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Sites on surface (red) evolving much faster than others

Some of the residues are near the cis-loop active site (blue)

Val593 and active site residue Ala682 show hydrogen bonding
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Modeling evolution

Abstract 
Proper regulation of the enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR) has been 
hypothesized to be required for cold tolerance in Saccharomyces cerevisiae. HMGR catalyzes the rate-lim-
iting step in the biosynthesis of ergosterol, which is important for altering membrane fl uidity in response 
to changes in temperature. Inhibition of HMGR has been shown to be the mechanism of action of statins, 
drugs that lower high cholesterol. To identify mutations in the HMGR catalytic domain that may be spe-
cifi cally important for cold tolerance, we sequenced a portion of the HMGR gene from six yeasts reported 
to be psychrophilic. These yeasts are able to grow at low temperatures or were originally isolated from 
cold environments. We then added 41 fungal sequences and three non-fungal sequences from GenBank 
and the Broad Institute and estimated selection acting on the HMGR gene over time and for individual 
amino acid positions. We resolved a pattern of strong purifying selection acting on the catalytic domain 
of HMGR indicative of strong selective constraints on the domain. Against this background of strong puri-
fying selection, we identifi ed 12 time periods in the evolutionary history of HMGR marked by diversifying 
selection and increased amino acid substitutions. Much of this positive selection was concentrated within 
phylum Basidiomycota. However, none of these periods overlapped with the emergence of psychrophilic 
species, suggesting that cold adaptation is not due to selection for mutations in the catalytic domain of 
HMGR. Across amino acid residues, 17 codons experienced signifi cantly reduced selective constraint. 
When these 17 sites were mapped onto crystal structures of human HMGR, all but three were found to 
be surface residues. One such residue, Valine593, was found hydrogen bonding with the active site resi-
due Alanine692. Given the high level of conservation of the HMGR catalytic domain, the overall trend of 
strong negative selection in our results is not unexpected. Analogous data for the much less conserved 
membrane domain may reveal evolutionarily relevant changes associated with regulation of turnover or 
localization of the protein. Site-directed mutagenesis studies may show the importance of position 593 
for cold-tolerance or the mechanisms of HMGR activity and inhibition. The differences between fungi and 
other eukaryotes at residue 593 may provide a future target for anti-fungal medications.

1Department of Biochemistry, Molecular Biology, and Biophysics; 2Biology Program; and 3Department of Genetics, Cell Biology, and Development

HMGR evolves slowly over time

Seventeen residues evolve eight times faster

Future studies on regulation and evolution of HMGR

We sequenced six HMGR 
catalytic domain sequenc-
es from cold-tolerant fungi 
and mined databases for 
44 other sequences

Time models for the evolution of HMGR 
Model lnL ω (dN/dS) 2 • ΔlnL P
Test 1
Neutral 
model; ω 
fi xed at 1

-13902.089 1.0 (fi xed) 3936.526
df = 1

≈ 0
(the null 
hypothesis 
that the 
models in 
Test 1 have 
the same 
likelihood)

Nonneutral 
model; ω 
fi xed at one 
constant 
estimate 
from data 

-11933.826 0.032 
(fi xed con-
stant esti-
mate)

Test 2
Nonneutral 
model; ω 
fi xed at one 
constant 
estimate 
from data 

-11933.826 0.032 
(fi xed con-
stant esti-
mate)

299.018
df = 90

≈ 0
(the null 
hypothesis 
that the 
models in 
Test 2 have 
the same 
likelihood)

Nonneutral 
model; ω 
free to vary 
across all 
lineages of 
phylogeny 

-11784.317 Varies

• Branch-site models could 
test whether, within Basidio-
mycota, certain residues are 
evolving faster; such a fi nd-
ing for Val593 is consistent 
with the residue being in-
volved in HMG-CoA or statin 
binding

1 Periods of very little change in HMGR are punctuated 
with periods of high amino acid substitutions and re-
duced constraint

Likelihoods for models of evolution of HMGR residues
Model lnL Average ω Parameters 2 • ΔlnL P
Test 3
All residues 
have ω fi xed 
at one con-
stant esti-
mate from 
data 

-11933.826 0.032 (fi xed 
constant es-
timate)

p0=1 ω0=.03232 1055.726
df = 4

≈ 0
(the null 
hypoth-
esis that the 
models in 
Test 3 have 
the same 
likelihood)

Residues 
allowed to 
obtain one 
of three ω 
estimates 

-11405.963 0.0401
(Average of 
three con-
stant esti-
mates)

p0=.5 ω0= 0.0046
p1=.4 ω1= 0.0397
p2=.1 ω2= 0.1610

1 90% of residues evolve very slow-
ly (average ω = 0.02—few amino 
acid changes), but 17 residues ob-
tain ω of 0.16, evolving an average 
of 8X faster than the other 90% 

2 Of the 17 residues, 14 are locat-
ed on surface of HMGR; surface 
residues may be more readily repla-
cable while preserving protein struc-
ture and function

4 Position 593 varies dramatically among 
fungi, and between fungi and other eu-
karyotes, including humans

3 But some of the residues are also 
near the active site, and Val593 hy-
drogen bonds with one of the AS 
residues; a spatial pattern of fast-
er evolution near the active site is 
compatible with residues changing 
in order to alter HMG-CoA binding 

Replacement profi le for Val593 in the 49 sequences
Phylum Species Residue 593
Ascomycota Candida psychrophila Cysteine

Sporopachydermia lactativora Cysteine
Candida sake Cysteine

Ascomycota overall 32 Cysteine
3 Valine
1 Isoleucine

Basidiomycota Cryptococcus vishniacii Alanine
Rhodosporidium sphaerocarpum Alanine
Leucosporidium scotti Alanine

Basidiomycota overall 8 Alanine
1 Valine

Zygomycota 2 Cysteine
Euglenozoa Leishmania infantum Valine
Arthropoda Phaedon cochleariae Valine
Streptophyta Corylus avellana Valine

• Analysis of selection ap-
plied to the faster-evolving 
domains of HMGR may re-
veal further regions of evolu-
tionary variability important 
in the regulation and turn-
over of HMGR and the mech-
anisms of cold-tolerance  

• Site-directed mutagenesis 
could be used to determine 
the effects of changing posi-
tion 593 on HMG-CoA bind-
ing and the binding of statin 
inhibitors; this could lead 
to new targets for anti-fun-
gal medication
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We used the sequences to 
generate a Bayesian phy-
logeny for use in testing 
models of evolution to es-
timate the rate of evolu-
tion (ω) over time and for 
individual amino acids

HMGR catalyzes the 
rate-limiting step in sterol 
biosynthesis and may be 
involved in cold-tolerance 
in fungi

2 The rate of evolution, ω, represents neutral, random 
sequence change when 1, no amino acid substitutions 
on the sequence when 0, and diversifying, residue-
changing evolution when greater than 1

3 The phylogeny’s average ω is .03 (basically no 
change), but periods of evolution, especially in Basidio-
mycota, obtain ω‘s far greater than this, and models 
that allow ω to vary more are signifi cantly more likely 
than models that constrain ω‘s freedom to vary


