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Abstract

In natural systems, selection acts on both protein sequence and expression level, but it is unclear how selection integrates
over these two dimensions. We recently developed the EMPIRIC approach to systematically determine the fitness effects of
all possible point mutants for important regions of essential genes in yeast. Here, we systematically investigated the fitness
effects of point mutations in a putative substrate binding loop of yeast Hsp90 (Hsp82) over a broad range of expression
strengths. Negative epistasis between reduced expression strength and amino acid substitutions was common, and the
endogenous expression strength frequently obscured mutant defects. By analyzing fitness effects at varied expression
strengths, we were able to uncover all mutant effects on function. The majority of mutants caused partial functional defects,
consistent with this region of Hsp90 contributing to a mutation sensitive and critical process. These results demonstrate
that important functional regions of proteins can tolerate mutational defects without experimentally observable impacts on
fitness.
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Introduction

Genetic changes that alter protein sequence or expression level

can lead to adaptation, suggesting these protein properties are

central to evolutionary processes. Many studies have individually

investigated the effects of changes to either protein sequence or

expression level. For example, protein sequences have been

optimized under selective pressure using in vitro evolution [1].

In addition, changes in protein sequence relative to synonymous

substitutions are a hallmark of positive selection in natural

populations [2,3]. The influence of protein expression level on

fitness has also been well documented [4]. For example, changes to

the expression level of the Agouti protein (but not its sequence)

have been shown to affect fitness in wild mice by modulating coat

coloration [5]. In addition, experiments in E. coli demonstrate that

expression from the lac operon is rapidly tuned for optimal growth

over a wide range of lactose concentrations [6]. While most studies

to date have focused individually on either expression level or

protein sequence, in principle the fitness effects of these two

protein properties are interdependent [7,8]. Here, we systemati-

cally investigate selection on the sequence and expression level of

yeast Hsp90 (Hsp82).

We recently developed an approach termed EMPIRIC [9],

which is a genetic screen that provides fitness measurements of all

possible amino acid substitutions in short regions of important

genes in yeast. By sampling across the variety of different amino

acid substitutions, EMPIRIC provides detailed information

about the physical constraints on protein function. We previously

reported a bimodal distribution of fitness effects (DFE) for an

evolutionarily conserved region of the yeast Hsp90 gene[9], an

essential chaperone required for the maturation of many kinases

[10–12]. Bimodal DFEs, where most mutants have fitness effects

close to either null or wild type (WT), appear common in nature as

they have been observed in many other fitness studies [13–17].

Bi-modal DFEs are consistent with a recently proposed model

where the impacts of mutations on protein stability have a

dominant impact on fitness [18]. This model is founded on two

concepts: positions that contribute directly to rate-limiting steps in

protein function are rare; and the natively folded structure is

required for function. Under these conditions, selection results in

stably-folded proteins [19,20], such that modestly destabilizing

mutations can be tolerated without dramatic changes to the

fraction of natively folded protein molecules and hence function.

Because protein folding is cooperative there is a narrow range of

stability where both the folded and unfolded state are highly

populated, consistent with relatively few mutations having

intermediate function. In this stability-dominated model, muta-

tions to critical functional positions (e.g. catalytic sites in enzymes)

destroy activity, but are presumed rare and so do not contribute

greatly to the DFE. Of note, the prevalence of positions in proteins

that directly contribute to rate-limiting steps in protein function

and the fragileness of these positions to mutation have not been

thoroughly investigated.

The effects of mutations on protein function can be investigated

based on fitness effects; however, fitness effects need not

correspond directly to functional effects. For example, many
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essential proteins can be dramatically reduced in net function

(defined here as the product of expression level and function per

molecule) without dramatic reductions of fitness [13,21–25].

Heterozygotes with one null allele are often highly fit, indicating

that 50% reductions in net function can be tolerated [26]. The

relationship between fitness and the net function of a protein is

formally an elasticity function [21]. Around the wild type net

function, the elasticity function often has a slope less than one

indicating that reductions in net function have dampened impacts

on fitness [27,28]. Experimental analyses of fitness effects are also

constrained by experimental measurement precision, which is

currently on the order of 1% [29]. In natural systems, the

resolution of selection depends upon the inverse of effective

population size and is on the order of 1027 for yeast [30,31]. Thus,

the effects of mutations on function that are important in natural

selection can be hidden to experimental fitness analyses. For

example, the net function of lysozyme in phage T4 must be

reduced about 30-fold before experimentally measurable impacts

on growth are observed [13]. At the endogenous expression level

in this system, large defects in per molecule function are hidden to

experimental fitness analyses.

We searched for hidden fitness effects in Hsp90 by examining

the Hsp90 elasticity function. We varied the expression level of the

native protein sequence and monitored effects on yeast growth

rate. Determining theHsp90 elasticity function enabled us to

estimate mutant effects on per molecule function from fitness

measurements. The elasticity function was non-linear such that at

the endogenous expression level, mutant defects up to 79% in per

molecule function were hidden to experimental fitness analyses.

To reveal potentially hidden functional defects of mutants, we

repeated EMPIRIC analyses at reduced expression strengths,

which systematically varied fitness sensitivity to amino acid

substitutions in Hsp90. Using this approach, we were able to

construct a full distribution of mutant effects on function for a

region of Hsp90. Structural analyses suggest that the region we

chose to analyze is a putative substrate binding loop [32]. Our

experimental fitness analyses at the wild type expression level

resulted in a bimodal DFE, which is a hallmark of a scaffolding

region with stability dominated effects on fitness [18]. By analyzing

fitness at varied expression strengths, we found that the majority of

Hsp90 point mutants had intermediate (10–90%) defects in per

molecule function that were hidden to our analyses at wild type

expression level. These observations indicate the region of Hsp90

we analyzed is involved in a rate-limiting step in function, and

supports its putative role in binding to substrates [32].Because

many mutant defects may be hidden to experimental measure-

ment at the wild type expression level, our results suggest that rate-

limiting functional sites in proteins may be more prevalent than

previously appreciated, and provides a useful guide for interpret-

ing the growing field of systematic mutant analyses [9,33–40].

Results/Discussion

While our initial EMPIRIC study [9] was performed with a

temperature sensitive allele of Hsp90 co-expressed with all

mutants; here, we report results in an Hsp90 shutoff strain where

mutants were analyzed without potential co-expression artifacts.

We developed a yeast shutoff strain (DBY288) where the only

chromosomal copy of Hsp90 is regulated by a strictly galactose-

dependent promoter [41]. In galactose media, the DBY288 strain

expressed Hsp90 at endogenous levels and grew robustly. When

switched to dextrose media, the DBY288 strain stalled in growth

with Hsp90 levels rapidly dropping below detection (Supplemen-

tary Figure S1). This strain enabled plasmid encoded Hsp90

variants to be maintained and amplified under non-selective

conditions (galactose media). Switching to dextrose media then

applied selective pressure on the plasmid encoded Hsp90

variants.

We analyzed the fitness effects of Hsp90 point mutants by

performing a bulk competition in the DBY288 strain. A library of

plasmids containing all possible single codon substitutions at

amino acid positions 582–590 (Figure 1A) was transformed into a

single batch of yeast. These experiments used a plasmid and

promoter construction previously shown to match the endogenous

expression level of Hsp90 [42]. Transformed yeast cells were

preferentially amplified in galactose media that allowed all

mutations including null alleles to propagate. The bulk culture

was transferred to shutoff conditions to initiate selection on the

mutant library. The beginning of strong selection on the mutant

library was estimated from the growth plateau of control cells

harboring a null rescue plasmid (Supplementary Figure S1). After

the initiation of selection on the mutant libraries, samples were

harvested over the following 36 hours and the relative abundance

of each mutant quantified using focused deep sequencing. By

comparing the trajectory of each mutant relative to wild type, we

directly determined competitive advantage or disadvantage of

each amino-acid substitution as an effective selection coefficient (s)

that represents the competitive asexual growth advantage/

disadvantage of each mutant in a defined environment [29]. We

have previously demonstrated that the EMPIRIC approach

provides highly reproducible measures of fitness effects that

strongly correlates with the growth rate of individual mutants

grown in monoculture [43]. Consistent with our previous work,

effective selection coefficients were highly reproducible (R2 = 0.96)

in a full experimental repeat (Figure S2). At the endogenous

expression strength, the distribution of fitness effects for this region

of Hsp90 was bi-modal (Figure 1B, Supplementary Table S1), with

peaks near wild type and null. Bi-modal fitness distributions are

predicted based on a model where fitness effects are dominated by

the impact of mutations on protein stability [18]. Thus, our fitness

analyses at wild type expression level are consistent with this region

of Hsp90 serving a primarily scaffolding purpose.

Author Summary

Changes in protein sequence or expression strength can
both lead to adaptation in natural systems. While many
studies have focused individually on either expression
strength or protein sequence, in principle the fitness
effects of these two protein properties are interdependent.
We systematically investigated the fitness effects of both
expression strength and protein sequence for the yeast
Hsp90 gene (Hsp82). We analyzed the fitness effects of all
possible point mutations in a putative substrate binding
loop under seven different expression strengths. The
fitness effects of amino acid substitutions were strongly
dependent on expression strength. Many point mutations
exhibited fitness defects at reduced expression strength
that were hidden at the natural expression strength.
Revealing these hidden mutant defects suggested that this
region of Hsp90 contributes to a rate-limiting step in
function, consistent with its putative role in substrate
binding. This study is important because it indicates that
critical regions in proteins are more prevalent than would
be estimated based on experimental fitness analyses
performed at natural expression strengths. As hidden
fitness effects are likely to occur in other systems, these
findings have broad implications for the field of experi-
mental evolution.

Reducing Hsp90 Expression Unmasks Mutant Function
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To further probe the relationship between the net function of

Hsp90 and fitness, we varied expression level of the WT sequence

and analyzed impacts on growth rate (Figure 2). To vary

expression level, we swapped both promoter and terminator (39

untranslated) sequences. Closely following the start of strong

shutoff selection (19 hours in dextrose), we observed a 2-fold range

in growth rate with these constructs (Figure 2A) and a 100-fold

range in expression level (Figure 2B). We quantified expression

level using a Western blot assay directed against an 66His epitope

tag only present on the rescue copy of Hsp90 that we had

previously optimized to yield a linear response [44]. These

expression level measurements were performed after 19 hours in

dextrose, where the second copy of Hsp90 driven by the galactose

regulated promoter was undetectable (Supplementary Figure S1).

To further investigate expression level, we developed an Hsp90-

GFP fusion construct that we monitored by flow cytometry. Across

all promoter constructs, the Hsp90-GFP fusion supported similar

yeast growth rates to non-GFP tagged versions (Supplementary

Figure S3). These findings indicate that the GFP fusion has

minimal impacts on Hsp90 function. The expression levels

determined by GFP and flow cytometry were in close agreement

with those measured by Western blotting and the average of both

measures was used to estimate expression levels (Supplementary

Table S1).

Both the Western and GFP experiments demonstrate that the

expression level of Hsp90 can be reduced dramatically (15-fold)

without major impacts on growth rate, which is consistent with

previous reports [22,45]. The growth rate to Hsp90 expression

level profile that we determined has the shape of a binding curve

(Figure 2C), and can be fit to a binding equation that represents

the elasticity function for Hsp90. This elasticity function defines

how yeast growth rate varies with the net Hsp90 function and

enabled us to calculate per molecule function of mutants from

fitness measurements.

The non-linear elasticity function for Hsp90 describes the

coupling of mutant effects on function and fitness. For example,

when expressed at endogenous levels, an Hsp90 amino acid

substitution would need to reduce per molecule function by 79%

in order to result in a readily measureable growth defect of 5%.

Thus the bimodal DFE that we observe for Hsp90 (Figure 1B) does

not necessarily imply a bimodal distribution of mutant effects on

function. In particular, the fitness analyses do not provide detailed

information on mutants with up to 79% defects in function. Due to

the shape of the Hsp90 elasticity curve, the bimodal DFE is

consistent with either a bimodal distribution of function as

predicted by the stability dominated fitness model [18], or a

primarily unimodal distribution of functional effects (Figure 3). To

distinguish between these possibilities we sought to reveal effects

on function that could be hidden at wild type expression strength.

To reveal the latent function of Hsp90 mutants, we analyze

fitness effects at reduced expression strengths (Figure 4, Supple-

mentary Table S2). The population in all bulk competitions was

managed such that the population size at constriction points was

always in gross excess to library diversity (Supplementary Figure

S4). Because there is selection pressure to increase expression in

these experiments, we examined the expression level of the wild

type Hsp90 sequence over time in shutoff conditions using Hsp90-

GFP fusions (Supplementary Figure S5). Cells respond to selection

by increasing expression from weak promoters over time. As

predicted by the elasticity function (Figure 2), the increased

expression from weak promoters results in an increase in growth

rate (Supplementary Figure S6). The observed increase in growth

rate closely matches predictions based on the expression increase

we observed by flow cytometry and the elasticity function,

indicating that the underlying model is sound. To minimize the

impact of time dependent changes in expression on fitness analyses

of coding sequence mutations, we performed bulk competition of

Hsp90 mutants over a short time window, 12–48 hours in dextrose

(Supplementary Figure S4). We performed simulations to inves-

tigate how the observed increase in expression level over time in

shutoff conditions would impact competition trajectories (Supple-

mentary Figure S7). The impact of increasing expression level has

a minor impact on competition trajectories and indicates that

constant expression models provide estimates of sufficient quality

to interpret general features of the distribution of mutant effects on

fitness and function, which is the focus of this study.

The DFEs that we observed exhibited a consistent trend as

expression strength was reduced. At high expression strength, the

majority of mutants had WT-like growth rates, with very few

mutants of intermediate effect. As expression strength was

reduced, the WT-like peak decreased and the prevalence of

mutants with intermediate effects increased. In terms of epistasis,

the fitness effects of amino acid substitutions displayed pervasive

negative epistasis with expression strength (Supplementary Figure

S8). In terms of function, these results strongly indicate that the

DFE at endogenous expression strength (Figure 1B) does not

mirror the underlying effects of point mutations on Hsp90

function.

We estimated mutant effects on Hsp90 function (Figure 5,

Supplementary Table S3) based on fitness measurements at

distinct expression strengths and the elasticity function. As

described in the methods section, we employed the elasticity

function to calculate per molecule function from fitness taking into

Figure 1. Fitness effects of Hsp90 amino acid substitutions. (A)
The fitness effects of all possible amino acid substitutions were
analyzed for the region highlighted in cyan. This representation is based
on the crystal structure of yeast Hsp90 [50]. (B) At endogenous
expression strength, the distribution of fitness effects was bimodal with
many mutations resulting in either WT-like (green) or null-like (red)
growth rates.
doi:10.1371/journal.pgen.1003600.g001

Reducing Hsp90 Expression Unmasks Mutant Function
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account bounds on measurement and calculation precision. For

example, at the endogenous expression strength, mutants with

activity defects of up to 79% were obscured to fitness analyses and

were demarcated as such (functional efficiency .0.21). Because a

distinct range of function is revealed to selection at each expression

strength (Table 1), our integrated analyses provided estimates of

the functional effects of all mutants. Estimates of mutant effects on

function based on fitness measurements at different expression

strengths exhibit a reasonable correlation (R2 = 0.75) (Supplemen-

tary Figure S9). The strength of this correlation, despite

simplifying assumptions (further discussed in the methods section),

indicates that the calculated mutant effects on function are fair

estimates.

The distribution of functional effects for a region of a protein

provides information about the contributions of that region to

biochemical activity. For example, scaffolding regions that are not

directly involved in a critical or rate-limiting step in protein

function should be hard to break by mutation (due to selection for

stability in the wild type protein), but once broken destroy activity

[19,20]. In contrast, regions that contribute to a rate-limiting step

should be easy to injure by mutation, with the severity of mutant

defects mediated by the rigidness of chemical and physical

requirements (e.g. catalytic sites in enzymes being ultimately rigid

with any mutation destroying activity).

The distribution of functional effects (Figure 5A) for the region

of Hsp90 we analyzed had one main peak with most mutations

exhibiting partial defects relative to wild type. Our finding is

consistent with this region of Hsp90 contributing to a critical and

rate-limiting step in function. The intermediate functional defect

of most mutants indicates that the chemical and physical

requirements are flexible, consistent with this region of Hsp90

providing a hydrophobic docking site for binding to substrates, as

was inferred from structure [32]. Taking a closer look at the

aromatic amino acids at position 583 (Phe) and 585 (Trp) located

on the surface of the Hsp90 structure, most amino acid

substitutions are tolerated when expressed at endogenous levels,

but a clear functional preference for hydrophobic amino acids is

revealed at reduced expression strengths (Figure 5B). Hydrophobic

Figure 2. Effect of reduced Hsp90 expression on yeast growth. (A) Growth of Hsp90 shutoff yeast harboring rescue Hsp90 plasmids with
varied promoters with or without a terminator in the 39 UTR. Yeast were grown at 30uC and monitored by optical density at 600 nm. (B) Hsp90
expression in cells grown in dextrose for 19 hours was monitored by Western blotting. (C) Relationship between observed Hsp90 expression level
and growth rate.
doi:10.1371/journal.pgen.1003600.g002

Reducing Hsp90 Expression Unmasks Mutant Function
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interactions [46] are malleable to slight alterations in geometry and

physical composition compared to other physical interactions (e.g.

hydrogen bonds). Thus, it is reasonable that some substitutions that

maintain hydrophobicity would be well tolerated, but that most

non-conservative substitutions would result in strong defects.

Our fitness-based estimates of mutant effects on function

integrate over all properties that contribute to cell growth

including catalysis, binding affinity, as well as the thermodynamic

stability of folding to the native state [18–20,27,47]. In terms of

stability, the prevalence of intermediate functional defects that we

observe is inconsistent with this region of Hsp90 serving a purely

scaffolding function, which theory predicts should exhibit a bi-

modal distribution [18]. Furthermore, we observed a similar

distribution of functional effects for positions located on the

protein surface, which should have relatively small impacts on

stability [48], as those that orient towards the protein interior

(Supplementary Figure S9). This finding suggests that the

functional effects of mutants at solvent shielded positions are

caused primarily by local structural changes that impact the

organization of solvent exposed positions (e.g. as required for

efficient binding to substrate). We have observed a similar surface-

core relationship in ubiquitin [43], and at a lower resolution this

type of surface-core association has been postulated based on the

slow evolutionary divergence of sites in proteins located proximal

to binding sites [49]. Of note, Hsp90 is a dimeric protein and

subunit folding and association are coupled [44]. Thus, decreased

expression strength could increase sensitivity to destabilizing

mutations. In this case, destabilizing mutations would exhibit

larger activity defects at lower expression strength. Across the

dataset our functional estimates are largely independent of

expression strength (Supplementary Figure S9, Panel A). Thus,

the effects of mutations on dimer stability appear to have at most a

minor impact on our activity estimates, consistent with the location

of this region of Hsp90 far from the dimer interface [50].

To further examine the effect of mutations on stability, we

simulated the stability effects of each possible point mutation based

Figure 3. Mutant effects on protein function can be hidden to fitness analyses. Fitness effects (top panel) are a property of the elasticity
relationship between net protein function and growth (middle panel) and the impact of mutations on function per molecule (bottom panels). For
Hsp90, the non-linear elasticity relationship could mask defects, making multiple distributions of functional effects (bottom panels) indistinguishable
to fitness analyses. In the top and bottom panels, green represents mutants with WT-like, red null-like, and grey intermediate fitness effects.
doi:10.1371/journal.pgen.1003600.g003

Reducing Hsp90 Expression Unmasks Mutant Function
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on the structure of Hsp90 [50] using Rosetta [51], which

accurately predicts the experimental effects of mutations on

stability. The simulated stability effects for Hsp90 correlate

extremely weakly with activity (Figure 5C), consistent with our

conclusion that stability is not a dominant contributor to activity

for this region of Hsp90. Of note, substitutions of amino acids with

similar physical and chemical properties (as estimated by

BLOSUM similarity) to the wild type residue tend to be

compatible with function (Figure 5D). The stronger correlation

of function with amino acid similarity compared to stability

suggests that the stability simulations do not fully capture all

biologically relevant structures. For example, high resolution

structures of Hsp90 bound to substrate are not available; but if

they were available, might provide a stronger structural explana-

tion for the observed functional effects of mutations.

To further test our model and conclusions, we experimentally

investigated the biochemical properties of five non-conservative

amino acid substitutions. We chose mutations that dramatically

change the hydrophobic binding surface and largely destroy

function (F583D and W585D), mutations that disrupt intra-

molecular interactions and severely impair function (S586H

disrupts a buried hydrogen bond, and A587D introduces a buried

charge at a solvent shielded location), and a charge reversal

mutation (E590K) on the surface that causes a moderate

functional defect. The growth rate of these mutants in monocul-

ture closely matched the fitness effects observed in the bulk

competitions (Supplementary Figure S10). As discussed above, our

estimates of function integrates over multiple protein properties.

For example, a mutation that increases the degradation rate (with

the synthesis rate unchanged) should exhibit reduced steady state

levels leading to a defect in net function. All of the disruptive

individual mutations that we investigated accumulated at similar

steady state levels (Figure 6A), suggesting that individual mutations

do not commonly disrupt Hsp90 protein levels.

We examined the biophysical properties of these non-conser-

vative Hsp90 mutant proteins in purified form. To maximize the

sensitivity of these analyses for potential alterations to structure

and stability, we generated C-domain constructs. All of the

Figure 4. Distribution of observed fitness effects. EMPIRIC results
for Hsp90 mutants with varied promoters with and without terminator
sequences in the 39 UTR: (A) TEF promoter, (B) TEF promoter without a
terminator, (C) CYC promoter, (D) CYC promoter without a terminator,
(E) ADH promoter, and (F) ADH promoter without a terminator.
doi:10.1371/journal.pgen.1003600.g004

Figure 5. Effects of mutations on Hsp90 function. (A) Distribution
of mutant effects on Hsp90 function calculated from fitness effects at
varied expression levels. (B) Impact of mutations at two solvent exposed
hydrophobic amino acids in Hsp90 on yeast growth at different
expression strengths. (C) Mutant impacts on folding stability (2DDG
estimated from structural simulation) related to function. (D) Similarity
of amino acid substitutions to wild type (based on Blosum62 matrix)
relative to observed functional effects.
doi:10.1371/journal.pgen.1003600.g005

Reducing Hsp90 Expression Unmasks Mutant Function
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mutations we analyzed are located in the C-domain and do not

contact other domains in the Hsp90 structure. The circular

dichroism (CD) spectra of all five mutant proteins overlay closely

with WT (Figure 6B) indicating that all of the mutants fold into

native conformations with similar secondary structure content to

WT. We investigated the stability of each mutant protein to urea-

induced unfolding (Figure 6C). Similar concentrations of urea

were required to unfold all mutants and WT indicating that none

of the mutants compromises folding under native conditions.

These findings demonstrate that non-conservative mutations in

this region of Hsp90 are generally capable of folding to stable

native states, and strengthen our conclusions that the 582–590

region of Hsp90 that we analyzed is not critical for folding

stability, and is instead a structurally malleable region that forms a

critical hydrophobic docking site.

Our studies as well as those of others [21,24,25,27,52,53]

demonstrate that biochemical flux models and the elasticity

function in particular provide a fundamental link between

molecular and cellular/organismal properties. Non-linear elastic-

ity functions of the identical form to those described here for

Hsp90 have also been observed in E. coli for b-galactosidase[53],

isopropylmalate dehydrogenase [24], and dihydrofolate reductase

(DHFR) [25]. In E. coli, DHFR point mutations were commonly

observed to impact protein degradation rates leading to fitness

effects that were strongly dependent on the level of protein quality

control [25]. In addition, flux models can provide a mechanistic

explanation for many common fitness features including pleiotro-

py and epistasis [54].

This study clearly demonstrates that functional defects of

mutants can be hidden to experimental fitness measurements

due to a non-linear elasticity function. Uncovering these latent

effects revealed that the region of Hsp90 we analyzed contributes

to a rate-limiting step in Hsp90 function. These findings indicate

that critical functional regions in proteins are more prevalent than

considered based on fitness analyses performed without consider-

ation of the elasticity function. The elasticity function relating net

function and fitness is critical for a thorough understanding of

mutant fitness effects.

Methods

Plasmid and strain construction
For expression analysis, the yeast Hsp90 gene was cloned into

the pRS414 plasmid with different promoters and 39 untranslated

region (UTR). We used constitutive promoters previously dem-

onstrated to generate a wide variation in expression level [55]

including GPD, TEF, ADH, and CYC. Constructs were generated

with or without the 39 UTR from the CYC gene, which allowed

further variation in expression level [56]. In constructs lacking the

CYC terminator, the 39UTR was composed of sequence from the

plasmid vector. All Hsp90 plasmids contained a 6X-His sequence

(GGHHHHHHGGH) at the N-terminus to facilitate detection by

Western blotting. Point mutant libraries previously generated in

p417 plasmids [9] were transferred to the pRS414 promoter

variant plasmids using SLIC cloning [57]. Briefly, for each

Table 1. Activity ranges interrogated at each expression-
strength.

Construct Name Expression Strength Function Range1

GPD 1.0 0.034–0.21

TEF 0.32 0.067–0.45

TEFDTer 0.094 0.16–0.71

CYC 0.044 0.38 and above

CYCDTer 0.019 0.38 and above

ADH 0.014 0.39 and above

ADHDTer 0.008 0.43 and above

1Function range with informative fitness effects (sapp.null-like – where mutants
persist in the culture and are more accurately monitored; and observed growth
rates at least 5% slower than Gmax where growth rate and function are strongly
coupled.
doi:10.1371/journal.pgen.1003600.t001

Figure 6. Expression level and stability of five non-conserva-
tive mutations. (A) Expression level in shutoff yeast analyzed by
Western blotting. The vertical line represents intervening lanes that
were removed for clarity. (B) Secondary structure of purified C-domain
constructs analyzed by circular dichroism. The spectrum of a denatured
sample in 5M urea is shown for comparison (below 218 nm absorbance
from urea interferes with signal). (C) Urea induced unfolding of purified
C-domain constructs. The fraction unfolded was determined based on
ellipticity at 222 nm.
doi:10.1371/journal.pgen.1003600.g006
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promoter strength construct, we prepared a destination vector

with the first and last 30 bases of Hsp90 bracketing a unique SphI

restriction site. We excised the Hsp90 library from the original

417GPD plasmid using restriction enzymes that cut immediately

upstream and downstream of the Hsp90 gene. We cut destination

vectors with SphI. We generated ,30 base complementary

overhangs using T4 DNA polymerase in both the destination

vectors and the Hsp90 library, annealed the complementary DNA,

transformed into competent bacteria, grew in bulk selective (Amp)

cultures and prepared plasmid. A small portion of the transfor-

mation was plated and the number of independent transformants

(,30,000) was in gross excess to the library diversity. In addition,

all replication is performed in bacteria where multiple systems

ensure high fidelity reducing the probability of undesired

secondary mutations. The DBY288 Hsp90 shutoff strain (can1-

100 ade2-1 his3-11,15 leu2-3,12 trp1-1 ura3-1 hsp82::leu2

hsc82::leu2 ho::pgals-hsp82-his3) was generated from the Ecu

Hsp90 plasmid swap strain [42] by integration of Hsp90 driven by

a GalS [41] promoter together with a HIS3 marker into the HO

genomic locus.

Yeast growth rate
DBY288 cells were transformed with pRS414 plasmids and

selected on synthetic raffinose and galactose (SRGal) plates lacking

tryptophan (-W). Single colonies were then grown in liquid SRGal-

W on a rotator at 30uC to late-log phase (OD600,0.8). Cells were

collected by centrifugation, washed with synthetic dextrose (SD) –

W media, and then grown in SD-W medium at 30uC in an orbital

shaker. Culture density was maintained in log phase (OD600

between 0.1 and 0.8) by periodic dilution. Culture growth was

monitored based on increases in OD600 taking into account

cumulative dilution. The log of OD600 versus time was fit to a

linear equation to determine growth rate. Analyses were

performed on time points in dextrose where control cells lacking

a rescue Hsp90 had depleted Hsp90 by Western analyses

(Figure 2B & Supplementary Figure S1) and had stalled in growth

(Figure 2A and Supplementary Figure S1).

Analyses of Hsp90 expression level by Western
To analyze expression levels of different promoter constructs,

cells were grown for 19 hours in SD -W media, and 108 yeast cells

were collected by centrifugation, and frozen as pellets at 280uC.

Cell lysates were prepared by vortexing thawed pellets with glass

beads in lysis buffer (50 mM Tris-HCl pH 7.5, 5 mM EDTA and

10 mM PMSF), followed by addition of SDS to 2%. Lysed cells

were centrifuged at 18,000 g for 1 minute to remove debris, and

the protein concentration of the supernatants was determined

using a BCA assay (Pierce Inc.). Lysates with 15 mg of cell protein

were resolved by SDS-PAGE, transferred to a PVDF membrane,

and Hsp90 probed using a-HisG antibody (Invitrogen Inc.).

Importantly, we have previously shown that detection of this

66His Hsp90 construct in yeast can be detected with a broad

linear range using this antibody and Western blot approach [44].

Analyses of Hsp90 expression level using flow cytometry
Flow cytometry was used as an alternative approach to measure

the expression level of Hsp90 at the single cell level in yeast cells. A

gene encoding EGFP was inserted into the unstructured tail of

Hsp90 after amino acid position 684. This Hsp90-GFP fusion

construct was cloned into the variable strength promoter

constructs used with non-GFP tagged Hsp90. These plasmids

were transformed into DBY288 yeast competent cells and grown

on SRGal-W plates. A single colony of each strain was grown for

two days at 30uC in SRGal-W media to near saturation. These

cultures were diluted 1:50 into SRGal-W media and grown to late

log phase (,106 cells/ml). Each strain was then further diluted

1:50 in SD-W media for 48 hours at 30uC with dilution every

12 hrs in order to maintain cells in log phase growth. Samples of

cells were collected after 19, 36, and 48 hours in dextrose.

Collected cells were washed twice in wash buffer (50 mMTris,

150 mMNaCl, pH 7.6, 0.1% w/v BSA), diluted to 107cells/ml in

wash buffer and analyzed on a Becton-Dickinson FACSCalibur

flow cytometer equipped with a 15 mW air cooled 488 nm argon-

ion laser using a 530 nm high-pass filter. Greater than 100,000

cells were analyzed for each sample. Data were processed and

analyzed using FlowJo software. Debris including clumped cells

was excluded by gating on the forward and side scatter (excluded

less than 5% of points). To compare with bulk Western

measurements, mean fluorescence was calculated using cells

without GFP in order to subtract out background due to

autofluorescence.

Circular dichroism
C-domain constructs of Hsp90 bearing an N-terminal 66His

tag were generated in a bacterial over-expression plasmid,

expressed, purified, and analyzed by circular dichroism (CD) as

previously described [44]. Briefly, CD spectra were obtained using

a 1 mm path length cuvette at a protein concentration of 20 mM

in 20 mM potassium phosphate at pH 7 and 25uC. Urea titrations

were performed under the same conditions using samples that

were equilibrated for 30 minutes. Urea concentrations were

determined based on their refractive index. CD ellipticity at

222 nm was used to follow urea induced unfolding and the

resulting data was fit to a two-state unfolding model as previously

described [44].

EMPIRIC analyses of point-mutants
The effect of point mutants on yeast growth was analyzed as

previously described [36]. Time points in dextrose were selected

for analysis where control cells lacking a rescue Hsp90 began to

stall in growth in order to observe the rapid decrease in relative

abundance of deleterious mutants (e.g. premature stop codons).

The growth rate of cells harboring the WT coding sequence in

bulk competitions was estimated from monoculture growth of WT

constructs performed in parallel to the bulk competitions. For the

GPD, TEF and TEFDter constructs we analyzed time points in

dextrose of 12, 16, 20, 24, 32, 40, and 48 hours (Supplementary

Table S4). For the CYC, ADH, CYCDter, and ADHDter

constructs where the relative decrease of deleterious mutants was

less severe (due to slower growth rate of fit mutants) we analyzed

time points in dextrose of 16, 20, 24, 32, 40, and 48 hours. To

process these time point samples, yeast pellets were lysed with

zymolyase and total DNA was extracted and purified through a

silica column. The DNA encoding amino acids 582–590 was PCR

amplified, and prepared for 36 base single-read Illumina

sequencing. 3.46107 high quality reads (.99% confidence across

all 36 bases) were obtained and analyzed. The relative abundance

of each point mutant at each time point for each promoter was

tabulated. Effective selection coefficients for yeast growth were

determined by linear fits to the change in mutant abundance

relative to wild type for each possible codon substitution. To

account for the rapid depletion of null-like mutants to noise levels,

only the first three timepoints in selection were used to determine

effective selection coefficients for stop codons and all other

mutants with effective selection coefficients within two standard

deviations of stop codons (corresponding to s = 20.28 for GPD,

s = 20.37 for TEF, s = 20.4 for TEFDter, s = 2.0.35 for CYC,

s = 20.46 for ADH, s = 0.44 for CYCDter, and s = 20.43 for
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ADHDter). Because these null and near-null mutants rapidly

deplete from the culture it is challenging to precisely measure their

relative growth effects and they were binned as ‘‘null-like’’

(Supplementary Table S2).Potential noise was analyzed by

calculating normalized residuals (residuals/time points fit). Codon

substitutions with residuals per time point greater than 0.25 or low

initial mutant abundance (mutant/wt less than 0.004) were

omitted (,7% of codons). For mutants that persist in the bulk

competition (s.20.1) synonymous codons exhibit a narrow

distribution (Supplemental Figure S11) indicating that the amino

acid sequence is a dominant determinant of fitness. The effective

selection coefficient for each amino acid substitution was estimated

as the average of the effective selection coefficients of all

synonymous codons. Epistasis between expression strength and

amino acid substitutions was calculated as the difference in

effective selection coefficient at reduced expression strengths

relative to endogenous strength. For the epistasis calculations,

null-like mutants were considered as true nulls. Thus, a mutant

with wild type fitness at endogenous expression strength, and null-

like fitness at the reduced expression strength would have an

epistasis of 21.

Estimations of mutant effects on function
Function per molecule was calculated based on observed

selection coefficients, the elasticity function, and the expression

level for each different promoter construct using the following

equations.

G~Gmax= 1zEm=EFð Þ ð1Þ

Gmut=GWT~Wmut~1zs ð2Þ

Where G is growth rate, Gmax is the maximal growth rate, Em is

the relative expression level that results in half maximal growth, E

is the expression level relative to the endogenous level, F is the per

molecule functionof a mutant relative to WT, Wmut is the growth

rate of a mutant relative to WT, and s is the effective selection

coefficient. Equation 1 is an extension of the elasticity equation

(Figure 2), where the expression of functional molecules or net

function (EF) is explicitly modeled. With the WT coding sequence

(F = 1 by definition), equation 1 simplifies to the elasticity function

in Figure 2. These equations can be combined and rearranged to

define F as follows.

F~EmWmut= EzEm{EWmutð Þ ð3Þ

Equation 3 was used to estimate mutant effects on function

(Supplementary Table S3) using the observed selection coefficients

(Supplementary Table S2), Em = 0.014 (Figure 2), E for each

promoter construct based on experimental measurements (EGP-

D = 1,ETEF = 0.32,ETEFDter = 0.094), or estimated from the ob-

served growth rate and the elasticity function for weak promoter

constructs where experimental measures of expression were noisier

(ECYC = 0.028,ECYCDter = 0.015,EADH = 0.014,EADHDter = 0.010).

Where growth rates prohibited accurate estimation of fitness (null-

like mutants, or absolute growth rates within 5% of Gmax), bounds

on relative per molecule function were calculated (Table 1). For

each amino acid substitution, a final per molecule function

estimate was generated by averaging across all promoter

constructs that yielded a numerical estimate (and not a bound).

For all pair-wise numerical function estimates (e.g. at two different

expression strengths), we compared function effects between all

constructs with adjacent expression levels (Figure S9). To facilitate

biophysical comparisons, we used the Blosum62 matrix [58] to

calculate the amino acid similarity to wild type for each possible

point mutation, and Rosetta [51] to simulate effects on thermo-

dynamic folding stability.

Model assumptions
We make the simplifying assumption that expression level is

independent of mutations to the coding sequence. Steady state

expression level is determined by the rates of both synthesis and

degradation. Because degradation occurs after protein synthesis, it

should depend primarily on the protein sequence such that

synonymous substitutions minimally impact degradation rates.

Across our data set we noted that synonymous substitutions did

not have dramatic impacts on fitness, suggesting that synthesis

rates were relatively independent of mutation. Protein degradation

rates vary depending on protein sequence, but all of the mutants

that we analyze are single amino acid substitution, and hence

minimally differ in overall sequence. In the event that a point

mutant impacts degradation rate, it should be consistent across

each promoter construct. Thus, mutant impacts on degradation

should be rare (see Figure 6), but would be incorporated into our

estimates of function.

In analyzing the effect of mutations relative to wild type, we

make the simplifying assumption that function is independent of

expression level. We examined the validity of this assumption by

analyzing the standard deviation in function for each amino acid

substitution determined at different expression levels. The average

standard deviation was 0.1, indicating that this assumption is valid

on a rough scale (on the order of 0.1) and is appropriate for

interpreting the main features of the distribution of mutant effects

on function. Of note, the mutations that we observe to improve

function at reduced Hsp90 expression levels (Figure 5, Supple-

mentary Table S3) may be an artifact of this assumption.

The elasticity function does not include a cost of expression and

as such has a maximum fitness at infinite expression level. Thus,

we assume that expression cost is negligible relative to expression

benefit over the range of our analyses. As the expression cost of

native proteins is below experimental detection in yeast [59], this

assumption appears reasonable.

We infer differences in cellular growth rates from measure-

ments of DNA abundance. This inference is valid if DNA and

cellular abundance are coupled. In previous work, we demon-

strated that EMPIRIC measurements of fitness based on

measures of plasmid abundance correlate strongly with cellular

growth rates for a large set of mutants [43], indicating that

plasmid abundance and cellular abundance are coupled. In

addition, the copy number of the CEN plasmids utilized in this

study is regulated, as cells maintaining multiple CEN plasmids

grow slowly [60]. In addition, the low copy number of CEN

plasmids is dominant to the addition of high copy genetic

elements [61] and genetic alterations that increase CEN

abundance are rare [62]. Nonetheless, CEN plasmids are not

as stable as chromosomally encoded DNA, which may lead to a

small amount of noise in our measurements.

Supporting Information

Figure S1 Hsp90 shutoff strain. (A) The DBY288 strain grows

robustly in dextrose when provided with a rescue plasmid that

constitutively expresses Hsp90, but stalls in growth with a null-rescue

plasmid. (B) Expression level of Hsp90 in DBY288 is near-endogenous
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in media with galactose (SRGal), but below Western blot detection

after 19 hours in dextrose media (SD).

(EPS)

Figure S2 Correlation between effective selection coefficients

measured in a full experimental repeat at endogenous expression

level. Strongly deleterious mutants rapidly deplete in bulk

competition and are not monitored as precisely as more fit

mutants. Relative selection coefficients are strongly reproduced in

these full experimental repeats performed on different days. The

slope of this correlation is 1.7, likely due to a linear influence from

estimates of the WT growth rate in these separate experiments.

(EPS)

Figure S3 Hsp90-GFP fusions. (A) Growth rate supported by

Hsp90-GFP fusion in shutoff yeast. (B) Comparison of growth

rates observed with and without GFP fusion. (C) GFP levels

observed by flow cytometry. To estimate bulk expression

comparable to the Western analyses in Figure 2, mean

fluorescence was calculated and corrected for the auto fluores-

cence from cells lacking GFP.

(EPS)

Figure S4 Population management during bulk competitions.

(A) Outline of experiment from transformation through selection.

For all steps, the smallest population bottleneck is indicated. These

bottlenecks were managed so that they were always in gross excess

to the diversity of engineered mutations (64 codons 6 9

positions = 576). (B) Population management during selective

growth competition (after 12 hours in dextrose). Dashed lines

represent dilutions to maintain cells in logarithmic growth, and

arrows at the top indicate when samples were harvested for

sequencing.

(EPS)

Figure S5 Expression of Hsp90-GFP fusions as a function of

time in shutoff conditions. (A) GFP levels observed by FACS after

19 hours (grey filled), 36 hours (green dashed line), or 48 hours

(red dashed lines) in dextrose for each promoter strength construct.

To estimate the bulk expression level, mean fluorescence was

calculated and corrected for the autofluorescence of cells lacking

GFP. While the observed distribution of expression level among

populations of cells was complex and will be interesting to examine

in future studies, straightforward analyses of the population mean

provided useful estimates for this study. (B) The fold increase

relative to the 19 hour time point for each construct was plotted

and fit to a linear model.

(EPS)

Figure S6 Influence of time in dextrose on growth rates. (A)

Shutoff yeast harboring rescue plasmids with the WT Hsp90

coding sequence under different promoter strengths were

monitored after 26 or 50 hours in dextrose. The TEF and

TEFDter constructs exhibit less than a 5% change in observed

growth rate, consistent with the robust growth observed for these

constructs immediately after selection begins in dextrose. (B)

Relative growth rate of strains exhibiting growth defects upon

selection in dextrose. Growth estimates at 50 hours were estimated

from the growth rate at 26 hours, the elasticity function, and the

observed increase in expression of Hsp90-GFP fusions.

(EPS)

Figure S7 Models of time-dependent changes in expression

level. (A) Mathematical descriptions of numerical integration

models relating abundance to function per molecule and

expression level. (B) Trajectories of theoretical competitions of

mutants with different impacts on function and WT. Trajectories

simulations use Dt of 0.1 hours and growth and expression

parameters from the CYCDter construct (E0 = 0.016 - calculated

from observed growth rate and elasticity function, Em = 0.014 -

from the elasticity function, t= 0.11 hr21 - based on flow

cytometry of Hsp90-GFP fusions over time, Gmax = 0.45 hr21 -

based on observed growth curves with the GPD construct).

Simulations were performed for other constructs and exhibited less

variation between CE and LIE models, indicating that the model

is most sensitive to changes in E around Em. (C) Comparison of the

slope of linear fits to the plots in panel B. (D) Representative data

for competition trajectories of mutants in the CYCDter constructs

with linear fits.

(EPS)

Figure S8 Epistasis between expression strength and amino acid

substitutions. Fitness effects of point mutants under reduced

expression strength compared to endogenous expression strength.

Results observed for Hsp90 mutants with varied promoters with

and without terminater sequences in the 39 UTR: (A) TEF

promoter, (B) TEF promoter without a terminater, (C) CYC

promoter, (D) CYC promoter without a terminater, (E) ADH

promoter, and (F) ADH promoter without a terminater.

(EPS)

Figure S9 Mutant effects on function. (A) Cross-correlation

between function estimates generated at different expression-

strengths. Comparisons were made between non bounded

estimates of function in constructs that neighbored in expression

strength (e.g. GPD was compared to TEF., TEF to TEFDter, etc.)

(B&C) Functional estimates for positions oriented towards the

protein interior or exterior. Distribution of mutant effects on

function for positions 582, 583, and 585 that are oriented towards

solvent (B), compared to positions (584, 586–590) that are oriented

towards the protein core (C).

(EPS)

Figure S10 Monoculture growth of individual mutants. Indi-

vidual mutants were generated in the GPD construct, introduced

into DBY288 yeast, and growth observed after switching to shutoff

conditions. We chose to analyze mutants with large differences in

effective selection coefficients from the bulk competitions. Both

mutants (W585D and A587D) with null-like EMPIRIC selection

coefficients exhibited dramatic growth defects, while both mutants

(E590K and F583D) with WT-like effective selection coefficients

exhibited robust growth in monoculture. The S586H mutant that

had an intermediate fitness defect in the bulk competitions also

exhibited an intermediate growth defect in monoculture. For this

data, the Spearman’s rank correlation was 20.99 using identical

EMPIRIC rankings for WT-like variants (WT, E590K, F583D) as

well as for null-like variants (W585D and A587D). The negative

sign in the correlation indicates that selection coefficients and

growth are inversely related by definition.

(EPS)

Figure S11 Effects of synonymous substitutions. For all

mutations that persisted in the bulk competitions (s.20.1), we

calculated synonym variance as the difference between the

effective selection coefficient for each codon and the average of

all synonyms encoding the same amino acid.

(EPS)

Table S1 Expression level measurements.

(DOCX)

Table S2 Apparent selection coefficients for Hsp90 amino acid

substitutions under different promoter strengths.

(XLSX)

Reducing Hsp90 Expression Unmasks Mutant Function

PLOS Genetics | www.plosgenetics.org 10 June 2013 | Volume 9 | Issue 6 | e1003600



Table S3 Effects of Hsp90 mutants on function.

(XLSX)

Table S4 Sequencing counts.

(XLSX)

Acknowledgments

We are appreciative of helpful discussions with B. Roscoe, R. Gilmore, N.

Rhind, and O. Rando, to C.R. Matthews for the generous use of his CD

instrument, and to R. Konz and the University of Massachusetts Medical

School Core Flow Cytometry Lab for assistance and guidance with flow

cytometry experiments.

Author Contributions

Conceived and designed the experiments: LJ PM RTH DNAB. Performed

the experiments: LJ PM RTH DNAB. Analyzed the data: LJ PM RTH

KBZ DNAB. Wrote the paper: LJ PM RTH KBZ DNAB.

References

1. Stemmer WP (1994) Rapid evolution of a protein in vitro by DNA shuffling.

Nature 370: 389–391.

2. Hughes AL, Nei M (1988) Pattern of nucleotide substitution at major

histocompatibility complex class I loci reveals overdominant selection. Nature

335: 167–170.

3. Yang Z, Bielawski JP (2000) Statistical methods for detecting molecular

adaptation. Trends Ecol Evol 15: 496–503.

4. King MC, Wilson AC (1975) Evolution at two levels in humans and

chimpanzees. Science 188: 107–116.

5. Manceau M, Domingues VS, Mallarino R, Hoekstra HE (2011) The

developmental role of Agouti in color pattern evolution. Science 331: 1062–

1065.

6. Dekel E, Alon U (2005) Optimality and evolutionary tuning of the expression

level of a protein. Nature 436: 588–592.

7. Drummond DA, Bloom JD, Adami C, Wilke CO, Arnold FH (2005) Why highly

expressed proteins evolve slowly. Proc Natl Acad Sci U S A 102: 14338–14343.

8. Gout JF, Kahn D, Duret L (2010) The relationship among gene expression, the

evolution of gene dosage, and the rate of protein evolution. PLoS Genet 6:

e1000944.

9. Hietpas RT, Jensen JD, Bolon DN (2011) Experimental illumination of a fitness

landscape. Proc Natl Acad Sci U S A 108: 7896–7901.

10. Pursell NW, Mishra P, Bolon DN (2012) Solubility-promoting function of hsp90

contributes to client maturation and robust cell growth. Eukaryot Cell 11: 1033–

1041.

11. Wayne N, Mishra P, Bolon DN (2011) Hsp90 and client protein maturation.

Methods Mol Biol 787: 33–44.

12. Whitesell L, Mimnaugh EG, De Costa B, Myers CE, Neckers LM (1994)

Inhibition of heat shock protein HSP90-pp60v-src heteroprotein complex

formation by benzoquinone ansamycins: essential role for stress proteins in

oncogenic transformation. Proc Natl Acad Sci U S A 91: 8324–8328.

13. Rennell D, Bouvier SE, Hardy LW, Poteete AR (1991) Systematic mutation of

bacteriophage T4 lysozyme. J Mol Biol 222: 67–88.

14. Sanjuan R, Moya A, Elena SF (2004) The distribution of fitness effects caused by

single-nucleotide substitutions in an RNA virus. Proc Natl Acad Sci U S A 101:

8396–8401.

15. Carrasco P, de la Iglesia F, Elena SF (2007) Distribution of fitness and virulence

effects caused by single-nucleotide substitutions in Tobacco Etch virus. J Virol

81: 12979–12984.

16. Domingo-Calap P, Cuevas JM, Sanjuan R (2009) The fitness effects of random

mutations in single-stranded DNA and RNA bacteriophages. PLoS Genet 5:

e1000742.

17. Peris JB, Davis P, Cuevas JM, Nebot MR, Sanjuan R (2010) Distribution of

fitness effects caused by single-nucleotide substitutions in bacteriophage f1.

Genetics 185: 603–609.

18. Wylie CS, Shakhnovich EI (2011) A biophysical protein folding model accounts

for most mutational fitness effects in viruses. Proc Natl Acad Sci U S A 108:

9916–9921.

19. Zeldovich KB, Chen P, Shakhnovich EI (2007) Protein stability imposes limits

on organism complexity and speed of molecular evolution. Proc Natl Acad

Sci U S A 104: 16152–16157.

20. Tokuriki N, Tawfik DS (2009) Stability effects of mutations and protein

evolvability. Curr Opin Struct Biol 19: 596–604.

21. Kacser H, Fell DA (1995) The control of flux: 21 years on. Biochem Soc Trans

23: 341–366.

22. 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. Mol Cell Biol 9: 3919–3930.

23. Lunzer M, Golding GB, Dean AM (2010) Pervasive cryptic epistasis in

molecular evolution. PLoS Genet 6: e1001162.

24. Lunzer M, Miller SP, Felsheim R, Dean AM (2005) The biochemical

architecture of an ancient adaptive landscape. Science 310: 499–501.

25. Bershtein S, Mu W, Serohijos AW, Zhou J, Shakhnovich EI (2013) Protein

quality control acts on folding intermediates to shape the effects of mutations on

organismal fitness. Mol Cell 49: 133–144.

26. Kacser H, Burns JA (1981) The molecular basis of dominance. Genetics 97:

639–666.

27. Kacser H, Burns JA (1973) The control of flux. Symp Soc Exp Biol 27: 65–104.

28. Heinrich R, Rapoport TA (1974) A linear steady-state treatment of enzymatic

chains. General properties, control and effector strength. Eur J Biochem 42: 89–

95.

29. Hegreness M, Shoresh N, Hartl D, Kishony R (2006) An equivalence principle

for the incorporation of favorable mutations in asexual populations. Science 311:

1615–1617.

30. Lynch M, Conery JS (2003) The origins of genome complexity. Science 302:

1401–1404.

31. Tsai IJ, Bensasson D, Burt A, Koufopanou V (2008) Population genomics of the
wild yeast Saccharomyces paradoxus: Quantifying the life cycle. Proc Natl Acad

Sci U S A 105: 4957–4962.

32. Harris SF, Shiau AK, Agard DA (2004) The crystal structure of the carboxy-

terminal dimerization domain of htpG, the Escherichia coli Hsp90, reveals a

potential substrate binding site. Structure 12: 1087–1097.

33. Adkar BV, Tripathi A, Sahoo A, Bajaj K, Goswami D, et al. (2012) Protein

model discrimination using mutational sensitivity derived from deep sequencing.
Structure 20: 371–381.

34. Whitehead TA, Chevalier A, Song Y, Dreyfus C, Fleishman SJ, et al. (2012)

Optimization of affinity, specificity and function of designed influenza inhibitors

using deep sequencing. Nat Biotechnol 30: 543–548.

35. Fowler DM, Araya CL, Fleishman SJ, Kellogg EH, Stephany JJ, et al. (2010)

High-resolution mapping of protein sequence-function relationships. Nat

Methods 7: 741–746.

36. Hietpas R, Roscoe B, Jiang L, Bolon DN (2012) Fitness analyses of all possible

point mutations for regions of genes in yeast. Nat Protoc 7: 1382–1396.

37. Debartolo J, Dutta S, Reich L, Keating AE (2012) Predictive bcl-2 family

binding models rooted in experiment or structure. J Mol Biol 422: 124–144.

38. Pitt JN, Ferre-D’Amare AR (2010) Rapid construction of empirical RNA fitness

landscapes. Science 330: 376–379.

39. McLaughlin RN, Jr., Poelwijk FJ, Raman A, Gosal WS, Ranganathan R (2012)

The spatial architecture of protein function and adaptation. Nature 491: 138–

142.

40. Araya CL, Fowler DM, Chen W, Muniez I, Kelly JW, et al. (2012) A

fundamental protein property, thermodynamic stability, revealed solely from

large-scale measurements of protein function. Proc Natl Acad Sci U S A 109:

16858–16863.

41. Mumberg D, Muller R, Funk M (1994) Regulatable promoters of Saccharo-

myces cerevisiae: comparison of transcriptional activity and their use for

heterologous expression. Nucleic Acids Res 22: 5767–5768.

42. Nathan DF, Lindquist S (1995) Mutational analysis of Hsp90 function:

interactions with a steroid receptor and a protein kinase. Mol Cell Biol 15:

3917–3925.

43. Roscoe BP, Thayer KM, Zeldovich KB, Fushman D, Bolon DN (2013) Analyses

of the Effects of All Ubiquitin Point Mutants on Yeast Growth Rate. J Mol Biol

425: 1363–77.

44. Wayne N, Bolon DN (2007) Dimerization of Hsp90 is required for in vivo

function. Design and analysis of monomers and dimers. J Biol Chem 282:

35386–35395.

45. Picard D, Khursheed B, Garabedian MJ, Fortin MG, Lindquist S, et al. (1990)

Reduced levels of hsp90 compromise steroid receptor action in vivo. Nature 348:

166–168.

46. Dill KA (1990) Dominant forces in protein folding. Biochemistry 29: 7133–7155.

47. King JL, Jukes TH (1969) Non-Darwinian evolution. Science 164: 788–798.

48. Sauer RT, Milla ME, Waldburger CD, Brown BM, Schildbach JF (1996)

Sequence determinants of folding and stability for the P22 Arc repressor dimer.

Faseb J 10: 42–48.

49. Toth-Petroczy A, Tawfik DS (2011) Slow protein evolutionary rates are dictated

by surface-core association. Proc Natl Acad Sci U S A 108: 11151–11156.

50. Ali MM, Roe SM, Vaughan CK, Meyer P, Panaretou B, et al. (2006) Crystal

structure of an Hsp90-nucleotide-p23/Sba1 closed chaperone complex. Nature

440: 1013–1017.

51. Kellogg EH, Leaver-Fay A, Baker D (2011) Role of conformational sampling in

computing mutation-induced changes in protein structure and stability. Proteins

79: 830–838.

52. Dykhuizen DE, Dean AM (1990) Enzyme activity and fitness: Evolution in

solution. Trends Ecol Evol 5: 257–262.

53. Dykhuizen DE, Dean AM, Hartl DL (1987) Metabolic flux and fitness. Genetics

115: 25–31.

Reducing Hsp90 Expression Unmasks Mutant Function

PLOS Genetics | www.plosgenetics.org 11 June 2013 | Volume 9 | Issue 6 | e1003600



54. Dykhuizen DE, Dean AM (2009) Experimental Evolution from the Bottom Up.

In: Theodor, editor. Experimental Evolution: Concepts, Methods, and
Applications of Selection Experiments.

55. Mumberg D, Muller R, Funk M (1995) Yeast vectors for the controlled

expression of heterologous proteins in different genetic backgrounds. Gene 156:
119–122.

56. Zaret KS, Sherman F (1984) Mutationally altered 39 ends of yeast CYC1 mRNA
affect transcript stability and translational efficiency. J Mol Biol 177: 107–135.

57. Li MZ, Elledge SJ (2007) Harnessing homologous recombination in vitro to

generate recombinant DNA via SLIC. Nat Methods 4: 251–256.
58. Henikoff S, Henikoff JG (1992) Amino acid substitution matrices from protein

blocks. Proc Natl Acad Sci U S A 89: 10915–10919.

59. Geiler-Samerotte KA, Dion MF, Budnik BA, Wang SM, Hartl DL, et al. (2010)

Misfolded proteins impose a dosage-dependent fitness cost and trigger a cytosolic

unfolded protein response in yeast. Proc Natl Acad Sci U S A 108: 680–685.

60. Futcher B, Carbon J (1986) Toxic effects of excess cloned centromeres. Mol Cell

Biol 6: 2213–2222.

61. Tschumper G, Carbon J (1983) Copy number control by a yeast centromere.

Gene 23: 221–232.

62. Tschumper G, Carbon J (1987) Saccharomyces cerevisiae mutants that tolerate

centromere plasmids at high copy number. Proc Natl Acad Sci U S A 84: 7203–

7207.

Reducing Hsp90 Expression Unmasks Mutant Function

PLOS Genetics | www.plosgenetics.org 12 June 2013 | Volume 9 | Issue 6 | e1003600


