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Figure S3. Experimental scheme and reproducibility. a, Experimental scheme for testing the
fitness effects of individual mutations to ancestral states in SCHsp90 (left) or individual
mutations to derived states in ancAmoHsp90 (right). An alignment of all ancestors along the
focal trajectory was constructed to identify the trajectory of Hsp90 NTD sequence change from
ancAmoHsp90 to ScHsp90. In each background, a library was constructed consisting of the
wildtype sequence and all individual mutations to ancestral or derived states. This library was
transformed into yeast, which grew through a bulk competition. The frequency of each genotype
at each time point was determined by deep sequencing, allowing us to calculate a selection
coefficient for each mutation relative to the respective wildtype sequence. b, Reproducibility in
selection coefficient estimates for replicate bulk competitions of the ScHsp90 library. R?,
Pearson coefficient of determination. ¢, For visual clarity, zoomed in representation of the boxed
region in (b). d, Reproducibility in selection coefficient estimates for replicate bulk competitions
of the ancAmoHsp90 library. R?, Pearson coefficient of determination. e, For visual clarity,
zoomed in representation of the boxed region in (d). f, Correlation in fitness as measured via
bulk competition or monoculture growth assay. R%, Pearson coefficient of determination. The
line was forced to go through (0, 0); when freely fit, the intercept term was not significantly
different from zero.
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3 341.0 6 -669.9 0.929 0.000
4 341.8 9 -665.6 0.932 0.000
5 343.2 12 -662.3 0.957 0.043
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Figure S4. Estimating the proportion of mutations to ancestral states that are deleterious
with a mixture model. a, Observed selection coefficients of reversions were fit to mixture
models containing a variable number of Gaussian distributions; in each case, one distribution is
fixed to have the mean and standard deviation of the sampling distribution of independent
wildtype ScHsp90 sequences present in the library, the mixture proportion of which is a free
parameter; each additional mixture component has a free mean, standard deviation, and mixture
proportion. The empirical data were best fit by a 3-component mixture model, as assessed by
AIC. Estimated proportion deleterious (beneficial) comes from summing the mixture proportions
of components centered below (above) zero. b, The best-fit mixture model. Gray bars, observed
distribution of selection coefficients of ancestral reversions; blue bars, distribution of observed
selection coefficients of wildtype ScHsp90 sequences present in the library. Black line, best-fit
mixture model; red dashed lines, individual mixture components centered below zero; blue
dashed line, wildtype mixture component. The area under the curve for each mixture component
corresponds to the proportion it contributes to the overall mixture model. ¢, Quantile-quantile
plot showing the quality of fit of the 3-component mixture model (x-axis) to the empirical
distribution of selection coefficients of ancestral reversions (y-axis). The mixture model assigns
more extreme selection coefficients to the tails than is observed in the empirical distribution, but
provides a reasonable fit along the bulk of the distribution.
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model
Count 0.95 0.00 0.05 0.66 0.00 0.34
Empirical 0.78 0.18 0.03 0.54 0.19 0.26
Bayes
Confidence ;5 0.45 0.01 0.48 0.25 0.26
Interval
b c
L] L]
8 | .
© L]
8
LN ) =)
_ B e - b
o o 2
8 hd . ° ° U? N LN
- .o.o‘.‘ - 0..°o o.’.
5 o . g S .,
£ | © N @3 “#..
- e L ] o
7 .o‘ ...’... e : * o.':'.‘ o*
LI & ...o" o . L. *® o
8 b :o L 8 | ° 0.‘ ‘ﬂ. ’
S T T T T T ° T T T T T
004 -003 -002 -001 0.00 006 -004 -002 000 002
mean s mean s

Figure S5. Alternate approaches for estimating the proportion of mutations that are
deleterious. a, The estimated proportion of mutations that are deleterious, neutral, or beneficial
in each background, as determined by each of four statistical methods. See SI Methods for
descriptions of each method. b,¢, Experimental errors are unbiased with respect to the observed
selection coefficient. For the ScHsp90 (b) and ancAmoHsp90 (¢) backgrounds, the absolute
difference in s as determined in each replicate is shown versus their mean. In each background,
there is no significant linear relationship between experimental error and sqbs (P = 0.27 and 0.24,
respectively, Pearson’s correlation).
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a Median s = -0.007 b
95% confidence interval [-0.016, 0.002]
P =0.11, Wilcoxon signed rank test

L 40 — ] wildtype synonyms - —<>
k=]
g
3 30 nonsense mutants -
s
® 20
8 all NTD mutations -
&
s 10
_‘g ancestral states - _4
E 0 J ==
= f T 1 T T T 1 - . . . :
-0.4 -0.2 0.0 02 15 1.0 05 0.0 05
Selection coefficient from Mishra, Flynn et al. Selection coefficient from Mishra, Flynn et al.
c
Spearman'’s rank correlation, Spearman’s rank correlation,
s>-01 all mutations
Properties of sites rho P-value rho P-value
Average effect of all mutations at position (Mishra, Flynn et al.) 0.267 0.009 0.308 0.002
Relative evolutionary rate 0.294 0.004 0.326 0.001
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Distance to ATP gamma-phosphate 0.380 0.0003 0.395 0.0001
Properties of mutations
BLOSUM62 score 0.048 0.65 0.077 0.45
Difference in hydrophobicity -0.209 0.04 -0.178 0.08
Absolute difference in hydrophobicity -0.121 0.24 -0.136 0.18
Difference in side chain volume 0.134 0.19 0.129 0.21
Absolute difference in side chain volume -0.042 0.68 -0.072 0.48
Evolutionary distance from ScHsp90 to most recent 0.020 084 0.005 0.96
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Figure S6. Ancestral states are deleterious in yeast Hsp90. a, The signature of deleterious
ancestral states is present in the independent but lower-resolution dataset of Mishra, Flynn et al.
(46). For each mutation to an ancestral state, the selection coefficient as determined by Mishra,
Flynn et al. is shown. The median selection coefficient is -0.007, close to that estimated in the
current study; however, this median selection coefficient is not significantly different than zero
(P=0.11). Because Mishra, Flynn et al. tested a much larger panel of mutations (all single
mutations across the entire NTD), experimental variability of estimated selection coefficients
was much larger, possibly explaining the lack of significance of this result in this dataset. b,
Violin plots show the distribution of mutant effects in the dataset of Mishra, Flynn et al. (46).
Ancestral states are less detrimental than the average random mutation in the NTD (P = 3.5x107,
Wilcoxon rank sum test with continuity correction). ¢, Reversions exhibit properties typical of
genuinely deleterious mutations. For various properties of sites at which we measured the fitness
of ancestral variants (top) or properties of the specific amino acids mutated (bottom), we asked
whether there was a significant correlation between the property and the selection coefficients of
mutations via Spearman’s rank correlation. Ancestral states tend to be more deleterious at
positions that are less robust to any mutation, evolve more slowly, are less solvent accessible,
and are closer to the gamma-phosphate of bound ATP. These properties are not completely
independent; for example, there is a significant positive correlation between relative solvent
accessibility and distance to ATP gamma-phosphate. Biochemical properties particular to the
amino acid states in each mutation are generally not significantly correlated with the selective
effect. Furthermore, we see no evidence for older states being more entrenched, as has been
observed by others (1, 4, 14).
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Figure S7. Fitness effects of historical substitutions are modified by intramolecular
epistasis. Each black circle represents an ancestral protein along the trajectory from
ancAmoHsp90 to ScHsp90. Position along the x-axis shows the evolutionary distance that
separates it from ScHsp90 (a) or ancAmoHsp90 (b); y-axis position shows the predicted
selection coefficient assuming no epistasis relative to SCHsp90 (a) or ancAmoHsp90 (b).
Predicted selection coefficients were calculated as the sum of individual selection coefficients for
all sequence differences present in its sequence as measured in ScHsp90 (a) or ancAmoHsp90
(b). Error bars show the 95% confidence interval for the predicted value, calculated by
propagating the standard errors of individual site-specific selection coefficient measurements.
Light gray dots show the same data, but excluding the effects of the two strongly deleterious
outliers in each library. Labeled squares indicate experimentally determined selection
coefficients for complete genotypes: ancAscoHsp90, ancestral Ascomycota (fitness determined
via monoculture growth); ancAmoHsp90, ancestral Amorphea (fitness determined via bulk
competition); ancAmoHsp90+L3781, ancAmoHsp90 with a candidate epistatic substitution in the
Middle Domain also reverted to its ancAmorphea state (fitness determined via bulk competition).
Dashed line, s = 0.
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Figure S8. Estimating the proportion of mutations to derived states that are deleterious
with a mixture model. a, The distribution of selection coefficients of mutations to derived states
was fit by mixture models containing a variable number of Gaussian distributions; in each case,
one distribution is fixed to have the mean and standard deviation of the sampling distribution of
independent wildtype ancAmoHsp90 alleles in the library, the mixture proportion of which is a
free parameter; each additional mixture component has a free mean, standard deviation, and
mixture proportion. The empirical data were best fit by a 2-component mixture model, as judged
by AIC, with a 5-component mixture being almost equally well fit; the 5-component mixture
resulted in a more conservative estimate of the proportion of mutations that were deleterious than
the 2-component mixture, and so was chosen despite the AIC difference of 0.2. Estimated
proportion deleterious (beneficial) comes from summing the mixture proportions of components
centered below (above) zero. b, The fit of the 5-component mixture model. Gray bars,
distribution of selection coefficients of mutations to derived states; blue bars, distribution of
selection coefficients of independent ancAmoHsp90 alleles present in the library. Black line,
five-component mixture model. Red dashed lines, individual mixture components centered
below zero; blue dashed line, wildtype mixture component; yellow dashed lines, individual
mixture components centered above zero; relative integrated areas of mixture components
correspond to the relative proportions they contribute to the overall mixture model. ¢,d, Quantile-
quantile plot showing the quality of fit of the 2-component (¢), or 5-component (d), mixture
models (x-axis) to the empirical distribution of selection coefficients of mutations to derived
states (y-axis).
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V—f deleterious in ScHsp82
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Figure S9. The deleterious V23f reversion is ameliorated by L.378i. a,b Character state
patterns at sites 23 (a) and 378 (b). On the lineage to ScHsp90, 23V co-occurred with i378L
before the common ancestor of Ascomycota. The same two substitutions also co-occur on an
independent lineage on this phylogeny (Kickxellaceae fungi), and in the distantly related
Rhodophyta red algae (not shown). ¢, The locations of sites 23 and 378 on the ATP-bound
Hsp90 dimer structure (PDB 2CG9). Cyan spheres, site 23; dark blue; site 378; dark green, other
variable NTD sites; gray, other variable middle and C-terminal domain sites. Magenta sticks,
ATP. d, Zoomed view of sites 23 and 378. These side chains are in direct structural contact, and
may be important for the positioning of the middle domain loop that bears R380 (gray sticks),
which forms a salt bridge with the ATP gamma-phosphate and is critical for ATP binding and
hydrolysis (34, 58).
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Figure S10. The deleterious E7a reversion is partially ameliorated by N151a or T13n. a,b,c,
Character state patterns at sites 7 (a), 13 (b) and 151 (¢). On the trajectory to ScHsp90, a7E
occurred before the common ancestor of Ascomycota, then later reverted in the lineage leading
to Ascoidea rubescens (arrow),; on this latter lineage, site 13 also reverted to the ancestral state
asparagine, and site 151 substituted to a third state lysine. d, The locations of sites 7, 13, and 151
on the ATP-bound Hsp90 structure (2CG9), represented as in Fig. S9c. Cyan spheres, site 7; dark
blue, sites 13 and 151. e, Zoomed in view of sites 7, 13, and 151. These side chains are not in
direct physical contact; however, site 7 is on a beta strand that undergoes extensive
conformational movement when Hsp90 converts between ADP- and ATP-bound states. f, The
same plot as Fig. 5c is shown, including the two strongly outliers V23f and E7a. See Fig. 5c

legend for details.
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