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Abstract

Chaperones facilitate the folding of other (“client”) proteins and can thus affect the adaptive evolution of these clients. Specifically, chaper-
ones affect the phenotype of proteins via two opposing mechanisms. On the one hand, they can buffer the effects of mutations in proteins
and thus help preserve an ancestral, premutation phenotype. On the other hand, they can potentiate the effects of mutations and thus en-
hance the phenotypic changes caused by a mutation. We study that how the bacterial Hsp90 chaperone (HtpG) affects the evolution of
green fluorescent protein. To this end, we performed directed evolution of green fluorescent protein under low and high cellular concen-
trations of Hsp90. Specifically, we evolved green fluorescent protein under both stabilizing selection for its ancestral (green) phenotype
and directional selection toward a new (cyan) phenotype. While Hsp?0 did only affect the rate of adaptive evolution transiently, it did affect
the phenotypic effects of mutations that occurred during adaptive evolution. Specifically, Hsp90 allowed strongly deleterious mutations to
accumulate in evolving populations by buffering their effects. Our observations show that the role of a chaperone for adaptive evolution

depends on the organism and the trait being studied.
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Introduction

Mutations are essential for the evolution of new traits and of pro-
teins with new functions. However, the vast majority of muta-
tions negatively affect a protein’s function (Bershtein et al. 2006;
Eyre-Walker and Keightley 2007), thereby constraining its evolu-
tion (DePristo et al. 2005; Zeldovich et al. 2007). Many such delete-
rious mutations can impair a protein’s ability to spontaneously
fold into a structure that is necessary for its function (Covalt et al.
2001; Chakraborty et al. 2010). In addition, they can make a pro-
tein misfold and form nonfunctional and potentially toxic struc-
tures (Fersht 1997; Winklhofer et al. 2008; Hartl 2017). Mutations
that alter the biochemical activity of a protein (neofunctionaliz-
ing mutations) may destabilize the protein (Tokuriki et al. 2008;
Fromer and Shifman 2009; Studer et al. 2014). Conversely, high
thermodynamic stability and fast folding of a protein, may favor
its adaptive evolution (Bloom et al. 2006; Zheng et al. 2020).

A cell is a crowded environment brimming with proteins that
occur at high concentrations. To ensure protein quality in this
environment, organisms have evolved various mechanisms em-
bodied in various chaperone proteins that help other proteins
fold. These mechanisms include the stabilization of nascent

unfolded polypeptides, the acceleration of protein folding, the
prevention of misfolding, and the refolding of misfolded proteins
(Kim et al. 2013; Saibil 2013; Ries et al. 2017; Imamoglu et al. 2020).
Chaperones are especially active when cells are subject to stres-
sors like heat, which destabilize proteins (Richter et al. 2010).
Many chaperones are thus also known as heat shock proteins
(Hsp). Like environmental stressors, mutations can also destabi-
lize proteins, and chaperones can mitigate the destabilizing
effects of such mutations by helping proteins to fold correctly
(Tokuriki and Tawfik 2009; Wyganowski et al. 2013; Sadat et al.
2020).

By mitigating or “buffering” the effect of deleterious muta-
tions, chaperones can help organisms that accumulate such
mutations, maintain high fitness (Fares et al. 2002; Sabater-
Munoz et al. 2015; Aguilar-Rodriguez et al. 2016; Karras et al. 2017;
Phillips et al. 2018). For example, Escherichia coli populations with
multiple random genomic mutations grow faster and are less
likely to go extinct when the two chaperones DnaK and GroEL are
overexpressed (Fares et al. 2002; Sabater-Munoz et al. 2015;
Aguilar-Rodriguez et al. 2016). By buffering the effects of muta-
tions, chaperones can also facilitate the evolution of new pheno-
types (Rutherford and Lindquist 1998; Cowen and Lindquist 2005;
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Tokuriki and Tawfik 2009; Wyganowski et al. 2013; Agozzino and
Dill 2018; Alvarez-Ponce et al. 2019). For example, they can buffer
the destabilizing effects of neofunctionalizing mutations
(Tokuriki and Tawfik 2009; Wyganowski et al. 2013). In sum, chap-
erones can play an important role in adaptive protein evolution.

In this study, we explore how the chaperone Hsp90 modifies
the phenotypic effects of genetic variation that arises during ex-
perimental protein evolution. Like other chaperones, Hsp90 can
accelerate protein folding (Kim et al. 2013). It does so by forming a
dimer that provides an interface for unfolded proteins to bind
and fold properly. More specifically, it takes over a partially
folded protein molecule from the chaperone Hsp70, and facili-
tates its further folding (Genest et al. 2011; Mordn Luengo et al.
2018; Wang et al. 2022).

Hsp90 is especially interesting for protein evolution, because it
seems to affect protein mutations in two opposite ways. First,
like other chaperones, it can buffer the effect of mutations
(Rutherford and Lindquist 1998; Queitsch et al. 2002; Karras et al.
2017). Second, it can also enhance or exaggerate the effect of
mutations. This phenomenon is also called potentiation (Xu et al.
1999; Cowen and Lindquist 2005; Whitesell et al. 2014). One perti-
nent study investigated the effects of Hsp90 on mutations that
affect the cellular morphology of the yeast Saccharomyces cerevi-
siae (Geiler-Samerotte et al. 2016). It found that Hsp90 potentiated
the effects of most mutations, but buffered the effects of some
mutations. These buffered mutations preferentially survive se-
lection, and gradually accumulate in populations during many
generations of evolution. Although these two phenomena—buff-
ering and potentiation—seem opposite to each other in their
effects, we note that the underlying molecular mechanisms may
be identical. Specifically, a chaperone may promote folding of its
protein clients irrespective of the phenotypes they manifest. This
enhancement in protein folding can minimize the effect of desta-
bilizing mutations (buffering), and it can enhance (potentiate) the
effect of mutations that change the protein’s activity. Many
mutations that change a protein’s activity simultaneously reduce
its stability and original activity (Tokuriki et al. 2008; Fromer and
Shifman 2009; Studer et al. 2014). Thus by enhancing protein fold-
ing, a chaperone can preserve an ancestral phenotype but can
also enhance a novel phenotype. Therefore, a chaperone’s effect
on a protein phenotype can be called buffering or potentiation,
depending on the point of view of the observer.

Hsp90 occurs in both eukaryotes and prokaryotes, and several
key amino acids in the functional domains of the chaperone are
conserved (Chen et al. 2006; Schopf et al. 2017). The vast majority
of studies on Hsp90 and its role on adaptive evolution have been
performed on eukaryotic Hsp90, in model systems such as yeast
(S. cerevisiae) and animal cells (Rutherford and Lindquist 1998; Xu
et al. 1999; Queitsch et al. 2002; Whitesell et al. 2014; Geiler-
Samerotte et al. 2016; Karras et al. 2017; Schopf et al. 2017; Dorrity
et al. 2018). Because we know comparatively little about prokary-
otic Hsp90 and its role (if any) in protein evolution, we focus here
on E. coli Hsp90. We note that despite the substantial sequence
conservation of Hsp90 orthologs, different orthologs can affect
protein folding differently (Jahn et al. 2018). Different orthologs
may thus also differ in their effect on genetic mutations.

To characterize the phenotypic effects of Hsp90 on mutations
in greater molecular detail than would be possible for phenotypes
that are complex and affected by multiple genes (Geiler-
Samerotte et al. 2016), we studied the effect of Hsp90 on a single
evolving protein. Pertinent previous work exists, but it has fo-
cused on a different chaperone (GroEL/S; Tokuriki and Tawfik
2009; Wyganowski et al. 2013). Our work also overcomes a

limitation of previous work, which studied only a modest number
of ~200 evolving protein genotypes (Tokuriki and Tawfik 2009;
Wyganowski et al. 2013). Instead, we evolved populations of more
than 10° proteins, which can explore a larger region of genotype
space. More specifically, we studied the effect of bacterial Hsp90
(HtpG) on the directed evolution of green fluorescent protein
(GFP). Our choice of GFP was motivated by three main considera-
tions. First, the fluorescent phenotype of GFP can be easily quan-
tified in a high-throughput manner and at single cell resolution
using flow cytometry. Second, this phenotype also allowed us to
perform selection in a highly controlled manner using fluores-
cence activated cell sorting (FACS). Third, as a widely used bio-
marker, GFP is presumably nontoxic to E. coli. It is also not
endogenous to E. coli and thus interferes minimally with the bac-
terium’s proteome and physiology.

Another pertinent study focuses on the yeast Hsp90, and uses
a high-throughput selection experiment to show that the chaper-
one can differently influence the phenotypic outcomes of differ-
ent mutations on a single protein (Dorrity et al. 2018). Although
our work is similar to this study in some aspects, such as in the
use of random mutagenesis and high-throughput sequencing, it
fundamentally differs in the main question we ask. Instead of fo-
cusing on the chaperone’s effect on specific mutations, we aim to
understand how the chaperone influences protein evolution. To
this end we analyze the phenotypes and the genotypes of evolv-
ing populations of GFP variants at two different expression levels
of Hsp90, during multiple rounds of directed evolution by (PCR-
mediated) mutation and (FACS-mediated) selection. Specifically,
we analyzed the phenotypic evolution of these populations
through flow cytometry and studied their genotypic evolution
through high-throughput single-molecule real-time (SMRT) se-
quencing. Furthermore, we engineered selected mutants into an-
cestral GFP to study their phenotype in detail. We found that
Hsp90 generally increases the activity of GFP variants. That is, it
buffers the phenotypic effect of deleterious variants and potenti-
ates the phenotypic effects of beneficial variants. However, in our
evolving populations, Hsp90-mediated buffering far outweighs
potentiation.

Materials and methods

Mutagenesis

We used nucleotide analog mediated error-prone PCR for muta-
genesis of GFP with the following reaction mixture composition:
150nM each of the nucleotide analogs 8-oxodeoxyguanosine tri-
phosphate (8-0xo-dGTP, Trilink Biotechnologies) and 6-(2-deoxy-
beta-p-ribofuranosyl)-3,4-dihydro-8H-pyrimido-[4,5-C] [1,2]oxazin-
7-one triphosphate (dPTP, Trilink Biotechnologies), 200nM each of
forward and reverse primers (pHtpG-Mut-F and pHtpG-Mut-R;
Supplementary Table 1), 400 M of each dNTP (Thermo Scientific),
1x ThermoPol buffer (NEB) and 25 units/ml of Tag polymerase
(NEB). We prepared 100 ul of the reaction mixture with 5ng of plas-
mid DNA as the template (~6 x 10® molecules), and split the reac-
tion mixture into two SOpl aliquots for efficient heat transfer
during PCR. We performed the PCR with the following program: ini-
tial denaturation at 95°C for 5min, 25 cycles of amplification with
95°C for 30s, 56°C for 30s, 72°C for 1min, and a final extension at
72°C for 5min.

We column-purified the PCR products (QIAquick PCR purifica-
tion kit, QIAGEN), digested the purified amplicons using Sall-HF,
SacI-HF, and Dpnl, and column-purified the digested DNA again.
Using T4 DNA ligase (NEB), we ligated the purified digested
amplicons with digested (Sall, Sacl) pHtpG7-1pIN-GFP, replacing


https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac154#supplementary-data

B.R.Iyengar and A. Wagner | 3

the ancestral GFP gene with the mutagenized variants. We
desalted the ligated plasmid library using ethanol purification,
and introduced this library into electrocompetent BW27784 E. coli
cells with the glycerol-mannitol method using electroporation,
as previously described (Iyengar and Wagner 2022). We main-
tained the transformed library in a liquid medium (LB-chl), plat-
ing a 1:500 dilution on LB-chl agar plate to estimate library size.
Throughout our evolution experiments, we maintained a mini-
murn library size of 10° transformants.

With this method, we obtained ~1-2 nucleotide mutations per
amplicon corresponding to ~0.95 amino acid changes per GFP
protein. We performed mutagenesis on ancestral GFP at every
round (generation) of directed evolution (phases 1 and 2) to en-
sure that the mutation rate stays in this range. We also estimated
the frequencies of different nucleotide substitutions, which was
in accordance with what we had previously observed (Iyengar
and Wagner 2022) AT — GC: 76%, GC — AT: 14.5%, AT — TA: 7%,
AT — CG: 2%, GC — CG: 0.5%, and GC — TA: 0%.

Selection of transformed cells using FACS

We performed directed evolution in four replicate populations in
which Hsp90 was expressed from the plasmid (H"), along with
four control populations in which it was not expressed from the
plasmid (H7). To prepare the cells for selection, we inoculated
4ml of LB-chl in a 20-ml glass tube with 80 pl of the transformed
library. We incubated the cells at 37°C with shaking at 220 rpm.
After 60min of incubation, we induced Hsp90 expression in H*
populations by adding i1-arabinose to a final concentration of
0.1pug/ml and continued the incubation. After 11h of growth
postinoculation, we harvested the cells from 700 ul of the suspen-
sion. We washed the cells once in cold PBS to remove traces of LB
and resuspended them again in 1ml cold PBS. We transferred
100 ul of this suspension to 1ml cold PBS in a 5-ml polystyrene
tube (Falcon), and performed cell sorting on a BD FACSArialll cell
sorter with the following photomultiplier tube (PMT) voltages for
different channels—FSC: 478V, SSC: 282V, FITC: 480V, and
AmCyan: 493V. We excluded debris and other small particles by
setting a threshold of 1,000 (arbitrary units) for FSC-H and SSC-H.

We used the FITC channel (488 nm excitation and 530 + 15 nm
emission) for measuring green fluorescence, and the AmCyan
channel (405nm excitation and 510 * 25 nm emission) for mea-
suring cyan fluorescence. We quantified the autofluorescence of
cells by measuring the fluorescence of untransformed (nonplas-
mid bearing) cells in each channel. To select variants with green
fluorescence, we sorted cells with an FITC-H value higher than
the maximum FITC-H value of the untransformed -cells
(Supplementary Fig. 3). During phase 2 evolution we selected for
the new phenotype of cyan fluorescence. Because green and cyan
fluorescence are correlated, we selected variants that showed a
higher cyan fluorescence relative to green fluorescence than the
ancestral GFP (Supplementary Fig. 8a). This procedure ensures
that selected variants show cyan fluorescence that cannot be
merely explained by enhanced green fluorescence.

We sorted 10° cells and expanded their population by an over-
night incubation at 37°C with shaking at 220rpm. We then per-
formed a second round of sorting to minimize contamination
from cells that did not meet the selection criteria. To this end, we
repeated the above procedure, treating the cell populations from
the first round of sorting as our new library of variants. After
overnight growth following the second round of sorting, we pre-
pared glycerol stocks and isolated variant plasmids from each
cell population. The plasmid libraries thus obtained served as
templates for the next round of directed evolution.

Analysis of flow cytometry data

We used flow cytometry to analyze the phenotype (green and
cyan fluorescence) of evolving populations. We prepared samples
for flow cytometry using the same procedure as we described in
the previous section on FACS based selection. We analyzed the
cells on a BD LSR Fortessall flow cytometer with PMT voltages of
different channels set to the same values as described above for
FACS analysis. We recorded 100,000 events and analyzed the
data using the R package flowCore (Ellis et al. 2019).

We measured the fluorescence of evolved populations after
every round of directed evolution. To analyze the change in fluo-
rescence over multiple rounds we fitted linear models using the R
stats package (v3.4.4; R Core Team 2018) with median fluores-
cence as the response variable. To this end, we first fitted a linear
model for each population separately (H" and H™) using only
time (round of evolution) as the independent variable, which
allowed us to determine if fluorescence changes significantly
over time. Specifically, we used the expression, Fluorescence ~
time, in this fitting procedure.

Next, we fitted a model to include the state of Hsp90 overex-
pression (+ or -) as an additional predictor that may interact with
time. This allowed us to determine if chaperone overexpression
significantly affects the rate of fluorescence change. Specifically,
we used the expression, Fluorescence ~ time * condition, for
this fitting procedure. For all models, we analyzed the signifi-
cance of the fit using the anova function from the R stats package
(v3.4.4; R Core Team 2018). The null hypotheses in these models
is that the factors (time and Hsp90 overexpression) do not im-
prove the fit significantly, i.e. that these factors do not affect fluo-
rescence.

For analyzing the difference in fluorescence between the two
populations (H" and H™) at any one generation, we compared the
median fluorescence (4 x 4) values using a Mann-Whitney U test.

Preparation of sequencing libraries

We sequenced the GFP coding sequence from plasmids isolated
after every round (generation) of evolution using SMRT sequenc-
ing (Pacific Biosciences, PacBio). We used a multiplex amplicon
sequencing procedure, as described previously (Iyengar and
Wagner 2022). This procedure requires two rounds of PCR. In the
first round, we amplified GFP coding regions using primers con-
taining a “universal” sequence provided by PacBio (HtpG-ORF-
PacBio-F and HtpG-ORF-PacBio-R; Supplementary Table 1). Using
the products of this PCR as a template, we performed a second
round of PCR using barcoded primers (Pacific Biosciences 2019a).

We determined the purity of the PCR products through aga-
rose gel electrophoresis and found that most of the products
were clean, without nonspecific bands or primer dimers. We puri-
fied these products using a QIAquick PCR purification kit
(QIAGEN). For the few samples that contained high amounts of
primer dimers, we purified the products using gel extraction
(QIAGEN). We measured the concentration of the purified prod-
ucts on a Qubit 3.0 fluorometer (Life Technologies). For GFP li-
braries from each phase of evolution (1 and 2), we pooled 130ng
of every barcoded product and purified the two resulting pools
using gel extraction.

For subsequent DNA sequencing we used two PacBio Sequel
SMRT cells for the two pooled samples (phases 1 and 2).
Sequencing was performed on the PacBio Sequel system (3.0
Chemistry) by the Functional Genomics Center Zurich.
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Processing of raw data

We obtained ~600,000 raw zero mode waveguide (ZMW) reads
from both SMRT cells. We determined the consensus of circular
sequences (CCS) from the raw data (subreads) using the ccs
(v3.4.1) application from the PacBio SMRTIlink package (Pacific
Biosciences 2019b), with the following parameters: minimum
length =750, maximum length=1,500, minimum passes=3,
minimum predicted accuracy =99%. We kept the other applica-
tion parameters at their default value. This procedure allowed us
to use ~55% of the ZMW reads for further analysis. We demulti-
plexed the post-CCS reads using lima (v1.9.0, SMRTIink), and
aligned them to the reference sequence (GFPmut2) using mini-
map?2 (v2.15-r905, SMRTLink). We analyzed the alignments in
SAM format using a custom awk script. PacBio sequencing is
known to produce a large number of artifactual indels (Goodwin
et al. 2016; Giordano et al. 2017; Watson and Warr 2019). Our se-
quencing data also contained many indels. We confirmed that
these were sequencing artifacts by Sanger-sequencing 20 random
single clones, and excluded any indels from further analysis. We
obtained lists of single mutations as well as genotypes with mul-
tiple mutations, along with their raw counts and frequencies,
from the data thus filtered.

Calculation of mutation enrichment

For each round of evolution, we compared the enrichment of
mutations under chaperone overexpression relative to the nono-
verexpression controls using generalized linear models (GLM; R
stats package v3.4.4; R Core Team 2018). Specifically, we fitted a
GLM with a logit link function (binomial model) using mutation
counts as the response variable, and the state of Hsp90 overex-
pression (+ or -) as the predictor variable. We analyzed the good-
ness of fit of the full model (slope + intercept) with respect to a
reduced (intercept only) model, using the anova function from
the R stats package v3.4.4. This function performs an analysis of
deviance on the models with a likelihood ratio test (LRT) and
determines if the additional parameters (slope in our case) signif-
icantly improve the fit. Here, a positive value of the slope denotes
enrichment of the mutation in the chaperone overexpression
condition. We adjusted the P-values thus obtained for multiple
testing using a Bonferroni correction. We used the mutations
with a corrected P-value of <0.05 for subsequent analyses.

Construction and analysis of specific mutants

We used PCR-based site-directed mutagenesis (Liu and Naismith
2008) to engineer specific mutations into the GFP gene, using a
technique described previously (Iyengar and Wagner 2022).

We analyzed the fluorescence of the engineered mutants us-
ing flow cytometry, preparing samples as described in earlier sec-
tions. Specifically, we performed the fluorescence measurements
in three biological replicate samples each for every mutant, with
and without Hsp90 overexpression. To determine the effect of a
mutation on the fluorescence of ancestral GFP, we compared the
fluorescence distribution of the mutant with that of ancestral
GFP using a Mann-Whitney U test. We considered a mutation as
significantly deleterious to fluorescence only if the median fluo-
rescence of the mutant was consistently and statistically signifi-
cantly (Mann-Whitney U test, P <0.05) lower than that of
ancestral GFP in all the three replicate measurements. We identi-
fied beneficial mutations analogously.

To understand the effect of Hsp90 on fluorescence, we calcu-
lated the fold change in fluorescence of a mutant when Hsp90
was overexpressed relative to when it was not. Since we had

three unpaired replicate measurements in each condition (over-
expression and no overexpression), we calculated the fluores-
cence fold change for all the nine possible permutations of the
sample pairs. We determined whether an Hsp90 mediated
change in fluorescence was statistically significant by performing
a Mann-Whitney U test for each pair (overexpression and no
overexpression), and using a Bonferroni correction for multiple
testing. In addition, we considered a fluorescence change to be
significant only when for each pair the nature of the difference
(reduction or increase in fluorescence) was the same in all pairs.

Results

To find out whether (and how) the chaperone Hsp90 affects the
directed evolution of GFP, we first constructed a plasmid that
expresses Hsp90 from the E. coli htpG gene downstream of an
arabinose-inducible promoter. The same plasmid expresses GFP
constitutively (Supplementary Fig. 1). This plasmid allowed us to
study the evolution of GFP at different expression levels of Hsp90.
Although Hsp90 is nonessential for E. coli under laboratory
growth conditions (Bardwell and Craig 1988; Chen et al. 2006), we
reasoned that more chaperone may be needed to cope with the
additional burden of misfolded GFP variants. Specifically, if GFP
is in excess and Hsp90 is present in limiting amounts, then the
chaperone may not be available to bind to and fold all GFP mole-
cules. Therefore, we performed our experiments for two expres-
sion levels of Hsp90. The first was the amount of chaperone
expressed from the endogenous chromosomal htpG gene. The
second was a higher amount, which we achieved by arabinose-
induced expression of plasmid-borne htpG. We use the term
Hsp90 overexpression to refer to this plasmid-borne expression
throughout. We note that our ancestral GFP is a likely client of
Hsp90, because its fluorescence increases upon chaperone over-
expression (Supplementary Fig. 2).

Experimental design

We performed multiple rounds (“generations”) of directed GFP
evolution in four replicate populations with (H*) and four popula-
tions without (H™) overexpression of Hsp90 (Fig. 1). In each gener-
ation, we used error-prone PCR to introduce ~1-2 random
mutations per GFP coding region, corresponding to ~0.95 amino
acid changes per GFP protein. We used FACS to select GFP-
expressing cells to survive into the next generation. Our evolving
populations were large (>10° individuals) which implies that ge-
netic drift was negligible on the time scale of our experiment
(Messer 2016).

A chaperone might affect evolution differently during stabiliz-
ing or purifying selection for an ancestral phenotype than during
directional selection on a new phenotype. To find out whether
this is the case, we performed the evolution experiment in two
phases. In phase 1, we evolved GFP under weak stabilizing selec-
tion for the ancestral phenotype of green fluorescence. In phase
2, we evolved GFP under directional selection for the novel phe-
notype of cyan fluorescence. Our analysis focuses mostly on
phase 1, because phase 2 vyielded similar observations
(Supplementary Sections 8-12 and Supplementary Figs. 8-13). To
determine a suitable strength of selection for both phases, we
reasoned that stringent selection for high fluorescence may en-
rich mutants that fold well on their own, and that may thus not
require chaperone assistance. Therefore, we employed weak se-
lection in both phases. Specifically, we required that surviving
cells fluoresce at an intensity that is higher than the background
(autofluorescence) of cells that do not express GFP
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Fig. 1. Directed evolution of GFP with stabilizing selection for ancestral (green) fluorescence. We selected cells for green fluorescence in phase 1 (and for
cyan fluorescence in phase 2). Each phase consisted of five rounds (generations) of directed evolution. We transiently overexpressed Hsp90 in H*
populations prior to selection, whereas we never overexpressed it in H™ populations at any stage of evolution. We sequenced surviving GFP gene
variants after each generation using SMRT sequencing and analyzed their phenotype using flow cytometry.

(Supplementary Fig. 3). In both phases, we performed five rounds
of directed evolution.

Hsp90 buffers the effect of fluorescence-reducing
mutations during weak selection

Most mutations destabilize a protein and are deleterious to its
phenotype (Supplementary Fig. 3; Bershtein et al. 2006; Eyre-
Walker and Keightley 2007). Since we used weak selection in our
evolution experiments, many such destabilizing mutations are
likely to accumulate in our evolving populations. This accumula-
tion is expected to cause a steady decay of fluorescence. To test
this hypothesis, we measured the distribution of green fluores-
cence for 10° single cells from each replicate H™ and H™ popula-
tions after every generation of phase 1 evolution. Specifically, we
measured the fluorescence of H* populations with Hsp90 overex-
pression, and that of H™ populations without Hsp90 overexpres-
sion, in order to match the conditions in which these populations
evolved. Green fluorescence indeed decreased in all populations
over time (Fig. 2a). However, this decrease in fluorescence ini-
tially differed between the H* and H™ populations. More pre-
cisely, Hsp90 overexpression caused a significantly higher
median fluorescence in H* population relative to H™ populations
in the first two generations (one-tailed Mann-Whitney U test, P
=0.014). However, this difference disappeared thereafter. By gen-
eration 3, both H* and H™ populations had reached statistically
indistinguishable median green fluorescence (two-tailed Mann-
Whitney U test, P >0.9).

Although Hsp90 overexpression did not help retain higher fluo-
rescence in H* populations relative to H™ populations, the chaper-
one might still affect the phenotype of protein variants in H*
populations. On the one hand, Hsp90 might help buffer the effect of
destabilizing mutations and thus reduce this detrimental effect on
fluorescence. In consequence, such mutations might accumulate in
a population. On the other hand, the chaperone might potentiate
(enhance) the effects of fluorescence-reducing mutations and lead
to their faster elimination from a population. We note that in both
scenarios, the combination of chaperone effects and evolutionary
dynamics make a prediction of the rate of fluorescence decay diffi-
cult. For example, a faster accumulation of fluorescence-reducing
mutations for a buffering chaperone in a H* population may reduce
the net beneficial effect of buffering and may cause fluorescence to
decay at a similar rate as in an H™ population.

To find out if and how Hsp90 affects the phenotypes of segre-
gating variants, and whether it predominantly buffers or potenti-
ates their effects, we asked whether the fluorescence of H"
populations is contingent on Hsp90 overexpression. To this end,
we measured the fluorescence distribution of H* populations at
the end of phase 1 evolution, both with and without Hsp90 over-
expression (Fig. 2b). We found that the fluorescence of all repli-
cate populations was significantly higher (Mann-Whitney U test
P < 107*° under Hsp90 overexpression, suggesting that the chap-
erone indeed buffers the effect of fluorescence-reducing muta-
tions. Specifically, the median population fluorescence was
between 41% and 49% higher when the chaperone was overex-
pressed, depending on the population.
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Fig. 2. Hsp90 buffers the effect of fluorescence-reducing mutations. a) Green fluorescence (arbitrary units) of H* (red) and H™ (blue) populations at
different generations (horizontal axis) of phase 1 directed evolution (post selection), in their respective selection environments. Dotted lines denote the
median fluorescence of individual replicates, and the solid line denotes the median fluorescence value when data from all replicate populations are
pooled. Generation O refers to the fluorescence of ancestral GFP. Box plots in (b)-(e) show the green fluorescence distribution of different populations
(postselection): the boxes extend from the first quartile to the third quartile, and the whiskers have a length equal to the interquartile range (1 x IQR).
The black horizontal line and the white circle in the center of each box denote the median of the corresponding distribution. b, d) The fluorescence
distribution of H* populations at generation 5 and generation 1, respectively. In both panels, the paired red and brown boxes denote the fluorescence
distributions of the same population with and without Hsp90 overexpression, respectively. c) The fluorescence distribution of 5th generation H*
(brown) and H' (dark blue) populations (all replicates) in the absence of Hsp90 overexpression. e) shows the fluorescence distribution of Sth generation

H populations with (light blue) and without (dark blue) Hsp90 overexpression.

We also found that H™ populations had 38-57% higher fluores-
cence than H* populations in the absence of chaperone overex-
pression (Mann-Whitney U test P < 107%; Fig. 2c). This finding
suggests that H" and H~ populations accumulate a different
spectrum of genetic variants, otherwise the fluorescence of H"
and H™ should be similar at similar expression levels of the chap-
erone. This observation also indicates that H* populations accu-
mulate mutations whose fluorescence-reducing effect in the
aggregate is greater than in H™ populations (Fig. 2c). A principal
component analysis of GFP genotypes supports this hypothesis
(Supplementary Fig. 4), as does our more detailed analysis of indi-
vidual genetic variants in the next section.

A previous study (Geiler-Samerotte et al. 2016) has shown that
yeast Hsp90 potentiates the effects of newly acquired mutations,
whereas it buffers the effects of mutations that have evolved un-
der Hsp90 expression for many generations. To determine if an
analogous phenomenon exists in our experiments, we measured
the fluorescence distribution of first generation H" populations
with and without Hsp90 overexpression. Because all genetic var-
iants in these populations have arisen recently, we hypothesized
that Hsp90 would potentiate their effects. If so, Hsp90 overex-
pression should decrease the fluorescence of these populations.

In contrast, we found that Hsp90 overexpression significantly in-
creased the fluorescence of these populations (17-40% increase;
Mann-Whitney U test, P < 107'°; Fig. 2d). We concluded that
Hsp90 also buffers the effects of newly acquired mutations in our
study system.

To further validate the hypothesis that Hsp90 can buffer the
phenotype of variants that have not evolved under high Hsp90
expression for multiple generations, we overexpressed Hsp90 in
fifth generation H™ populations (Fig. 2e). Recall that H™ popula-
tions also accumulate fluorescence-reducing mutations during
evolution (Fig. 2a). If Hsp90 potentiates the effect of these muta-
tions, we would expect that chaperone expression causes a re-
duction in fluorescence. In contrast, we found that Hsp90
expression significantly increased fluorescence, and it did so in
every replicate population (Mann-Whitney U test, P < 107%;
Fig. 2e). Specifically, it increased fluorescence by 32-52%, depend-
ing on the population. This shows that Hsp90 can buffer the
effects of fluorescence-reducing mutations even if such muta-
tions had accumulated while the chaperone was not highly
expressed.

During phase 2 evolution toward the new phenotype of cyan
fluorescence, Hsp90 affected phenotypic evolution similarly.
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Specifically, whereas H* and H™~ populations showed no signifi-
cant difference in their cyan fluorescence intensities at the end of
phase 2 evolution, fluorescence of H' populations decreased
when the chaperone was no longer overexpressed (see
Supplementary Section 8).

Hsp90 mediated buffering leads to the
accumulation of GFP variants with very low
fluorescence

We next focused more closely on individual amino acid variants
whose spreading was significantly influenced by Hsp90 expres-
sion. To this end, we sequenced the GFP coding regions from each
H* and H™ population in every generation of evolution, to a cov-
erage of 1,307-3,933 (average 2,490) single-molecule reads,
depending on the population. From the sequencing reads, we cal-
culated the frequencies of point mutations and multimutant gen-
otypes in the corresponding protein sequences. While
synonymous mutations can affect cotranslational folding by al-
tering translation elongation rate (Buhr et al. 2016), they may not
affect posttranslational folding, which depends only on the pro-
tein sequence. Because Hsp90 binds to completely translated pol-
ypeptides (Schopf et al. 2017; Wang et al. 2022), we focused our
analyses on nonsynonymous mutations.

To focus on candidate variants with the most pronounced ef-
fect on population fluorescence, and to render this analysis man-
ageable, we restricted ourselves to mutations with a frequency
exceeding 3.5% at the end of phase 1 in at least one of the repli-
cate populations. This frequency threshold is significantly higher
than the expected frequency of any mutation caused by muta-
tion pressure alone (Monte—Carlo simulations, N = 10°,P < 107>;
Materials and methods). We used GLM to identify variants whose
frequencies are significantly different between H* and H™ popu-
lations (analysis of deviance of GLM using LRT, P <0.05). We
identified eleven such differentially enriched variants: M1T,
K162R, I171T, K156R, K166R, 1123V, 1167V, T38A, V163A, M1l, and
M1L. Three of these variants (M1T, K162R, and [171T) were signif-
icantly more abundant (Supplementary Fig. 5a) in H* popula-
tions, while the rest were significantly less abundant
(Supplementary Fig. 5b).

To understand how Hsp90 influences the phenotype of the
eleven variants, we engineered each of them into the ancestral
GFP gene using site-directed mutagenesis. We then determined
how they affect the fluorescence of ancestral GFP, in the absence
of Hsp90 overexpression. Variants M1T, M1I, M1L, I171T, and
K156R significantly reduced the fluorescence of ancestral GFP,
and consistently did so in three independent experiments
(Mann-Whitney U test, P < 107*°; Fig. 3a). Among these
fluorescence-reducing variants, the start codon variants M1T,
M1I, and M1L had a strongly detrimental effect on fluorescence,
leading to at least 16-fold reduction in fluorescence relative to
ancestral GFP. In contrast, the mutations 1171T and K156R re-
duced the fluorescence modestly (5-28% reduction in fluores-
cence; Fig. 3a). Among the three start codon mutations, M1T was
the most detrimental to fluorescence, reducing the fluorescence
of ancestral GFP by more than 75-fold. Of the remaining six dif-
ferentially enriched variants, only one (K166R) caused a signifi-
cant but modest increase in fluorescence by 5-11% (Mann-
Whitney U test, P < 10~%). The remaining variants did not signif-
icantly affect fluorescence.

Next, we determined how Hsp90 overexpression affects the
fluorescence of the differentially enriched variants. To this end,
we measured the fluorescence of these mutants in the presence
and absence of Hsp90 overexpression. We found that Hsp90

overexpression increased the fluorescence of all mutations, caus-
ing a 1.7- to 5.8-fold increase in fluorescence (Fig. 3b). This sug-
gests that Hsp90 is a generic chaperone that enhances the folding
of all the protein variants we studied (including the ancestral
GFP). Such enhancement also exists for the modestly
fluorescence-beneficial variant K166R, implying that Hsp90
potentiates the effect of this mutation. The same holds for bene-
ficial (color shifting) variants we observed in phase 2
(Supplementary Fig. 13).

H* populations fluoresce less intensely than H~ populations
in the absence of Hsp90 overexpression, suggesting that H" popu-
lations accumulate mutations whose net detrimental effect on
fluorescence is greater than that of the mutations accumulated
in H™ populations (Fig. 2c). In other words, Hsp90-mediated buff-
ering leads to persistence of strongly fluorescence-reducing
mutations in population. A good example that illustrates this
phenomenon is the start codon mutation M1T. While all start co-
don mutations reduced fluorescence, M1T was the most detri-
mental to fluorescence (Fig. 3a). As a consequence of Hsp90
overexpression, this mutation accumulated to high frequencies
in H* populations (44-68%). In contrast, it was infrequent (<4.5%)
in H™ populations.

The weak selection we imposed allows fluorescence-reducing
mutations to accumulate, but it does not explain why some of
these mutations can attain very high frequencies that exceed not
only the cutoff of 3.5% but reach values up to 75%
(Supplementary Fig. 5). The explanation is that these mutants
have a higher population growth rate, as we have also shown pre-
viously (Iyengar and Wagner 2022). Specifically, the start codon
mutations M1I, M1L, and M1T reduce the rate of protein synthe-
sis but not completely abolish it (Supplementary Fig. 6a; also see
Hecht et al. 2017), which can lead to a reduced metabolic burden
and a higher cell growth rate (Supplementary Fig. 6b; also see
Kafri et al. 2016).

We did not investigate genotypic variants with more than one
mutation because no such variant reached a high frequency in
any population (frequencies <2.5%). Moreover, the most abun-
dant mutations in different population (M1I, M1L, and M1T) were
also abundantly present as single mutation variants (1.5-20% of
all variants). These observations suggest that the fluorescence-
reducing mutations we observed did not hitchhike to high fre-
quency with other beneficial mutations.

If a chaperone buffers the effect of most deleterious muta-
tions, chaperone overexpressing populations might accumulate
higher genetic diversity than populations that do not overexpress
the chaperone. However, in our experiments this is not the case.
Hsp90 overexpression did not significantly affect genetic diversity
in phase 1 (Supplementary Section 6 and Supplementary Fig. 7),
and led to slower accumulation of such diversity in phase 2
(Supplementary Section 9 and Supplementary Fig. 10). A possible
reason could be that fast accumulation of deleterious mutations
in H* populations due to Hsp90 mediated buffering, prevents any
further accumulation of more such mutations. This may in turn
prevent genetic diversification of the population.

Discussion

We aimed to answer the long-standing question whether chaper-
ones predominantly buffer or potentiate the effects of mutations
during adaptive evolution (Rutherford and Lindquist 1998;
Queitsch et al. 2002; Cowen and Lindquist 2005; Whitesell et al.
2014; Geiler-Samerotte et al. 2016). To this end, we studied the ef-
fect of the E. coli chaperone Hsp90 on the directed evolution of
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For absolute fluorescence values please see Supplementary Fig. 5c.

GFP. Buffering means that a chaperone tends to mask the effect
of a mutation, thereby preserving the original phenotype or re-
ducing the mutation’s effect on the phenotype. At the organismal
level, buffering may preserve cellular growth or morphology
(Rutherford and Lindquist 1998; Queitsch et al. 2002). At the mo-
lecular level, it may preserve the activity of a biomolecule such
as a protein (Tokuriki and Tawfik 2009; Wyganowski et al. 2013;
Sadat et al. 2020). Potentiation is the opposite of buffering. In po-
tentiation, a chaperone exposes or enhances the effect of a muta-
tion (deleterious or beneficial) (Cowen and Lindquist 2005;
Whitesell et al. 2014; Geiler-Samerotte et al. 2016). More impor-
tantly, a chaperone can simultaneously enhance one phenotype
while suppressing another (Dorrity et al. 2018). Because natural
selection acts on mutations with phenotypic effects, both buffer-
ing and potentiation can affect adaptive evolution. Conversely,
how a chaperone affects a phenotype may depend on how natu-
ral selection acts on the phenotype.

We deliberately performed our evolution experiments under
weak selection. This allowed our populations to accumulate
mutations that are detrimental to protein activity, which are the
most important class of mutations affecting protein evolution
(Bershtein et al. 2006; Eyre-Walker and Keightley 2007). We found
that Hsp90 not only enhanced the median fluorescence of all
evolving populations (Fig. 2; Supplementary Figs. 3 and 9), it also
enhanced the fluorescence of most genetic variants we engi-
neered (Fig. 3b and Supplementary Fig. 12). Thus, Hsp90 unequiv-
ocally buffered the effects of fluorescence-reducing mutations.
As a consequence, H' populations, which evolved under Hsp90
overexpression also accumulated mutations that reduced fluo-
rescence to a greater extent in the aggregate, than H™ popula-
tions.

An important earlier study on eukaryotic Hsp90 focused on
the chaperone’s effect on random genomic mutations that alter
cellular morphology in a population of S. cerevisiae (Geiler-

Samerotte et al. 2016). This study defined buffering as a
chaperone-mediated reduction in morphological variation
caused by mutations. Conversely, it defined potentiation as an in-
crease in this variation. The study found that Hsp90 predomi-
nantly potentiated the effect of mutations. Furthermore, it
showed that Hsp90 potentiated the effects of new mutations, but
buffered the effects of older mutations that had segregated in the
population for multiple generations.

In contrast to this earlier work, our experiments showed that
bacterial Hsp90 chaperone enhanced the fluorescence of all our
engineered GFP variants. It thus buffered the deleterious effects
of fluorescence-reducing mutations, including new mutations
(Fig. 2). This contrast may have at least three explanations. First,
if bacterial Hsp90 functions differently from eukaryotic Hsp90
(Jahn et al. 2018), it may also have different effects on protein var-
iants. Second, we allowed genetic variation to accumulate in only
one protein, not in a whole genome. Complex epistatic (nonaddi-
tive) interactions between mutations in multiple genes may also
affect how chaperones affect polygenic phenotypes. Finally, a
mutation that is deleterious to protein activity, can be beneficial
in other ways, for example, by reducing protein expression cost
or toxicity. A chaperone can allow these mutants to survive selec-
tion and become fixed in the population after many generations
of evolution. As a consequence, these mutants are always depen-
dent on the chaperone for their function. Our results are consis-
tent with this hypothesis. Although GFP is not essential for cell
growth, it is rendered essential in our experiments due to the se-
lection regime we impose. Thus, our results may also extend to
genes essential for growth. Such genes, when mutagenized, are
more likely to become chaperone dependent, because they are
constantly under selection. For example, many oncoproteins that
are crucial for cancer growth become Hsp90 dependent. They can
render cancer cells “addicted” to the chaperone (Trepel et al. 2010;
Park et al. 2020).
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Even though Hsp90 buffered the effects of fluorescence-
reducing mutations, it did not facilitate adaptive evolution in our
experiments. One possible reason is that chaperone-mediated
buffering allowed fluorescence-reducing mutations to attain
greater frequency in our populations, which may have neutral-
ized the benefit that the chaperone provided during evolution.
Relatedly, the chaperone also did not lead to a greater accumula-
tion of genetic diversity (Supplementary Figs. 7 and 10).

We speculate that strongly fluorescence-reducing mutations
that originated early in populations evolving under Hsp90 overex-
pression prevented the accumulation of other fluorescence-
reducing mutations, because their combined effect would have
completely abolished fluorescence. Any such effect might be es-
pecially pronounced for start codon mutations, which strongly
reduce fluorescence (Fig. 3a), while simultaneously providing a
growth advantage to the cells harboring them (Supplementary
Fig. 7). As a consequence, start codon mutations can rise to high
frequency, and prevent further deleterious mutations from accu-
mulating, because their combined effect on fluorescence would
lead to their elimination under purifying selection. In this regard,
it is relevant that most deleterious protein mutations show nega-
tive epistasis, that is, their combined deleterious effect is stronger
than their individual effects (Bank et al. 2015, 2016; Sarkisyan
et al. 2016).

Although Hsp90 increased the fluorescence of GFP variants
with fluorescence-reducing mutations, it also did so for ancestral
GFP and variants with high fluorescence. A possible explanation
is that Hsp90 is a generic chaperone that does not discriminate
between different client protein variants, possibly because Hsp90
is not involved in the initial stages of protein folding and binds
only to partially folded proteins (Genest et al. 2011; Moran Luengo
et al. 2018). Another possible explanation is that Hsp90 affects
GFP synthesis or folding indirectly. For example, it may promote
the folding of proteins that drive transcription or translation of
GFP. Also, Hsp90 overexpression may cause metabolic changes
that promote GFP maturation. It is difficult to distinguish such in-
direct effects from direct effects of chaperones on protein folding
and evolution in vivo. In vitro evolution experiments may help re-
solve these two different effects. However, such experiments
would entail their own limitations.

Regardless of the mechanism by which Hsp90 acts on GFP, the
chaperone’s nearly uniform effect on different GFP variants
raises another important concern regarding the definition of
buffering. Although Hsp90 minimizes the harmful effect of
fluorescence-reducing mutations and protects GFP variants from
extinction, it does not completely restore wild-type activity.
Additionally, Hsp90 does not only increase the activity of fluores-
cence reducing (deleterious) mutations, it also seems to enhance
the effect of beneficial mutations. In consequence, the seemingly
opposite phenomena of “buffering” and “potentiation” depend on
the point of view of the observer. Therefore, the definition of
these terms requires careful reevaluation. An alternative defini-
tion of chaperone action could be based on the effect of the chap-
erone on a variant relative to that on the ancestral protein.

Taken together, these considerations show that knowing the
effect of a chaperone on a phenotype does not suffice to under-
stand its consequences for adaptive evolution. The reason is that
chaperone effects interact in complicated ways with the evolu-
tionary dynamics of evolving populations.

Our study provides several directions for future work. One of
them is to better understand the interaction between chaperone
effects and evolutionary dynamics, for example, through popula-
tion genetic modeling. This challenge is augmented by the

observation that chaperones may have different effects on differ-
ent variants of the same protein (Tokuriki and Tawfik 2009;
Wyganowski et al. 2013), just like some proteins depend to a
greater extent on chaperones than others (Kerner et al. 2005;
Calloni et al. 2012). Along the same lines, a chaperone may possi-
bly even buffer the effect of some mutations, while potentiating
the effect of other mutations on the same protein. Another direc-
tion is to understand mechanistically how some chaperones can
buffer while others potentiate the phenotypic effects of a muta-
tion. This is not only the case for Hsp90 from E. coli and yeast. We
have shown in previous work that the bacterial chaperone GroEL/
S, unlike bacterial Hsp90, predominantly potentiates mutational
effects (Iyengar and Wagner 2022). A third challenge is to under-
stand how the multiple chaperones typically expressed in any
one cell interact to affect adaptive evolution. What little we know
suggests that few if any universal rules will apply. The organism,
the kind of chaperone, and the evolving trait may all affect how
chaperones affect adaptive evolution.

Data availability
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Supplemental material is available at GENETICS online.
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