp90. Consistent with previous work (Hietpas et al., 2013), we found that experimentally beneficial
mutations tended to have a fitness cost in alternate conditions (Figure 5F). This indicates that natu-
ral environments which fluctuate among different stresses would reduce or eliminate positive selec-
tion on Hsp%0. Therefore, our results suggest that natural selection on Hsp90 sequence has
predominantly been governed by strong purifying selection integrated over multiple stressful condi-
tions. Taken together, these results support the hypothesis that natural populations might experi-
ence a so-called 'micro-evolutionary fitness seascape’ (Mustonen and Léssig, 2009), in which rapidly
fluctuating environments result in a distribution of quasi-neutral substitutions over evolutionary time
scales.

Materials and methods

Key resources table

Reagent type

(species) or Source or Additional
resource Designation reference Identifiers information
Gene (Saccharomyces hsp82 Saccharomyces SGD: S000006161 Hsp90 chaperone
cerevisiae) Genome Database

Antibody anti-Hsp?0 o/B Cayman chemical; RRID:AB_10349777 WB (1:3000)

(Mouse monoclonal) Cat# 10011439

Barcoded Hsp%0
plasmid library

p414ADH Ater
plasmid

p414GPD plasmid

See Materials and methods
for library construction

Recombinant
DNA reagent

This paper

Recombinant PMID: 23825969

DNA reagent

Recombinant PMID: 23825969

DNA reagent

Commercial BCA Protein Pierce Cat #23227

assay or kit Assay Kit

Commercial KAPA SYBR FAST Kapa Biosystems KK4600

assay or kit gPCR Master Mix

Chemical Diamide Sigma Aldrich D3648

compound,

drug

Software, Barcode — Hsp90 This paper https://github.com/ Associates barcodes with open

algorithm ORF assembly JuliaFlynn reading frame mutations from

/Barcode_ORF_assembly paired end sequencing

data (Flynn, 2020a; copy
archived at https://github.
com/elifesciences-publications/
Barcode_ORF_assembly)

Software, algorithm Tabulate Hsp%0 This paper https://github.com/ Counts Hsp90 alleles from raw

counts

JuliaFlynn
/Tabulate_counts

fastq files and barcode_orf

assembly file (Flynn, 2020b; copy

archived at https://github.com/
JuliaFlynn/Tabulate_counts)

Software, EmpiricIST PMID: 30127529 https://github.com/ Estimates selection coefficients

algorithm Matu2083 based on the MCMC approach
/empiriclST

Sequenced- Sequencing This paper See Supplementary file 1

based reagent

primers

Continued on next page
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(species) or Source or Additional

resource Designation reference Identifiers information

Sequenced- Site-directed This paper See Supplementary file 1
based reagent mutagenesis primers

Sequenced- Library construction This paper Available upon

based reagent oligomers request

Generating mutant libraries

A library of Hsp90 genes was saturated with single point mutations using oligos containing NNN
codons as previously described (Hietpas et al., 2012). The resulting library was pooled into 12 sepa-
rate 60 amino acid long sub-libraries (amino acids 1-60, 61-120 etc.) and combined via Gibson
Assembly (NEB) with a linearized p414ADHAter Hsp90 destination vector, a low copy number plas-
mid with the trp1 selectable marker. To simplify sequencing steps during bulk competition, each var-
iant of the library was tagged with a unique barcode. For each 60 amino acid sub-library, a pool of
DNA constructs containing a randomized 18 bp barcode sequence (N18) was cloned 200 nt down-
stream from the Hsp90 stop codon via restriction digestion, ligation, and transformation into chemi-
cally competent E. coli with the goal of each mutant being represented by 10-20 unique barcodes.

Barcode association of library variants

We added barcodes and associated them with Hsp90 variants essentially as previously described
(Starr et al., 2018). To associate barcodes with Hsp90 variants, we performed paired-end sequenc-
ing of each 60 amino acid sub-library using a primer that reads the N18 barcode in one read and a
primer unique to each sub-library that anneals upstream of the region containing mutations. To facil-
itate efficient lllumina sequencing, we generated PCR products that were less than 1 kb in length for
sequencing. We created shorter PCR products by generating plasmids with regions removed
between the randomized regions and the barcode. To remove regions from the plasmids, we per-
formed restriction digest with two unique enzymes, followed by blunt ending with T4 DNA polymer-
ase (NEB) and plasmid ligation at a low concentration (3 ng/uL) to favor circularization over
bimolecular ligations. The resulting DNA was re-linearized by restriction digest, and amplified with
11 cycles of PCR to generate products for lllumina sequencing. The resulting PCR products were
sequenced using an lllumina MiSeq instrument with asymmetric reads of 50 bases for Read1 (bar-
code) and 250 bases for Read2 (Hsp90 sequence). After filtering low-quality reads (Phred
scores < 10), the data was organized by barcode sequence. For each barcode that was read more
than three times, we generated a consensus of the Hsp90 sequence that we compared to wild type
to call mutations. Of note, the building of consensus of at least three independent reads reduces the
chance that errors will lead to mistaken variant identity because the same misread would have to
occur in the majority of these reads.

Bulk growth competitions

Equal molar quantities of each sub-library were mixed to form a pool of DNA containing the entire
Hsp90 library with each codon variant present at similar concentration. The plasmid library was trans-
formed using the lithium acetate procedure into the DBY288 Hsp90 shutoff strain of S. cerevisiae
which has both genomic paralogs of Hsp90 (hsp82 and hsc82) deleted and a chromosomal copy of
hsp82 under a galactose-dependent promoter inserted (can1-100 ade2-1 his3-11,15 leu2-3, 12 trp1-
1, ura3-1 hsp82:leu2 hsc82::leu2 ho::pgals-hsp82-his3) essentially as previously described
(Jiang et al., 2013). Sufficient transformation reactions were performed to attain ~5 million indepen-
dent yeast transformants representing a fivefold sampling for the average barcode and 50 to 100-
fold sampling for the average codon variant. Following 12 hr of recovery in SRGal (synthetic 1% raffi-
nose and 1% galactose) media, transformed cells were washed five times in SRGal-W media (SRGal
lacking tryptophan to select for the presence of the Hsp90 variant plasmid) to remove extracellular
DNA, and grown in SRGal-W media at 30°C for 48 hr with repeated dilution to maintain the cells in
log phase of growth. This yeast library was supplemented with 20% glycerol, aliquoted and slowly
frozen in a —80°C freezer.
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For each competition experiment, an aliquot of the frozen yeast library cells was thawed at 37°C.
Viability of the cells was accessed before and after freezing and was determined to be greater than
90% with this slow freeze, quick thaw procedure. Thawed cells were amplified in SRGal-W for 24 hr,
and then shifted to shutoff conditions by centrifugation, washing, and resuspension in 300 mL of syn-
thetic dextrose lacking tryptophan (SD-W) for 12 hr at 30°C. At this time, cells containing a null-res-
cue plasmid had stopped growing and Hsp90 was undetectable by western blot (Figure 6—figure
supplement 3). At this point, cells were split and transferred to different conditions including: Stan-
dard (SD-W, 30°C), Nitrogen depletion (SD-W with limiting amounts of ammonium sulfate, 0.0125%,
30°C), Salt (SD-W with 0.8 M NaCl, 30°C), Ethanol (SD-W with 7.5% ethanol, 30°C), Diamide (SD-W
with 0.85 mM diamide, 30°C), or high temperature (SD-W, 37°C). We collected samples of ~108 cells
at eight time points over a period of 36 hr and stored them at —80°C. Cultures were maintained in
log phase by regular dilution with fresh media every 6-10 hr to maintain a population size of 103
10 cells in order to prevent population bottlenecks relative to sample diversity. Bulk competition
from the standard condition were conducted in technical duplicates from the frozen yeast library.

DNA preparation and sequencing

We isolated plasmid DNA from each bulk competition time point as described (Jiang et al., 2013).
Purified plasmid was linearized with Ascl. Barcodes were amplified by 19 cycles of PCR using Phusion
polymerase (NEB) and primers that add lllumina adapter sequences and an 8 bp identifier sequence
used to distinguish libraries and time points. The identifier sequence was located at positions 91-98
relative to the Illlumina primer and the barcode was located at positions 1-18. PCR products were
purified two times over silica columns (Zymo Research) and quantified using the KAPA SYBR FAST
gPCR Master Mix (Kapa Biosystems) on a Bio-Rad CFX machine. Samples were pooled and
sequenced on an lllumina NextSeq instrument in single-end 100 bp mode.

Analysis of bulk competition sequencing data

lllumina sequence reads were filtered for Phred scores > 20 and strict matching of the sequence to
the expected template and identifier sequence. Reads that passed these filters were parsed based
on the identifier sequence. For each condition/time-point identifier, each unique N18 read was
counted. The unique N18 count file was then used to identify the frequency of each mutant using
the variant-barcode association table. This barcoding strategy reduces the impact of bases misread
by lllumina, as they result in barcodes that are not in our lookup table created by paired end
sequencing and thus are discarded from the fitness analyses. To generate a cumulative count for
each codon and amino acid variant in the library, the counts of each associated barcode were
summed. To reduce experimental noise, selection coefficients were not calculated for variants with
less than 100 reads at the O time point (Boucher et al., 2014). The average variant at the 0 time
point had approximately 500 reads.

Determination of selection coefficient

Selection coefficients were estimated using empiriclST (Fragata et al., 2018), a software package
developed based on a previously published Markov Chain Monte Carlo (MCMC) approach
(Bank et al., 2014). Briefly, we estimated individual growth rates and initial population sizes relative
to the wild-type sequence simultaneously, based on a model of exponential growth and multinomial
sampling of sequencing reads independently at each time point. For each mutant we obtained
10,000 posterior samples for the growth rate and initial population using a Metropolis-Hastings algo-
rithm. The resulting growth rate estimates correspond to the median of 1000 samples of the poste-
rior. Subsequently, selection coefficients (s) were scaled so that the average stop codon in each
environmental condition represented a null allele (s = —1). For the second replicate in standard con-
ditions, we noted a small fitness defect (s=—0.2) for wild-type synonyms at positions 679-709 rela-
tive to other positions. We do not understand the source of this behavior, and chose to normalize to
wild-type synonyms from 1 to 678 for this condition and to exclude positions 679-709 from analyses
that include the second replicate of standard conditions. We did not observe this behavior in any
other condition including the first standard condition replicate. Variants were categorized as having
wild-type-like, beneficial, intermediate, or deleterious fitness based on the comparison of their selec-
tion coefficients with the distribution of wild-type synonyms and stop codons in each condition
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(Figure 2—figure supplement 7) in the following manner; Wild-type-like: variants with selection
coefficients within two standard deviations (SD) of the mean of wild-type synonyms; Beneficial: var-
iants with selection coefficients above two SD of wild-type synonyms; Strongly deleterious: variants
with selection coefficients within two SD of stop codons; Intermediate: variants with selection coeffi-
cients between those of stop-like and wild-type-like. Where stated, the average selection coefficient
was calculated as the mean selection coefficient of all mutations at a position excluding that of the
stop codon.

Structural analysis

The solvent accessible surface area was computed by the algorithm of Lee and Richards
(1971) using the PDB 2cg9 structure with the chains for Sbal removed. The Blosom score was
derived from the Blosomé2 matrix (Henikoff and Henikoff, 1992). Evolutionary conservation was
calculated with an alignment of homologs from diverse species using the ConSurf server
(Ashkenazy et al., 2016). The change in protein stability upon mutation (AAG) was predicted by the
PoPMuSic server (Dehouck et al., 2011). Distance from the y-phosphate of ATP to the C-a of each
amino acid residue was calculated using Pymol. Physico-chemical properties of the amino acids were
retrieved from Abriata et al. (2015). Correlation coefficients were calculated by Pearson product-
moment correlations unless otherwise stated.

Random simulations to assess clustering of mutations

To assess if classes of mutations (e.g. temperature-sensitive mutations) clustered at positions more
than expected based on chance, we compared the observed distribution of mutations to random
simulations. For the random simulations, we randomly selected a position for the number of
observed mutations and stored the clustering distribution (e.g. the number of positions with 0, 1, 2,
3, etc. simulated mutations). We performed 1000 simulations and used the average and standard
deviation from these simulations to define statistical cutoffs for random expectations.

Yeast growth analysis

Individual variants of Hsp90 were generated by site-directed mutagenesis and confirmed by Sanger
sequencing. Variants were cloned in a p414 plasmid either under a low-expression, ADH promoter,
or a high-expression, GPD promoter, as specified. Variants were generated by site directed muta-
genesis and transformed into DBY288 cells. Selected transformed colonies were grown in liquid
SRGal-W media to mid-log phase at 30°C, washed three times and grown in shutoff media (SD-W)
for 10 hrs at 30°C, and then either kept at 30°C or shifted to 37°C as indicated. After sufficient time
to stall the growth of control cells lacking a rescue copy of Hsp90 (~16 hr), cell density was moni-
tored based on absorbance at 600 nm over time and fit to an exponential growth curve to quantify
growth rate. Growth estimates were based on individual growth curves with at least four timepoints
over an eight hour period. Using this approach we routinely observe measurement noise of 2-5%.

Analysis of Hsp90 expression by western blot

To analyze expression levels of Hsp90, cells were grown for the specified time in SD-W or the indi-
cated environmental condition. 108 yeast cells were collected by centrifugation and frozen as pellets
at —80°C. Cells were lysed by vortexing the thawed pellets with glass beads in lysis buffer (50 mM
Tris-HCI pH 7.5, 5 mM EDTA and 10 mM PMSF), followed by addition of 2% Sodium dodecyl sulfate
(SDS). Lysed cells were centrifuged at 18,000 g for 1 min to remove debris, and the protein concen-
tration of the supernatants was determined using a BCA protein assay kit (Pierce) compared to a
Bovine Serum Albumin (BSA) protein standard. 15 ug of total cellular protein was resolved by SDS-
PAGE, transferred to a PVDF membrane, and Hsp90 was probed using an anti-human Hsp90 o/
antibody that cross reacts with yeast Hsp90 (Cayman chemical).

Natural variation in Hsp90 sequence

We analyzed sequence variation in a previously described alignment of Hsp90 protein sequences
from 261 eukaryotic species that broadly span a billion years of evolutionary distance (Starr et al.,
2018).
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Data availability

Next generation sequencing data has been deposited to the NCBI short read archive (Project #
PRINA593726). Tabulated raw counts of all variants in all conditions are included in the manuscript
in Figure 1—source data 1 and Figure 2—source data 2. Source data files have been provided for
Figure 1, 2, 3, 4, 5 and 6.

The following dataset was generated:
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PA, Fragata |, Ma- environmental dependence PRINA593726/

vor D, Hollinslll C,
Bank C, Bolon DNA

References

Abriata LA, Palzkill T, Dal Peraro M. 2015. How structural and physicochemical determinants shape sequence
constraints in a functional enzyme. PLOS ONE 10:e0118684. DOI: https://doi.org/10.1371/journal.pone.
0118684, PMID: 25706742

Ali MM, Roe SM, Vaughan CK, Meyer P, Panaretou B, Piper PW, Prodromou C, Pearl LH. 2006. Crystal structure
of an Hsp90-nucleotide-p23/Sba1 closed chaperone complex. Nature 440:1013-1017. DOI: https://doi.org/10.
1038/nature04716, PMID: 16625188

Ashkenazy H, Abadi S, Martz E, Chay O, Mayrose |, Pupko T, Ben-Tal N. 2016. ConSurf 2016: an improved
methodology to estimate and visualize evolutionary conservation in macromolecules. Nucleic Acids Research
44:W344-W350. DOI: https://doi.org/10.1093/nar/gkw408, PMID: 27166375

Bank C, Hietpas RT, Wong A, Bolon DN, Jensen JD. 2014. A bayesian MCMC approach to assess the complete
distribution of fitness effects of new mutations: uncovering the potential for adaptive walks in challenging
environments. Genetics 196:841-852. DOI: https://doi.org/10.1534/genetics.113.156190, PMID: 24398421

Bershtein S, Mu W, Serohijos AW, Zhou J, Shakhnovich El. 2013. Protein quality control acts on folding
intermediates to shape the effects of mutations on organismal fitness. Molecular Cell 49:133-144. DOI: https://
doi.org/10.1016/j.molcel.2012.11.004, PMID: 23219534

Bohen SP, Yamamoto KR. 1993. Isolation of Hsp90 mutants by screening for decreased steroid receptor function.
PNAS 90:11424-11428. DOI: https://doi.org/10.1073/pnas.90.23.11424, PMID: 8248264

Borkovich KA, Farrelly FW, Finkelstein DB, Taulien J, Lindquist S. 1989. hsp82 is an essential protein that is
required in higher concentrations for growth of cells at higher temperatures. Molecular and Cellular Biology 9:
3919-3930. DOI: https://doi.org/10.1128/MCB.9.9.3919, PMID: 2674684

Boucher JI, Cote P, Flynn J, Jiang L, Laban A, Mishra P, Roscoe BP, Bolon DNA. 2014. Viewing protein fitness
landscapes through a Next-Gen Lens. Genetics 198:461-471. DOI: https://doi.org/10.1534/genetics.114.
168351

Boucher JI, Bolon DN, Tawfik DS. 2016. Quantifying and understanding the fitness effects of protein mutations:
laboratory versus nature. Protein Science 25:1219-1226. DOI: https://doi.org/10.1002/pro.2928, PMID: 270105
90

Canale AS, Cote-Hammarlof PA, Flynn JM, Bolon DN. 2018. Evolutionary mechanisms studied through protein
fitness landscapes. Current Opinion in Structural Biology 48:141-148. DOI: https://doi.org/10.1016/j.sbi.2018.
01.001, PMID: 29351890

Chakravarty S, Varadarajan R. 1999. Residue depth: a novel parameter for the analysis of protein structure and
stability. Structure 7:723-732. DOI: https://doi.org/10.1016/50969-2126(99)80097-5, PMID: 10425675

Cowen LE, Lindquist S. 2005. Hsp90 potentiates the rapid evolution of new traits: drug resistance in diverse
fungi. Science 309:2185-2189. DOI: https://doi.org/10.1126/science.1118370, PMID: 16195452

Dandage R, Pandey R, Jayaraj G, Rai M, Berger D, Chakraborty K. 2018. Differential strengths of molecular
determinants guide environment specific mutational fates. PLOS Genetics 14:€1007419. DOI: https://doi.org/
10.1371/journal.pgen.1007419, PMID: 29813059

Darwin C. 1859. On the Origin of Species by Means of Natural Selection. London: John Murray.

Darwin C, Wallace A. 1858. On the tendency of species to form varieties; and on the perpetuation of varieties
and species by natural means of selection. Journal of the Proceedings of the Linnean Society of London.
Zoology 3:45-62. DOI: https://doi.org/10.1111/j.1096-3642.1858.tb02500.x

Flynn et al. eLife 2020;9:€53810. DOI: https://doi.org/10.7554/eLife.53810 22 of 25


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA593726/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA593726/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA593726/
https://doi.org/10.1371/journal.pone.0118684
https://doi.org/10.1371/journal.pone.0118684
http://www.ncbi.nlm.nih.gov/pubmed/25706742
https://doi.org/10.1038/nature04716
https://doi.org/10.1038/nature04716
http://www.ncbi.nlm.nih.gov/pubmed/16625188
https://doi.org/10.1093/nar/gkw408
http://www.ncbi.nlm.nih.gov/pubmed/27166375
https://doi.org/10.1534/genetics.113.156190
http://www.ncbi.nlm.nih.gov/pubmed/24398421
https://doi.org/10.1016/j.molcel.2012.11.004
https://doi.org/10.1016/j.molcel.2012.11.004
http://www.ncbi.nlm.nih.gov/pubmed/23219534
https://doi.org/10.1073/pnas.90.23.11424
http://www.ncbi.nlm.nih.gov/pubmed/8248264
https://doi.org/10.1128/MCB.9.9.3919
http://www.ncbi.nlm.nih.gov/pubmed/2674684
https://doi.org/10.1534/genetics.114.168351
https://doi.org/10.1534/genetics.114.168351
https://doi.org/10.1002/pro.2928
http://www.ncbi.nlm.nih.gov/pubmed/27010590
http://www.ncbi.nlm.nih.gov/pubmed/27010590
https://doi.org/10.1016/j.sbi.2018.01.001
https://doi.org/10.1016/j.sbi.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29351890
https://doi.org/10.1016/S0969-2126(99)80097-5
http://www.ncbi.nlm.nih.gov/pubmed/10425675
https://doi.org/10.1126/science.1118370
http://www.ncbi.nlm.nih.gov/pubmed/16195452
https://doi.org/10.1371/journal.pgen.1007419
https://doi.org/10.1371/journal.pgen.1007419
http://www.ncbi.nlm.nih.gov/pubmed/29813059
https://doi.org/10.1111/j.1096-3642.1858.tb02500.x
https://doi.org/10.7554/eLife.53810

e LI FE Research article

Evolutionary Biology | Genetics and Genomics

Dehouck Y, Kwasigroch JM, Gilis D, Rooman M. 2011. PoPMuSiC 2.1: a web server for the estimation of protein
stability changes upon mutation and sequence optimality. BMC Bioinformatics 12:151. DOI: https://doi.org/10.
1186/1471-2105-12-151, PMID: 21569468

Dingens AS, Arenz D, Overbaugh J, Bloom JD. 2019. Massively parallel profiling of HIV-1 resistance to the fusion
inhibitor enfuvirtide. Viruses 11:439. DOI: https://doi.org/10.3390/v11050439

Doud MB, Lee JM, Bloom JD. 2018. How single mutations affect viral escape from broad and narrow antibodies
to H1 influenza hemagglutinin. Nature Communications 9:1386. DOI: https://doi.org/10.1038/s41467-018-
03665-3, PMID: 29643370

Dykhuizen DE, Dean AM, Hartl DL. 1987. Metabolic flux and fitness. Genetics 115:25-31. PMID: 3104135

Firnberg E, Labonte JW, Gray JJ, Ostermeier M. 2014. A comprehensive, high-resolution map of a gene's fitness
landscape. Molecular Biology and Evolution 31:1581-1592. DOI: https://doi.org/10.1093/molbev/msu081,
PMID: 24567513

Fisher RA. 1930. The Genetical Theory of Natural Selection. Oxford: Clarendon Press.

Flynn J. 2020a. Association of ORF mutations with barcodes from paired-end sequencing data. GitHub. 21eaf74.
https://github.com/JuliaFlynn/Barcode_ORF_assembly

Flynn J. 2020b. BolonlLab. GitHub. c463f66.https://github.com/JuliaFlynn/Tabulate_counts

Fowler DM, Araya CL, Fleishman SJ, Kellogg EH, Stephany JJ, Baker D, Fields S. 2010. High-resolution mapping
of protein sequence-function relationships. Nature Methods 7:741-746. DOI: https://doi.org/10.1038/nmeth.
1492

Fragata |, Matuszewski S, Schmitz MA, Bataillon T, Jensen JD, Bank C. 2018. The fitness landscape of the Codon
space across environments. Heredity 121:422-437. DOI: https://doi.org/10.1038/s41437-018-0125-7,

PMID: 30127529

Gasch AP, Spellman PT, Kao CM, Carmel-Harel O, Eisen MB, Storz G, Botstein D, Brown PO. 2000. Genomic
expression programs in the response of yeast cells to environmental changes. Molecular Biology of the Cell 11:
4241-4257. DOI: https://doi.org/10.1091/mbc.11.12.4241, PMID: 11102521

Genest O, Reidy M, Street TO, Hoskins JR, Camberg JL, Agard DA, Masison DC, Wickner S. 2013. Uncovering a
region of heat shock protein 90 important for client binding in E. coli and chaperone function in yeast.
Molecular Cell 49:464-473. DOI: https://doi.org/10.1016/j.molcel.2012.11.017, PMID: 23260660

Girstmair H, Tippel F, Lopez A, Tych K, Stein F, Haberkant P, Schmid PWN, Helm D, Rief M, Sattler M, Buchner
J. 2019. The Hsp90 isoforms from S. cerevisiae differ in structure, function and client range. Nature
Communications 10:3626. DOI: https://doi.org/10.1038/s41467-019-11518-w, PMID: 31399574

Hagn F, Lagleder S, Retzlaff M, Rohrberg J, Demmer O, Richter K, Buchner J, Kessler H. 2011. Structural analysis
of the interaction between Hsp90 and the tumor suppressor protein p53. Nature Structural & Molecular
Biology 18:1086-1093. DOI: https://doi.org/10.1038/nsmb.2114, PMID: 21892170

Hawle P, Siepmann M, Harst A, Siderius M, Reusch HP, Obermann WM. 2006. The middle domain of Hsp90 acts
as a discriminator between different types of client proteins. Molecular and Cellular Biology 26:8385-8395.
DOI: https://doi.org/10.1128/MCB.02188-05, PMID: 16982694

Heberle H, Meirelles GV, da Silva FR, Telles GP, Minghim R. 2015. InteractiVenn: a web-based tool for the
analysis of sets through venn diagrams. BMC Bioinformatics 16:169. DOI: https://doi.org/10.1186/s12859-015-
0611-3, PMID: 25994840

Henikoff S, Henikoff JG. 1992. Amino acid substitution matrices from protein blocks. PNAS 89:10915-10919.
DOI: https://doi.org/10.1073/pnas.89.22.10915, PMID: 1438297

Hietpas RT, Jensen JD, Bolon DN. 2011. Experimental illumination of a fitness landscape. PNAS 108:7896-7901.
DOI: https://doi.org/10.1073/pnas.1016024108, PMID: 21464309

Hietpas R, Roscoe B, Jiang L, Bolon DN. 2012. Fitness analyses of all possible point mutations for regions of
genes in yeast. Nature Protocols 7:1382-1396. DOI: https://doi.org/10.1038/nprot.2012.069, PMID: 22722372

Hietpas RT, Bank C, Jensen JD, Bolon DNA. 2013. Shifting fitness landscapes in response to altered
environments. Evolution 67:3512-3522. DOI: https://doi.org/10.1111/evo.12207

Jarosz DF, Taipale M, Lindquist S. 2010. Protein homeostasis and the phenotypic manifestation of genetic
diversity: principles and mechanisms. Annual Review of Genetics 44:189-216. DOI: https://doi.org/10.1146/
annurev.genet.40.110405.090412, PMID: 21047258

Jiang L, Mishra P, Hietpas RT, Zeldovich KB, Bolon DN. 2013. Latent effects of Hsp90 mutants revealed at
reduced expression levels. PLOS Genetics 9:e1003600. DOI: https://doi.org/10.1371/journal.pgen.1003600,
PMID: 23825969

Jiang L, Liu P, Bank C, Renzette N, Prachanronarong K, Yilmaz LS, Caffrey DR, Zeldovich KB, Schiffer CA, Kowalik
TF, Jensen JD, Finberg RW, Wang JP, Bolon DNA. 2016. A balance between inhibitor binding and substrate
processing confers influenza drug resistance. Journal of Molecular Biology 428:538-553. DOI: https://doi.org/
10.1016/j.jmb.2015.11.027, PMID: 26656922

Kacser H, Burns JA. 1981. The molecular basis of dominance. Genetics 97:639-666. PMID: 7297851

Kemble H, Nghe P, Tenaillon O. 2019. Recent insights into the genotype-phenotype relationship from massively
parallel genetic assays. Evolutionary Applications 12:1721-1742. DOI: https://doi.org/10.1111/eva.12846,
PMID: 31548853

Kravats AN, Hoskins JR, Reidy M, Johnson JL, Doyle SM, Genest O, Masison DC, Wickner S. 2018. Functional
and physical interaction between yeast Hsp90 and Hsp70. PNAS 115:E2210-E2219. DOI: https://doi.org/10.
1073/pnas. 1719969115, PMID: 29463764

Flynn et al. eLife 2020;9:€53810. DOI: https://doi.org/10.7554/eLife.53810 23 of 25


https://doi.org/10.1186/1471-2105-12-151
https://doi.org/10.1186/1471-2105-12-151
http://www.ncbi.nlm.nih.gov/pubmed/21569468
https://doi.org/10.3390/v11050439
https://doi.org/10.1038/s41467-018-03665-3
https://doi.org/10.1038/s41467-018-03665-3
http://www.ncbi.nlm.nih.gov/pubmed/29643370
http://www.ncbi.nlm.nih.gov/pubmed/3104135
https://doi.org/10.1093/molbev/msu081
http://www.ncbi.nlm.nih.gov/pubmed/24567513
https://github.com/JuliaFlynn/Barcode_ORF_assembly
https://github.com/JuliaFlynn/Tabulate_counts
https://doi.org/10.1038/nmeth.1492
https://doi.org/10.1038/nmeth.1492
https://doi.org/10.1038/s41437-018-0125-7
http://www.ncbi.nlm.nih.gov/pubmed/30127529
https://doi.org/10.1091/mbc.11.12.4241
http://www.ncbi.nlm.nih.gov/pubmed/11102521
https://doi.org/10.1016/j.molcel.2012.11.017
http://www.ncbi.nlm.nih.gov/pubmed/23260660
https://doi.org/10.1038/s41467-019-11518-w
http://www.ncbi.nlm.nih.gov/pubmed/31399574
https://doi.org/10.1038/nsmb.2114
http://www.ncbi.nlm.nih.gov/pubmed/21892170
https://doi.org/10.1128/MCB.02188-05
http://www.ncbi.nlm.nih.gov/pubmed/16982694
https://doi.org/10.1186/s12859-015-0611-3
https://doi.org/10.1186/s12859-015-0611-3
http://www.ncbi.nlm.nih.gov/pubmed/25994840
https://doi.org/10.1073/pnas.89.22.10915
http://www.ncbi.nlm.nih.gov/pubmed/1438297
https://doi.org/10.1073/pnas.1016024108
http://www.ncbi.nlm.nih.gov/pubmed/21464309
https://doi.org/10.1038/nprot.2012.069
http://www.ncbi.nlm.nih.gov/pubmed/22722372
https://doi.org/10.1111/evo.12207
https://doi.org/10.1146/annurev.genet.40.110405.090412
https://doi.org/10.1146/annurev.genet.40.110405.090412
http://www.ncbi.nlm.nih.gov/pubmed/21047258
https://doi.org/10.1371/journal.pgen.1003600
http://www.ncbi.nlm.nih.gov/pubmed/23825969
https://doi.org/10.1016/j.jmb.2015.11.027
https://doi.org/10.1016/j.jmb.2015.11.027
http://www.ncbi.nlm.nih.gov/pubmed/26656922
http://www.ncbi.nlm.nih.gov/pubmed/7297851
https://doi.org/10.1111/eva.12846
http://www.ncbi.nlm.nih.gov/pubmed/31548853
https://doi.org/10.1073/pnas.1719969115
https://doi.org/10.1073/pnas.1719969115
http://www.ncbi.nlm.nih.gov/pubmed/29463764
https://doi.org/10.7554/eLife.53810

e LI FE Research article

Evolutionary Biology | Genetics and Genomics

Krukenberg KA, Street TO, Lavery LA, Agard DA. 2011. Conformational dynamics of the molecular chaperone
Hsp90. Quarterly Reviews of Biophysics 44:229-255. DOI: https://doi.org/10.1017/50033583510000314,
PMID: 21414251

Lang GI, Desai MM. 2014. The spectrum of adaptive mutations in experimental evolution. Genomics 104:412—
416. DOI: https://doi.org/10.1016/j.ygeno.2014.09.011, PMID: 25269377

Lee B, Richards FM. 1971. The interpretation of protein structures: estimation of static accessibility. Journal of
Molecular Biology 55:379-400. DOI: https://doi.org/10.1016/0022-2836(71)90324-X, PMID: 5551392

Li GW. 2015. How do Bacteria tune translation efficiency? Current Opinion in Microbiology 24:66-71.

DOI: https://doi.org/10.1016/j.mib.2015.01.001, PMID: 25636133

Li C, Zhang J. 2018. Multi-environment fitness landscapes of a tRNA gene. Nature Ecology & Evolution 2:1025-
1032. DOI: https://doi.org/10.1038/s41559-018-0549-8, PMID: 29686238

Lindquist S. 1981. Regulation of protein synthesis during heat shock. Nature 293:311-314. DOI: https://doi.org/
10.1038/293311a0, PMID: 6792546

Lorenz OR, Freiburger L, Rutz DA, Krause M, Zierer BK, Alvira S, Cuéllar J, Valpuesta JM, Madl T, Sattler M,
Buchner J. 2014. Modulation of the Hsp90 chaperone cycle by a stringent client protein. Molecular Cell 53:
941-953. DOI: https://doi.org/10.1016/j.molcel.2014.02.003, PMID: 24613341

Louvion JF, Warth R, Picard D. 1996. Two eukaryote-specific regions of Hsp82 are dispensable for its viability
and signal transduction functions in yeast. PNAS 93:13937-13942. DOI: https://doi.org/10.1073/pnas.93.24.
13937, PMID: 8943039

Lynch M. 2013. Evolutionary diversification of the multimeric states of proteins. PNAS 110:E2821-E2828.

DOI: https://doi.org/10.1073/pnas.1310980110, PMID: 23836639

Martin G, Lenormand T. 2006. A general multivariate extension of Fisher's geometrical model and the
distribution of mutation fitness effects across species. Evolution 60:893-907. DOI: https://doi.org/10.1111/j.
0014-3820.2006.tb01169.x

Mavor D, Barlow K, Thompson S, Barad BA, Bonny AR, Cario CL, Gaskins G, Liu Z, Deming L, Axen SD, Caceres
E, Chen W, Cuesta A, Gate RE, Green EM, Hulce KR, Ji W, Kenner LR, Mensa B, Morinishi LS, et al. 2016.
Determination of ubiquitin fitness landscapes under different chemical stresses in a classroom setting. elLife 5:
e15802. DOI: https://doi.org/10.7554/eLife. 15802, PMID: 27111525

McCarthy MI, Abecasis GR, Cardon LR, Goldstein DB, Little J, loannidis JP, Hirschhorn JN. 2008. Genome-wide
association studies for complex traits: consensus, uncertainty and challenges. Nature Reviews Genetics 9:356-
369. DOI: https://doi.org/10.1038/nrg2344, PMID: 18398418

Meyer P, Prodromou C, Hu B, Vaughan C, Roe SM, Panaretou B, Piper PW, Pearl LH. 2003. Structural and
functional analysis of the middle segment of hsp90: implications for ATP hydrolysis and client protein and
cochaperone interactions. Molecular Cell 11:647-658. DOI: https://doi.org/10.1016/51097-2765(03)00065-0,
PMID: 12667448

Meyer P, Prodromou C, Liao C, Hu B, Roe SM, Vaughan CK, Vlasic |, Panaretou B, Piper PW, Pearl LH. 2004.
Structural basis for recruitment of the ATPase activator Aha1 to the Hsp90 chaperone machinery. The EMBO
Journal 23:1402-1410. DOI: https://doi.org/10.1038/sj.embo].7600141, PMID: 15039704

Mishra P, Flynn JM, Starr TN, Bolon DNA. 2016. Systematic mutant analyses elucidate general and Client-
Specific aspects of Hsp90 function. Cell Reports 15:588-598. DOI: https://doi.org/10.1016/j.celrep.2016.03.
046, PMID: 27068472

Mustonen V, Lassig M. 2009. From fitness landscapes to seascapes: non-equilibrium dynamics of selection and
adaptation. Trends in Genetics 25:111-119. DOI: https://doi.org/10.1016/].tig.2009.01.002, PMID: 19232770

Nathan DF, Lindquist S. 1995. Mutational analysis of Hsp90 function: interactions with a steroid receptor and a
protein kinase. Molecular and Cellular Biology 15:3917-3925. DOI: https://doi.org/10.1128/MCB.15.7.3917,
PMID: 7791797

Ohta T. 1973. Slightly deleterious mutant substitutions in evolution. Nature 246:96-98. DOI: https://doi.org/10.
1038/246096a0, PMID: 4585855

Picard D, Khursheed B, Garabedian MJ, Fortin MG, Lindquist S, Yamamoto KR. 1990. Reduced levels of hsp90
compromise steroid receptor action in vivo. Nature 348:166-168. DOI: https://doi.org/10.1038/34816620,
PMID: 2234079

Piper PW. 1995. The heat shock and ethanol stress responses of yeast exhibit extensive similarity and functional
overlap. FEMS Microbiology Letters 134:121-127. DOI: https://doi.org/10.1111/].1574-6968.1995.tb07925.x

Plotkin JB, Kudla G. 2011. Synonymous but not the same: the causes and consequences of codon bias. Nature
Reviews Genetics 12:32-42. DOI: https://doi.org/10.1038/nrg2899

Queitsch C, Sangster TA, Lindquist S. 2002. Hsp90 as a capacitor of phenotypic variation. Nature 417:618-624.
DOI: https://doi.org/10.1038/nature749, PMID: 12050657

Retzlaff M, Stahl M, Eberl HC, Lagleder S, Beck J, Kessler H, Buchner J. 2009. Hsp90 is regulated by a switch
point in the C-terminal domain. EMBO Reports 10:1147-1153. DOI: https://doi.org/10.1038/embor.2009.153,
PMID: 19696785

Roe SM, Ali MM, Meyer P, Vaughan CK, Panaretou B, Piper PW, Prodromou C, Pearl LH. 2004. The mechanism
of Hsp90 regulation by the protein kinase-specific cochaperone p50(cdc37). Cell 116:87-98. DOI: https://doi.
org/10.1016/S0092-8674(03)01027-4, PMID: 14718169

Réhl A, Rohrberg J, Buchner J. 2013. The chaperone Hsp90: changing partners for demanding clients. Trends in
Biochemical Sciences 38:253-262. DOI: https://doi.org/10.1016/j.tibs.2013.02.003, PMID: 23507089

Flynn et al. eLife 2020;9:€53810. DOI: https://doi.org/10.7554/eLife.53810 24 of 25


https://doi.org/10.1017/S0033583510000314
http://www.ncbi.nlm.nih.gov/pubmed/21414251
https://doi.org/10.1016/j.ygeno.2014.09.011
http://www.ncbi.nlm.nih.gov/pubmed/25269377
https://doi.org/10.1016/0022-2836(71)90324-X
http://www.ncbi.nlm.nih.gov/pubmed/5551392
https://doi.org/10.1016/j.mib.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25636133
https://doi.org/10.1038/s41559-018-0549-8
http://www.ncbi.nlm.nih.gov/pubmed/29686238
https://doi.org/10.1038/293311a0
https://doi.org/10.1038/293311a0
http://www.ncbi.nlm.nih.gov/pubmed/6792546
https://doi.org/10.1016/j.molcel.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24613341
https://doi.org/10.1073/pnas.93.24.13937
https://doi.org/10.1073/pnas.93.24.13937
http://www.ncbi.nlm.nih.gov/pubmed/8943039
https://doi.org/10.1073/pnas.1310980110
http://www.ncbi.nlm.nih.gov/pubmed/23836639
https://doi.org/10.1111/j.0014-3820.2006.tb01169.x
https://doi.org/10.1111/j.0014-3820.2006.tb01169.x
https://doi.org/10.7554/eLife.15802
http://www.ncbi.nlm.nih.gov/pubmed/27111525
https://doi.org/10.1038/nrg2344
http://www.ncbi.nlm.nih.gov/pubmed/18398418
https://doi.org/10.1016/S1097-2765(03)00065-0
http://www.ncbi.nlm.nih.gov/pubmed/12667448
https://doi.org/10.1038/sj.emboj.7600141
http://www.ncbi.nlm.nih.gov/pubmed/15039704
https://doi.org/10.1016/j.celrep.2016.03.046
https://doi.org/10.1016/j.celrep.2016.03.046
http://www.ncbi.nlm.nih.gov/pubmed/27068472
https://doi.org/10.1016/j.tig.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19232770
https://doi.org/10.1128/MCB.15.7.3917
http://www.ncbi.nlm.nih.gov/pubmed/7791797
https://doi.org/10.1038/246096a0
https://doi.org/10.1038/246096a0
http://www.ncbi.nlm.nih.gov/pubmed/4585855
https://doi.org/10.1038/348166a0
http://www.ncbi.nlm.nih.gov/pubmed/2234079
https://doi.org/10.1111/j.1574-6968.1995.tb07925.x
https://doi.org/10.1038/nrg2899
https://doi.org/10.1038/nature749
http://www.ncbi.nlm.nih.gov/pubmed/12050657
https://doi.org/10.1038/embor.2009.153
http://www.ncbi.nlm.nih.gov/pubmed/19696785
https://doi.org/10.1016/S0092-8674(03)01027-4
https://doi.org/10.1016/S0092-8674(03)01027-4
http://www.ncbi.nlm.nih.gov/pubmed/14718169
https://doi.org/10.1016/j.tibs.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23507089
https://doi.org/10.7554/eLife.53810

e LI FE Research article

Evolutionary Biology | Genetics and Genomics

Rohner N, Jarosz DF, Kowalko JE, Yoshizawa M, Jeffery WR, Borowsky RL, Lindquist S, Tabin CJ. 2013. Cryptic
variation in morphological evolution: hsp90 as a capacitor for loss of eyes in cavefish. Science 342:1372-1375.
DOI: https://doi.org/10.1126/science.1240276, PMID: 24337296

Rutherford SL, Lindquist S. 1998. Hsp90 as a capacitor for morphological evolution. Nature 396:336-342.

DOI: https://doi.org/10.1038/24550, PMID: 9845070

Starr TN, Flynn JM, Mishra P, Bolon DNA, Thornton JW. 2018. Pervasive contingency and entrenchment in a
billion years of Hsp90 evolution. PNAS 115:4453-4458. DOI: https://doi.org/10.1073/pnas.1718133115,
PMID: 29626131

Stiffler MA, Hekstra DR, Ranganathan R. 2015. Evolvability as a function of purifying selection in TEM-1 B-
lactamase. Cell 160:882-892. DOI: https://doi.org/10.1016/j.cell.2015.01.035, PMID: 25723163

Taipale M, Krykbaeva |, Koeva M, Kayatekin C, Westover KD, Karras Gl, Lindquist S. 2012. Quantitative analysis
of HSP90-client interactions reveals principles of substrate recognition. Cell 150:987-1001. DOI: https://doi.
org/10.1016/j.cell.2012.06.047, PMID: 22939624

Tuller T, Carmi A, Vestsigian K, Navon S, Dorfan Y, Zaborske J, Pan T, Dahan O, Furman |, Pilpel Y. 2010. An
evolutionarily conserved mechanism for controlling the efficiency of protein translation. Cell 141:344-354.
DOI: https://doi.org/10.1016/j.cell.2010.03.031, PMID: 20403328

Tutt JW. 1896. British moths. London: Routledge.

Verba KA, Wang RY, Arakawa A, Liu Y, Shirouzu M, Yokoyama S, Agard DA. 2016. Atomic structure of Hsp90-
Cdc37-Cdk4 reveals that Hsp90 traps and stabilizes an unfolded kinase. Science 352:1542-1547. DOI: https://
doi.org/10.1126/science.aaf5023, PMID: 27339980

Wayne N, Bolon DN. 2007. Dimerization of Hsp90 is required for in vivo function. Design and analysis of
monomers and dimers. The Journal of Biological Chemistry 282:35386-35395. DOI: https://doi.org/10.1074/
jbc.M703844200, PMID: 17908693

Wright S. 1932. The roles of mutation, inbreeding, crossbreeding, and selection in evolution. Proceedings of the
Sixth International Congress on Genetics 355-366.

Zhang M, Kadota Y, Prodromou C, Shirasu K, Pearl LH. 2010. Structural basis for assembly of Hsp90-Sgt1-
CHORD protein complexes: implications for chaperoning of NLR innate immunity receptors. Molecular Cell 39:
269-281. DOI: https://doi.org/10.1016/j.molcel.2010.05.010, PMID: 20670895

Flynn et al. eLife 2020;9:€53810. DOI: https://doi.org/10.7554/eLife.53810 25 of 25


https://doi.org/10.1126/science.1240276
http://www.ncbi.nlm.nih.gov/pubmed/24337296
https://doi.org/10.1038/24550
http://www.ncbi.nlm.nih.gov/pubmed/9845070
https://doi.org/10.1073/pnas.1718133115
http://www.ncbi.nlm.nih.gov/pubmed/29626131
https://doi.org/10.1016/j.cell.2015.01.035
http://www.ncbi.nlm.nih.gov/pubmed/25723163
https://doi.org/10.1016/j.cell.2012.06.047
https://doi.org/10.1016/j.cell.2012.06.047
http://www.ncbi.nlm.nih.gov/pubmed/22939624
https://doi.org/10.1016/j.cell.2010.03.031
http://www.ncbi.nlm.nih.gov/pubmed/20403328
https://doi.org/10.1126/science.aaf5023
https://doi.org/10.1126/science.aaf5023
http://www.ncbi.nlm.nih.gov/pubmed/27339980
https://doi.org/10.1074/jbc.M703844200
https://doi.org/10.1074/jbc.M703844200
http://www.ncbi.nlm.nih.gov/pubmed/17908693
https://doi.org/10.1016/j.molcel.2010.05.010
http://www.ncbi.nlm.nih.gov/pubmed/20670895
https://doi.org/10.7554/eLife.53810

	Comprehensive fitness maps of Hsp90 show widespread environmental dependence
	Let us know how access to this document benefits you.
	Repository Citation

	15840939390069 1..25

