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Abstract
Temperature plays a dominating role in protein structure and function, and life has evolved myriad strategies to adapt proteins 
to environmental thermal stress. Cellular systems can utilize kosmotropic osmolytes, the products of complex biochemical 
pathways, to act as chemical chaperones. These extrinsic molecules, e.g., trehalose, alter local water structure to modulate 
the strength of the hydrophobic effect and increase protein stability. In contrast, simpler genetic systems must rely on intrinsic 
mutation to affect protein stability. In naturally occurring microvirid bacteriophages of the subfamily Bullavirinae, capsid 
stability is randomly distributed across the phylogeny, suggesting it is not phylogenetically linked and could be altered 
through adaptive mutation. We hypothesized that these phages could utilize an adaptive mechanism that mimics the stabiliz-
ing effects of the kosmotrope trehalose through mutation. Kinetic stability of wild-type ID8, a relative of ΦX174, displays 
a saturable response to trehalose. Thermal adaptation mutations in ID8 improve capsid stability and reduce responsiveness 
to trehalose suggesting the mutations move stability closer to the kosmotropic saturation point, mimicking the kosmotropic 
effect of trehalose. These mutations localize to and modulate the hydrophobicity of a cavern formation at the interface of 
phage coat and spike proteins—an evolutionary spandrel. Across a series of genetically distinct phages, responsiveness to 
trehalose correlates positively with cavern hydrophobicity suggesting that the level of hydrophobicity of the cavern may 
provide a biophysical gating mechanism constraining or permitting adaptation in a lineage-specific manner. Our results 
demonstrate that a single mutation can exploit pre-existing, non-adaptive structural features to mimic the adaptive effects 
of complex biochemical pathways.
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Introduction

Organisms must maintain biochemical function in the face 
of a variety of environmental stressors such as temperature, 
pressure, and osmotic stress. Protein stability can be modu-
lated intrinsically via mutation and/or by extrinsic factors 
termed chemical chaperones (Somero 2003). All domains 
of cellular life utilize these organic osmolyte chaperone sys-
tems as counteracting solutes to preserve protein stability 

(Yancey et al. 1982; Yancey 2005; Bolen and Baskakov 
2001). For example, the kosmotrope trehalose is a multi-
functional molecule with wide distribution across cellular 
life (Elbein et al. 2003). In the yeast Saccharomyces cer-
evisiae, where trehalose is a glucose storage molecule and 
acts as an in vivo kosmotropic protein stabilizer (Singer and 
Lindquist 1998; Elbein et al. 2003), endogenous production 
of trehalose is accomplished by the trehalose synthase pro-
tein complex—four genes encoding a trehalose synthase, a 
trehalose phosphatase, and two regulatory proteins (Francois 
and Parrou 2001). Trehalose has been shown to stabilize a 
variety of protein systems in vitro (Xie and Timasheff 1997; 
Kaushik and Bhat 2003).

Kosmotropic (from the Greek kosmos meaning order) 
agents increase the ordering of water molecules (Bruździak 
et al. 2013; Miyawaki et al. 2014; Ferreira et al. 2017) 
strengthening the hydrophobic effect (Timasheff 1998; 
Kaushik and Bhat 1998). Solvent water structure (Cheng 
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and Rossky 1998) and dynamics (Mattos 2002) govern 
protein structure and function (Levy and Onuchic 2006). 
Water structure—i.e., localized density or surface tension 
surrounding a solute molecule (Hummer et al. 2000; Dill 
and Truskett 2005)—dictates the strength of the hydropho-
bic effect (Sharp and Madan 1997) which mediates protein 
folding (Dill 1990) and stability (Pace et al. 2011). Chemical 
chaperone systems like trehalose are the product of complex 
biosynthetic pathways (Bell et al. 1998) and are restricted 
to relatively complex organisms. It is not clear how, or if, 
simpler genetic systems, like microvirid bacteriophages that 
cannot produce osmolytes nor utilize host osmolytes for sur-
vival after lysis, could have access to a kosmotropic mecha-
nism of adaptation as these systems must rely on intrinsic 
stabilization through mutation.

Laboratory adaptation of the microvirid bacteriophage 
ID8, a close relative of the model system ΦX174 (subfamily: 
Bullavirinae), to high heat stress produced stability muta-
tions that localized to a cavern-like structure at the interface 
of coat (F protein) and spike (G protein) pentamers (Fig. 1a, 
b; McGee et al. 2014, 2016). Heat stress was applied via 
“heat-shock”—incubation of isolated phage at 80 °C for a 

set time interval. The response to heat-shock, death rate, 
was measured as the time-weighted, logarithmic decrease 
in phage titer. The heat-shock was used to test the adaptive 
capacity of a protein system and elucidate the underlying 
biophysical mechanisms of thermal adaptation. The overall 
capsid structure, including the interfacial caverns, is highly 
conserved across the Bullavirinae. Microvirid survival out-
side of host depends on the stability of the protein–protein 
interactions between coat and spike proteins (Lee et al. 2011; 
McGee et al. 2014). Using molecular dynamics simula-
tion, McGee et al (2014) quantified the contribution of two 
ancestral residues (R38 and R168 of the spike protein) to 
the intrinsic binding constant between capsid subunits. The 
ancestral residues contribute very little to capsid stability 
in the wild-type phage, but mutation of these residues from 
polar, charged arginine to the more hydrophobic cysteine, 
improves capsid stability through a large, favorable contri-
bution to the interaction-free energy between spike and coat 
proteins. The fact that multiple mutations arose in paral-
lel (including a Thr to Ala substitution at position 65 of 
the spike protein), are localized to the interfacial cavern 
(Fig. 1c), and show similar changes in physicochemical 
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Fig. 1  ID8 heat-stability mutations localize to a cavern-like structure 
between coat and spike proteins on the mature phage capsid. a The 
icosahedral ID8 capsid contains 60 copies each of the major coat pro-
tein F (blue), and the spike protein G (red). b Coat (tan, bottom) and 
spike (cyan, top) monomers are arranged in pentamers forming the 
9S and 6S particles, respectively. The 9S and 6S particles combine to 
form the 12S particle. Heat-shock mutations at R38 and R168 (green) 
were shown to increase capsid stability through increased affinity 

between coat and spike proteins (McGee et al. 2014). The box indi-
cates the area detailed in c. c The interface of two coat and two spike 
proteins forms a cavern with a high frequency of heat-shock muta-
tions that alter the hydrophobicity of the cavern environment. d This 
change in hydrophobicity (GRAVY score) shows a strong correlation 
with heat-induced death rates [death rates from (McGee et al. 2016)]. 
Correlation was determined by Pearson Product Moment. (Color fig-
ure online)
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properties suggests that this cavern location might be primed 
for adaptive mutations.

The adaptive effect of the ID8 cavern mutations may be 
mediated by alterations in the hydrophobic effect, similar 
to kosmotropic agents. We hypothesized that these muta-
tions modulate capsid thermal stability in a manner similar 
to the kosmotrope trehalose. We utilized structural modeling 
and phylogenetics of the Bullavirinae to put cavern hydro-
phobicity and death rates of naturally occurring phages in a 
phylogenetic context to determine the link between cavern 
genetic variation and capsid stability. We determined the 
kinetics and energetics of capsid stability of wild-type ID8 
and the two heat-shock mutations in the presence of vary-
ing concentrations of trehalose to establish a mechanism 
of the intrinsic kosmotropic response. We measured capsid 
stability in other naturally occurring phages to determine 
if the kosmotropic response is available to other genotypes 
besides ID8 and what role sequence variation across the Bul-
lavirinae plays in adaptive potentials. Our results suggest a 
thermal adaptation mechanism where benefits of an extrinsic 
kosmotropic response to environmental thermal stress, typi-
cally restricted to cellular organisms capable of complex bio-
chemical synthesis, are available to simple genetic systems 
through a single mutation.

Results and Discussion

Capsid Stability in the Bullavirinae

Enterobacteriophages of the subfamily Bullavirinae, typified 
by the model strain ΦX174, consist of a capsid (Fig. 1a) sur-
rounding a single-stranded genome encoding 11 genes. We 
estimated a Bayesian phylogeny of the Bullavirinae subfam-
ily based on sequences of the F gene, which codes for the 
major coat protein, from 70 phages (Fig. 2; Supplementary 
Dataset 1). The phages were mainly composed of wild-type 
strains isolated from wastewater treatment plants in Idaho, 
Washington, and North Carolina (Rokyta et al. 2006). Strain 
name only indicates the source of the phage and does not 
indicate phylogenetic relatedness. Additionally, several labo-
ratory strains (ΦX174, G4, α3, S13, St-1, and ΦK) were 
included. The tree resolved the major clades identified in 
previous phylogenetic analyses (Rokyta et al. 2006). We also 
estimated a phylogenetic tree based on the corresponding 
sequences of the major spike protein G. The spike phylogeny 
also resolved the major clades of Bullavirinae and there was 
good agreement between the two trees for taxon placement 
(Robinson–Foulds ratio = 0.54). Ultimately, we wanted to 
determine if increases in capsid stability due to mutation are 
adaptive or driven by phylogenetic effects. Our Bullavirinae 
phylogeny, based on the capsid protein sequences, allows us 
to put biophysical and biochemical traits into a phylogenetic 
context and understand the phylogenetic correlates of capsid 
stability.
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Fig. 2  Cavern hydrophobicity and capsid stability are not correlated 
across the Bullavirinae. Mapping of cavern hydrophobicity, as esti-
mated by GRAVY score, onto a phylogeny estimated in MrBayes 
from the coat protein (F) gene sequence of 70 phages shows that rela-
tive cavern hydrophobicity is phylogenetically linked. However, cap-
sid stability (measured as death rates) of non-heat adapted genotypes 
does not correlate with phylogeny. This suggests that cavern hydro-
phobicity and capsid stability are not correlated in naturally occur-

ring phages. Adaptation via modulation of cavern hydrophobicity by 
mutation is a specific adaptation to heat-shock and is likely available 
across the Bullavirinae. For clarity, hydrophobicity is shown as both 
a color map corresponding to GRAVY score and as bar height corre-
sponding to normalized GRAVY score. Death rates were determined 
by standard fitness assay. Points represent mean death rates (n = 3–5). 
Error bars represent ± standard error. (Colour figure online)
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To determine the role phylogeny plays in cavern hydro-
phobicity across the Bullavirinae, we measured hydro-
phobicity of the cavern by estimating the grand average of 
hydropathy (GRAVY) scores (Kyte and Doolittle 1982) of 
the constituent residues. We built a structural model of the 
ID8 12S pentamer (Fig. 1b) using the G4 crystal structure 
(pdb:1gff) as a template. The 12S pentamer is composed 
of five coat monomers (F protein; 9S pentamer) and five 
spike monomers (G protein; 6S pentamer) forming five cav-
ern structures. The 12S pentamer is an intermediate during 
pro-phage assembly with 12 12S pentamers forming the 
full capsid in the presence of scaffolding proteins (Doore 
and Fane 2016). The 12S pentamer provides a tractable 
structural model (McGee et al. 2014). Cavern residues were 
identified in the ID8 model as the solvent exposed amino 
acids forming the walls of the cavern-like structure where 
two coat and two spike proteins meet (Fig. 1c; Supplemen-
tary Dataset 3). Then, we utilized alignments of coat and 
spike proteins (Supplementary Datasets 1 and 2) to identify 
the cavern residues in the other phages represented in our 
phylogeny (Supplementary Dataset 3) and determined their 
GRAVY scores (Supplementary Dataset 4). Mapping of cav-
ern hydrophobicity measurements onto the Bullavirinae phy-
logeny shows that cavern hydrophobicity is tightly linked to 
phylogeny (Fig. 2). We found evidence of phylogenetic sig-
nal in GRAVY scores using Blomberg’s K test (capsid tree: 
K = 0.79, P < 0.001; spike tree: 0.55, P < 0.001; Blomberg 
et al. 2003) and Pagel’s continuous λ (capsid tree λ = 0.95, 
P ≪ 0.001; spike tree: λ = 0.92, P ≪ 0.001: Pagel 1999). 
This follows as GRAVY score is a sequence-based metric.

If resistance to heat-shock in wild-type phages is driven 
by cavern hydrophobicity, we would expect to also see phy-
logenetic signal when stability is mapped onto the Bullaviri-
nae phylogeny. In contrast to cavern hydrophobicity, capsid 
stability in response to heat-shock appears to be independent 
of phylogeny in naturally occurring, wild-type phages. In 
addition to ID8, we randomly selected 17 genotypes from 
among the 70 used for our phylogeny to assay capsid sta-
bility in response to heat-shock by measuring phage death 
rates in response to a 5-min heat-shock at 80 °C. Death rate 
measures the time-weighted decrease in phage titer on a 
logarithmic scale. The distribution of death rates across the 
phylogeny (Fig. 2) indicates no link between resistance to 
extreme temperature and phylogeny. Tests for phylogenetic 
signal in death rates confirm this (Blomberg’s K-capsid tree: 
K = 0.05, P = 0.77; spike tree: K = 0.04, P = 0.40; Pagel’s-
capsid tree: λ ≪ 0.001, P = 1.00; spike tree-λ ≪ 0.001, 
P = 1.00). In addition, there is no correlation between cav-
ern hydrophobicity and death rates in these naturally occur-
ring phages in a phylogenetically naive comparison (Pear-
son, r = − 0.402, P-value = 0.0985). When phylogeny is 
included using Phylogenetic Independent Contrasts, there 
is no correlation on either the capsid tree (linear regression: 

R2 = 0.078, n = 16, P = 0.298) or spike tree (linear regression: 
R2 = 0.0134, n = 15, P = 0.682). This contrasts with the cor-
relation seen for ID8 and the high stability mutants derived 
under heat-shock conditions (Fig. 1d). Naturally occurring 
phages are likely never under selection for capsid stability 
at high temperatures as they never experience such extreme 
conditions during their life-cycle. These results suggest that 
the heat-shock mutations that modulate cavern hydrophobic-
ity, previously identified by McGee et al. (2014, 2016), are 
not simply the result of a phylogenetic effect. Because cav-
ern hydrophobicity is not a determinate of capsid stability 
in response to heat-shock in un-adapted phages and capsid 
stability is not lineage specific, modulation of cavern hydro-
phobicity may be an adaptive mechanism generally available 
to other phages and not an ID8-specific mechanism.

Single Mutations Mimic the Effect of a Complex 
Biochemical Pathway

Mutations in ID8 that improve capsid stability (McGee 
et al. 2014, 2016) appear to modulate the hydrophobicity 
of a cavern-like structure at the interface of major spike and 
coat proteins. This hydrophobicity modulation mechanism 
is similar to the biophysical effects of kosmotropic agents 
such as trehalose. Trehalose has been shown to stabilize a 
number of model proteins in vitro including ribonuclease 
A, lysozyme, and cytochrome C (Xie and Timasheff 1997; 
Kaushik and Bhat 2003). To determine if ID8 capsid stabil-
ity responds to such a kosmotropic effect, we measured ID8 
death rates in the presence of increasing concentrations of 
trehalose. Trehalose improves the thermal stability of ID8, 
an effect that saturates above 0.75 M trehalose (Fig. 3a). 
We tested for a dilution effect by measuring ID8 death rates 
in the presence of trehalose and an equal volume of added 
water instead of trehalose (Fig. S1). Within the range of our 
measurements (0–1 M trehalose; Fig. 3a), ID8 capsid stabil-
ity is unaffected by dilution. The water control correspond-
ing to 1.5 M trehalose, well above the range of our measure-
ments, however, shows an improvement in capsid stability 
that is likely due to changes in ionic strength due to dilution 
of NaCl and  CaCl2. Additionally, the measurement of ID8 
capsid stability in the presence of 1.5 M trehalose shows 
the saturation of the kosmotropic effect. ID8 capsid stability 
shows a saturable response to the kosmotropic effect.

The response to trehalose is reflected in changes to the 
free energy barrier to unfolding given by Eq. 1 (Table 1). 
Death rate measurements probe the kinetic stabil-
ity of the phage capsid. Kinetic stability represents the 
free energy barrier separating the native state from the 
denatured/disassembled states, whereas thermodynamic 
stability represents the equilibrium populations of the 
two states. Microvirid capsid stability can be described 
by the Lumry–Eyring model (Lumry and Eyring 1954; 



31Journal of Molecular Evolution (2019) 87:27–36 

1 3

Sanchez-Ruiz 2010) where the native state is more ther-
modynamically favorable than the disassembled state, but 
the disassembled capsid represents an irreversible final 
state due to the requirement of scaffolding proteins for 
capsid re-assembly (Doore et al. 2017) which are not pre-
sent outside of the host. Estimation of the thermodynamic 
stability of ID8 by measuring the difference in free energy 
of folding in FoldX between the 12S pentamer and the 
constituent 9S and 6S pentamers indicates that the assem-
bled, native state of the capsid is, indeed, thermodynami-
cally favorable (∆∆G = − 11.22 kcal/mol). Modulation of 
the kinetic barrier to unfolding via mutations would afford 
capsid stability in the face of extreme conditions that may 
disrupt the native state. Similarly, extrinsic agents, such as 
trehalose, that raise the kinetic barrier to unfolding would 
show similar effects on capsid stability.

ID8 heat-shock mutations provide the same level of stabi-
lization as 0.5 M trehalose (Fig. 3a; Table 1). These mutants 
show a limited response to trehalose concentration that satu-
rates at 0.5 M trehalose. This could represent a left-shift of 
the trehalose response curve of wild-type ID8 suggesting 
R38C and R168C are closer to the kosmotropic saturation 
point. Trehalose concentrations above this peak in death 
rates at 0.5 M are actually disruptive to the heat-stability 
of the mutants causing a decrease in the kinetic barrier to 
unfolding (Table 1). These results support our hypothesis 
that single mutations are potentially capable of recapitulat-
ing the stabilization mechanism of trehalose, a product of 
a complex biochemical pathway. As such, we refer to them 
as kosmotropic mutations. Further evidence of this satura-
ble kosmotropic effect is provided by the observation that 
the double-mutant R38C/R168C shows no improvement 
in heat-stability over the wild-type (Sackman and Rokyta 
2018). This saturation effect, thus, also provides a biophysi-
cal explanation of observed epistasis, the non-additivity of 
mutational effects (Starr and Thornton 2016).
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Fig. 3  The kosmotropic effect in capsid stability. a Wild-type ID8 
capsid kinetic stability responds to trehalose in a saturable man-
ner. Kosmotropic mutations, R38C and R168C, cause a left-shift in 
the trehalose curve, moving capsid stability closer to the kosmotro-
pic saturation point. b Other naturally occurring phages show simi-
lar responses to trehalose concentration. c The energetic response of 
kinetic stability (∆∆G) to trehalose correlates with cavern hydropho-
bicity. GRAVY scores closer to zero represent higher hydrophobici-
ties. Here, the response to trehalose is measured as the slope of the 
∆∆G values given by the difference in kinetic stability of the phage at 
0 M trehalose and an elevated concentration (Eq. 1). ID102 appears 
to respond in a different manner and is excluded from the correlation 
analysis

Table 1  Free energy changes in ID8 kinetic stability against heat-
shock due to mutation and trehalose (T)

∆∆Gtre is the change in free energy due to trehalose
∆∆Gmut is the change in free energy due to mutation compared to 
wild-type at each trehalose concentration. Negative values indi-
cate increased stability under this condition. Positive values indicate 
decreased stability. All ∆∆G values are in kcal/mol

[T] (M) ID8 R38C R168C

∆∆Gtre ∆∆Gmut ∆∆Gtre ∆∆Gmut ∆∆Gtre

0.00 – − 0.149 – − 0.143 –
0.25 − 0.057 − 0.153 − 0.062 − 0.107 − 0.022
0.50 − 0.211 − 0.064 − 0.125 0.002 − 0.066
0.75 − 0.320 0.169 − 0.003 0.154 − 0.024
1.00 − 0.342 0.207 0.013 0.213 0.014
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A competing mechanism could be mediated by pressure. 
Many phage genomes are packed into capsids at extremely 
high densities, reaching an almost crystalline state (Roos 
et al. 2007). The high packing density leads to high cap-
sid pressure (Roos et al. 2007; Nurmemmedov et al. 2007; 
Bauer et al. 2015). Increasing temperature could cause an 
increase in pressure that may lead to capsid rupture. Muta-
tion that modulates the pressure differential across the 
capsid, as opposed to modulating the hydrophobic effect 
to increase the interaction energy between capsid protein 
subunits, may lead to temperature adaptation in contrast 
to our hypothesized kosmotropic mechanism. However, 
pressure-based inactivation is relatively ineffective against 
ΦX174 compared to phages from other families (Guan et al. 
2006; Sharma et al. 2008; Cheng et al. 2013; Vo et al. 2014), 
even when exposed to pressures greater than 300 MPa (Guan 
et al. 2006). This may be due to the lower genome pack-
ing density (Purohit et al. 2005) of ΦX174 as evidenced by 
the low electron density in the crystal structure (McKenna 
et al. 1992). This is also seen in the crystal structures of 
G4 (McKenna et al. 1996) and α (Bernal et al. 2003), other 
members of the Bullavirinae. Additionally, in our experi-
mental temperature range, the pressure change would be on 
the order of 0.5 MPa. Temperature adaptation in ID8 and the 
other Bullavirinae is most likely not mediated by a capsid 
pressure-based mechanism.

Another potential confounding mechanism could be 
mediated by direct association of the trehalose molecules 
with the capsid, and modulation of this interaction by heat-
shock mutations. The phage capsids used for crystal struc-
ture determination were purified in sucrose gradients (McK-
enna et al. 1992) and showed a bound glucose molecule on 
the outer capsid, a reversible association apparently depend-
ent on the presence of calcium ions (Ilag et al. 1994). Treha-
lose is composed of two glucose molecules joined by a 1,1 
glycosidic bond. Capsid glucose binding is likely an artifact 
of lipopolysaccharide binding, a key step in host infection 
(Fane et al. 2006). It is unclear what role transient trehalose 
binding might play in capsid stability, but this association 
would not be mutually exclusive with our postulated kosmo-
tropic mutation mechanism. Further experiments with a non-
glucose-based kosmotropic agent, such as trimethylamine 
oxide, could provide further evidence of the kosmotropic 
mutation mechanism and delineate what contribution, if any, 
direct trehalose association has on capsid stability.

Kosmotropic Response Across the Bullavirinae

We sought to determine if the kosmotropic adaptive response 
to heat-shock seen in ID8 could be generally available to 
phages across the Bullavirinae and what role pre-existing 
cavern hydrophobicity, a phylogenetically linked trait, plays 
in that response. In the same experiment in which we assayed 

ID8, R38C, and R168C death rates in response to trehalose, 
we also assayed five randomly chosen, naturally occur-
ring phages from across the Bullavirinae phylogeny. These 
naturally occurring phages showed a range of responses to 
trehalose concentration (Fig. 3b). While heat-stability of 
naturally occurring phages is not phylogenetically linked, it 
does appear to dictate how close the phage may move to the 
phenotypic optimum, a death rate of 0, through the kosmo-
tropic effect, suggesting a potential biophysical constraint 
for phage thermal adaptation.

Additionally, the results show variation in saturation 
of the kosmotropic effect across the phages sampled. For 
example, WA6 shows a trend similar to R38C and R168C 
saturating at 0.5 M trehalose, while ID102 and ID62 do not 
saturate up to 1 M trehalose. To quantify the kosmotropic 
response, we plotted the free energy change in kinetic stabil-
ity vs trehalose concentration and measured the slope of the 
resulting curves via linear regression. We then plotted these 
responses vs cavern hydrophobicity (GRAVY Score) and 
measured the correlation of the two parameters (Fig. 3c). We 
found a general, qualitative trend in which the response to 
trehalose is correlated with cavern hydrophobicity. However, 
ID102 shows a striking deviation from the trend. When the 
ID102 response is removed, there is a significant correlation 
between cavern hydrophobicity and kosmotropic response. 
Intriguingly, ID102 and ID34 are sister taxa in the ΦX174 
clade (Fig. 2) with similar levels of cavern hydrophobicity, 
yet have different starting death rates and show different kos-
motropic responses. Although there is a clear link between 
cavern hydrophobicity, a phylogenetically linked trait, and 
the potential for adaptation through the kosmotropic effect, 
the response of ID102 suggests that even phages that deviate 
from this trend have access to the same adaptive mechanism. 
This observation underscores the importance of standing 
genetic variation in the gating of adaptive paths.

Prior evolutionary events, including the accumula-
tion of neutral mutations in the absence of selection, can 
shape future adaptive trajectories (Hochberg and Thorn-
ton 2017). In naturally occurring phages, it appears that 
the ability to utilize the kosmotropic adaptive response to 
extreme temperatures depends on sequence variation in the 
cavern structure at the interface of coat and spike proteins. 
The coat and spike proteins play important roles in host 
cell recognition and attachment, viral DNA delivery, and 
capsid stability through their interaction with each other 
Doore and Fane (2016). However, mutational analyses and 
experimental evolution studies suggest that the cavern-
like structure between coat and spike proteins appears to 
have minimal impact on the phage life-cycle and capsid 
stability (Rokyta et al. 2009; Fane et al. 2006; Pepin et al. 
2008; Wichman and Brown 2010; Sackman and Rokyta 
2013; Sackman et al. 2015; Doore and Fane 2016; Doore 
et al. 2017). Further, in ID8, the ancestral residues at the 
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sites of heat-shock mutations contribute little to coat and 
spike protein interaction energy (McGee et al. 2014). The 
cavern-like structure appears to form a literal and meta-
phorical evolutionary spandrel—“a predictable form that 
arises as a side consequence rather than a direct adapta-
tion” (Fig. 1; Gould and Lewontin 1979; Gould 1997). The 
cavern spandrels provide a malleable structural region for 
adaptive response to extreme environments through kos-
motropic mutations that modulate local water structure, 
the hydrophobic effect, and capsid stability.

Conclusions

Temperature governs the rates and stabilities of biochemi-
cal processes and understanding of the molecular adaptive 
responses of organisms to thermal variation continues to 
be an area of focus (Viña 2002; Somero 2010; Závod-
szky and Hajdú 2013; Fields et al. 2015; Nguyen et al. 
2017). Our results suggest that sub-structures formed as a 
by-product of the three-dimensional arrangement of pro-
teins, spandrels, can be co-opted for adaptive response to 
environmental pressures. Modulation of hydrophobicity 
via kosmotropic mutation provides a powerful strategy for 
adaptation to high temperatures. Single mutations can rep-
licate the stability effects of high concentrations of chemi-
cal chaperones that are the result of complex biosynthetic 
pathways in cellular organisms. Additionally, the hydro-
phobic effect is strengthened with increased temperature 
(Schellman 1997), suggesting that the increase in stabil-
ity will be even more pronounced at high temperatures. 
The modulation of the hydrophobic effect via kosmotropic 
mutations provides a biophysical mechanism underlying 
evolutionary phenomena including lineage-specific adap-
tive constraints and epistasis.

Several reports identify proteins from complex, cellular 
organisms where surface exposed residues are replaced by 
hydrophobic amino acids leading to an increase in ther-
mal stability (Van den Burg et al. 1994; Tisi and Evans 
1995; Schwehm et al. 1998; Kumar et al. 2000; Machius 
et al. 2003; Bharadwaj et al. 2008). In the model protein 
lysozyme, for example, mutation studies suggest that local 
hydration structures play a role in conformational stability 
(Funahashi et al. 2000). In combination with the present 
results, these studies suggest that the kosmotropic mecha-
nism reported here may be applicable to proteins in general 
and not constrained to microvirid bacteriophages. The kos-
motropic mutation mechanism may even find application in 
protein engineering efforts for design of environmentally 
robust proteins for industrial applications and viral capsid-
based nano-particles for targeted drug delivery (Yildiz et al. 
2011; Ma et al. 2012; Rohovie et al. 2017).

Materials and Methods

Phylogenetics

F gene coding sequences from 70 microvirid bacte-
riophages (SI Dataset 1) were translated to amino acid 
sequence and aligned with ClustalW (Thompson et al. 
1994). The corresponding nucleotide alignment was fitted 
with nucleotide substitution models in Model-Test v2.1.6 
(Darriba et al. 2012). The best fit model, GTR + I + G, was 
used to estimate a phylogenetic tree by Bayesian inference 
in MrBayes v3.2.6 (Ronquist et al. 2012). Two independent 
runs with one cold and three heated chains run for 10 mil-
lion generations sampling every 10,000 generations with 
the first 25% of generations discarded as burn-in. The two 
runs converged on similar trees, and the consensus tree 
was used for trait mapping. The same procedure was used 
to estimate a phylogeny based on G gene sequences with 
the GTR + G substitution model. The Robinson–Foulds 
estimate of similarity between phylogenies (Robinson and 
Foulds 1981) was measured in Phylo.io (Robinson et al. 
2016). Comparative phylogenetic methods were imple-
mented in aRbor (Harmon et al. 2013). Polytomies were 
resolved with the modify2di function. Phylogenetic signal 
in GRAVY score was estimated using the full F and G 
phylogenies using Pagel’s continuous λ (Pagel 1999) and 
Blomberg’s K tests (Blomberg et al. 2003). Death rates 
were only measured for 18 taxa. We manually pruned the 
trees to match this set of taxa followed by midpoint rooting 
and tests for phylogenetic signal in death rates. The pruned 
trees and matching trait sets were used for estimates of 
trait correlation. We measured a phylogenetically naive 
correlation using Pearson’s correlation in SigmaPlot (Sys-
tat Software, San Jose, CA). We determined phylogenetic 
independent contrasts (PIC) with GRAVY score as predic-
tor and death rate as response in aRbor. We identified one 
outlier in PIC values for the F gene tree and two outliers 
in the G gene tree using Iglewicz and Hoaglins outlier 
test (Crosby 1994). Phylogenetic generalized least squares 
method was performed by fitting the remaining PIC values 
using linear regression in SigmaPlot (Systat Software, San 
Jose, CA).

Structural Modeling

A homology model of the ID8 12S pentamer consisting 
of five coat and five spike proteins was built in Modeller 
v9.18 using the G4 crystal structure as template (pdb:1gff; 
Šali and Blundell 1993). Ten independent structures were 
built using the automodel method with slow VFTM opti-
mization for 500 iterations, and slow MD refinement. 
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Refinement was repeated four times. Models were evalu-
ated using the DOPE-HR assessment. The model with 
the lowest DOPE-HR score of the ten models was chosen 
for structural analysis. Each cavern structure is formed 
by residues from two G monomers and two F monomers 
(Fig. 1). G protein residues were 11–18, 32–41, 61–66, 
98, 100, and 167–172 from monomer 1, and 67–70, 94, 
107, and 112 from the adjacent monomer in the counter-
clockwise direction. F protein residues were 101–104 and 
115–117 from monomer 1, and 153–154, 161, 296, 331, 
335–336, 338–341, 363–366, 371–372, 377–378, 381, 
386, 388–389, and 391–392 from the adjacent monomer 
in the counter-clockwise direction. These residues were 
identified in all 70 phages based on the amino acid align-
ments of F and G proteins (SI Datasets 1–3). The hydro-
phobicity of cavern residues was estimated by calculating 
the grand average of hydropathy (SI Dataset 4; http://www.
gravy -calcu lator .de/). In FoldX (Schymkowitz et al. 2005), 
PDB structures of the 12S pentamer and its constituent 9S 
and 6S pentamers were repaired using the Repair function 
followed by measurement of folding stability with the Sta-
bility function.

Death Rates

Phage capsid stability was measured as resistance to expo-
sure to extreme temperature (heat-shock) (McGee et al. 
2014, 2016). Death rates (doublings/hour) during heat-
shock were determined as the population change on a  log2 
scale. A culture of host cells, Escherichia coli strain C, 
was grown to ∼  108 cells/ml in 10 ml of Lysogeny Broth 
(10 g Tryptone, 10 g NaCl, 5 g yeast extract per liter 
supplemented with 2 mM  CaCl2) within a 125-ml Erlen-
meyer flask at 37 °C in an orbital shaking water bath at 
200 rpm. Phage isolates were from an individual plaque 
of sequence confirmed genotypes. Host cell cultures were 
inoculated with ∼  105 phage and allowed to propagate for 
40 min. Growth was halted and phage isolated by addition 
of chloroform followed by centrifugation at 14,000 rpm 
for 3 min in a table top centrifuge. For the negative con-
trol, i.e., no trehalose, a 500 µl aliquot of each phage was 
transferred to a 0.65-ml microfuge tube. To test the effect 
of trehalose, variable amounts of trehalose were mixed 
with phage aliquots up to 500 µl. To test for the effect of 
dilution, the same volume of water was added instead of 
trehalose. Each sample was vortexed to ensure complete 
mixing. Tubes were incubated on ice for 5 min to nor-
malize starting temperature, at 80 °C in a hot block with 
aluminum beads for 5 min for heat-shock, and, finally, 
on ice for 5 min to halt the heat-shock. The aluminum 
beads and thin-walled microfuge tubes ensure efficient 
and uniform heating. Additionally, in this time range for 
incubation (5 min) relative variations in the rate of heating 

and cooling will be minor compared to the total incuba-
tion time and have minimal influence on the total phage 
death. Phage populations before and after heat-shock were 
quantified by plating on host cells on agar plates. The free 
energy change associated with the change in death rate 
due to addition of trehalose or to mutation was estimated 
with the equation

where R is the gas constant and T is temperature.
∆∆G values were estimated for 25 °C. We assumed a 

two-state model for phage unfolding with a single kinetic 
barrier that is described by a single exponential decay 
function. Our death rate measurement is equivalent to the 
kobs of the decay function.
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