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Abstract
When proteins evolve new activity, a concomitant decrease in stability is often observed because the mutations that 
confer new activity can destabilize the native fold. In the conventional model of protein evolution, reduced stability 
is considered a purely deleterious cost of molecular innovation because unstable proteins are prone to aggregation 
and are sensitive to environmental stressors. However, recent work has revealed that nonnative, often unstable 
protein conformations play an important role in mediating evolutionary transitions, raising the question of whether 
instability can itself potentiate the evolution of new activity. We explored this question in a bacteriophage receptor- 
binding protein during host-range evolution. We studied the properties of the receptor-binding protein of 
bacteriophage λ before and after host-range evolution and demonstrated that the evolved protein is relatively 
unstable and may exist in multiple conformations with unique receptor preferences. Through a combination of 
structural modeling and in vitro oligomeric state analysis, we found that the instability arises from mutations 
that interfere with trimer formation. This study raises the intriguing possibility that protein instability might play 
a previously unrecognized role in mediating host-range expansions in viruses.

Key words: novelty, protein evolution, bacteriophage, nongenetic heterogeneity, experimental evolution, receptor- 
binding protein.
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Introduction
The evolution of new phenotypes at the organismal level 
can often be traced to functional innovation in a protein. 
In viruses, for example, changes in proteins that mediate 
host attachment may confer an expanded host range 
(Tétart et al. 1996; Yehl et al. 2019; Boon et al. 2020). It 
is commonly observed across diverse protein types that 
functional innovations come with a concomitant decrease 
in stability (Wang et al. 2002; Studer et al. 2014). The most 
accepted explanation for this is that decreased stability is a 
deleterious side effect of mutations that generate innova-
tions (Bloom et al. 2006), and compensatory stabilizing 
mutations ameliorate the cost (Wang et al. 2002; 
Tokuriki et al. 2008). An alternative hypothesis is that in-
stability is not simply a side effect of innovation but in-
stead contributes to its emergence by facilitating the 
ability of a single amino acid sequence to sample multiple 
folds, potentially fueling faster innovation (Tokuriki and 

Tawfik 2009; Sikosek and Chan 2014; Dellus-Gur et al. 
2015).

The relationship between stability and the evolution of 
new functions has been understudied in virus receptor- 
binding proteins (RBPs) compared to enzymes. A study 
on vesicular stomatitis virus showed that genetic robust-
ness, a trait correlated with stability, did not enhance 
the ability of viruses to adapt to a new host, but the study 
did not explore a molecular mechanism (Cuevas et al. 
2009). A separate study on bacteriophage λ revealed 
that mutations in its RBP (protein J) confer the use of a 
new receptor (Meyer et al. 2012) also destabilize the viral 
particle (Petrie et al. 2018), but instead of simply causing 
generic misfolding, the instability was thought to alter 
the folding landscape of J such that sometimes the peptide 
sequence stochastically folded into an alternative, less- 
stable conformation. Three lines of evidence were uncov-
ered suggesting that evolved λs also exhibited this type 
of nongenetic phenotypic heterogeneity. First, the decay 
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rate of the evolved λ genotype decreased with time, a pat-
tern that would be expected for a phenotypically mixed 
population (Russell 2021). Second, when evolved λ parti-
cles were incubated without host bacteria to replicate 
on, infectivity on the new receptor, OmpF, declined 
more rapidly than infectivity on the native receptor, 
LamB, suggesting the presence of an unstable subpopula-
tion of OmpF-using particles. Third, it was shown that 
the subpopulation of OmpF-binding particles could be re-
moved from stocks of evolved λ particles by incubation 
with cells only expressing OmpF, leaving behind particles 
that preferentially bound LamB. All three results would 
be abnormal for an isogenic phage stock and were instead 
consistent with phenotypic heterogeneity. The observa-
tion that it was the unstable phenotype that appeared 
to preferentially interact with OmpF suggests that desta-
bilizing the native fold was necessary to produce the 
OmpF-binding conformation.

In a follow-up study to the 2018 λ study, it was shown 
that the stability of the RBP did not decrease coincidentally 
with the gain-of-function mutations. Instead, destabiliza-
tion of the RBP was necessary for the gain-of-function mu-
tations to confer activity on OmpF. Populations of 
thermostable λ genotypes evolved alongside unmodified 
genotypes required destabilizing mutations to evolve prior 
to the gain-of-function mutation in order to gain activity on 
OmpF (Strobel et al. 2022). The counterintuitive result that 
a thermostable variant had less evolutionary potential, or 
lower evolvability, than an unstable variant suggests that 
the ability to generate unique phenotypes can outweigh 
the costs of instability.

In the 2018 and 2022 λ studies, all experiments were 
conducted using whole phage particles, and since the an-
cestor genotype and the evolved genotype differed only by 
amino acid substitutions in the C-terminal region of the 
RBP (J), it was inferred that conformational heterogeneity 
in the J protein was the cause of phenotypic heterogeneity 
in the evolved λs (Petrie et al. 2018). This inference seems 
reasonable, but it is also possible that the heterogeneity 
could arise due to interactions between J and other λ pro-
teins and structures. To establish better support for the hy-
pothesis that heterogeneity in λ had an evolutionary 
benefit of expanding the conformational repertoire of J, 
we measured three functional properties of the purified re-
active domain of J before and after evolving to use OmpF.

The first step was to establish a robust protocol for puri-
fying the reactive region of J. This posed a significant chal-
lenge because previous attempts to purify the J protein 
encountered difficulties with expression of even the wild- 
type protein and relied on fusing the C-terminal J domain 
to maltose-binding protein (MBP) in order to achieve suf-
ficient solubility for purification (Wang et al. 1998, 2000; 
Berkane et al. 2006). Purification of the evolved OmpF+ 

version had never been attempted. We developed a proto-
col to purify the reactive domain of the wild-type and 
evolved OmpF+ J without MBP, an achievement that al-
lowed more sensitive biochemical assays without interfer-
ence from the fused MBP molecule. Having successfully 

purified both wild-type and evolved proteins, we em-
ployed a thermal shift assay to measure temperature- 
mediated unfolding. The assay revealed striking differences 
in baseline foldedness and melting temperature between 
the wild-type and evolved proteins, suggesting that the 
evolved protein is unstable. Next, we tested the hypothesis 
that the instability originates, at least in part, from muta-
tions that interfere with J-trimer formation. Three J mono-
mers associate with one another at the distal end of the 
phage tail and one J mutation occurs within residues 
that are responsible for trimer formation. Using purified 
proteins, we further found that evolved J was much less 
likely to form stable trimers than the ancestral J protein. 
Lastly, seeking a functional link between conformational 
heterogeneity and the new activity of the evolved protein 
on OmpF, we tested the hypothesis that an isogenic popu-
lation of evolved J proteins is composed of at least two sub-
populations: one stable, LamB-preferring and one unstable, 
OmpF-preferring. Indeed, we found that a mild heat treat-
ment reduced activity on OmpF but did not affect activity 
on LamB, consistent with the existence of uniquely folded 
forms.

Results
A Protocol for Purifying the Reactive J Domain 
without MBP
Previous efforts to purify the J protein have used two ap-
proaches. The first attempt to purify the full-length J 
(1,132 amino acids) resulted in an insoluble, aggregated 
form that required treatment with the surfactant sarkosyl 
to improve solubility (Wang et al. 1998). A second attempt 
created multiple constructs by fusing the C-terminal 249, 
349, and 449 residues of J to MBP, a protein that acts 
both as an affinity tag and improves the solubility of its fu-
sion partner (Wang et al. 2000). This allowed expression 
and purification without using chemical solubilization, 
and the resulting protein was active on the LamB receptor 
(Berkane et al. 2006). Seeking to improve on these pioneer-
ing efforts to increase solubility and yield, we generated a 
double-tagged construct containing the C-terminal 249 
amino acids of J, MBP, and a hexahistidine (His6) tag to en-
able purification using nickel affinity chromatography 
(Nallamsetty et al. 2005). Although the double-tagging 
strategy yielded highly pure, active protein suitable for 
some assays, the large MBP tag rendered these constructs 
useless for a thermal shift assay because MBP is itself a pro-
tein that interacts with the fluorescent dye, obscuring the 
signal from the smaller J domain. Therefore, we sought to 
develop a strategy to purify MBP-free J domain for the 
thermal shift assay. During the course of this study, the 
revolutionary structural prediction tool AlphaFold 
(Jumper et al. 2021) became publicly available (Mirdita 
et al. 2022), and examining the predicted J protein struc-
ture yielded a clue as to how we might increase the solu-
bility of the J domain without MBP. We observed that the 
C-terminal truncation (249 amino acids) consisted 
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primarily of a region of structurally ordered beta sheets, ex-
cept for an initial stretch of apparent disorder. We hy-
pothesized that an even shorter truncation that 
excluded this initial region might increase solubility. 
Indeed, when we expressed only the C-terminal 152 amino 
acids of J, along with a His6-tag (His6-J981–1132; Fig. 1a), we 
obtained soluble protein for both the wild-type and 
evolved OmpF+ genotypes without the MBP tag (Fig. 1b).

Assessing Stability of the Wild-Type and Evolved J 
Domains
With the purified reactive J domains, we then sought to 
test the hypothesis that the observed heterogeneity in 
evolved λs was caused by instability and conformational 
heterogeneity in the reactive J domain. We employed a 
thermal shift assay (Crowther et al. 2010; Huynh and 
Partch 2015) where purified proteins are mixed with 
SYPRO Orange, a fluorescent dye that binds hydrophobic 
residues, which are buried within the core of proteins in 
the folded state but become exposed during unfolding. 
The temperature is slowly increased, and fluorescence is 
measured at 0.5 °C increments. The fluorescent signal for 
an initially well-folded protein resembles a sigmoidal curve, 
remaining low until the temperature reaches the melting 
point, and then the signal rapidly rises as the hydrophobic 
core unfolds (Crowther et al. 2010; Huynh and Partch 
2015). By first examining the initial fluorescence, we ob-
served that the signal from the evolved J domain was 

substantially higher than the initial fluorescence of the 
wild-type domain (Fig. 2a). This suggests that some frac-
tion of the molecules are unfolded at the starting tempera-
ture of the assay, 25 °C (Crowther et al. 2010), or that the 
protein is more dynamic allowing the dye to penetrate the 
hydrophobic core as would be expected for an unstable 
protein. Beyond the difference in initial fluorescence, there 
was also a shift in the melting temperature, calculated as 
the temperature at which the maximum first derivative 
of fluorescence occurred (Huynh and Partch 2015). The 
wild-type J domain’s melting temperature was about 20 ° 
C higher than that of the evolved J domain (Fig. 2b). 
There are several phenomena that could explain the dra-
matic difference in melting temperature. One possibility 
is that some fraction of the evolved proteins begin the as-
say folded but melt at a lower temperature than the wild- 
type proteins. Another possibility is that most of the 
evolved proteins begin the assay in an unfolded, aggre-
gated state, and the melting peak is observed when the ag-
gregate melts. We did not probe this result further, and 
this conundrum has been previously cited as a limitation 
of the thermal shift assay (Crowther et al. 2010). Both out-
comes would suggest that the evolved J domain is unstable 
relative to the ancestral, which is consistent with experi-
ments on whole phage particles.

His-tag and short linker
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Fig. 1. Despite nearly identical AlphaFold predicted structures, the evolved protein appears less soluble. a) Aligned AlphaFold modeled struc-
tures of ancestor J (fuchsia) and evolved J (orange). Models correspond to the 152 C-terminal amino acids of the full 1132 amino acid J protein. 
Each was purified using a His6-tag attached N-terminally via a short linker sequence (green). The four amino acid changes that confer OmpF 
recognition are indicated. b) SDS–PAGE gel showing that the evolved J produces lower soluble and purified yield than the ancestor.
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Testing One Source of the Instability: Trimer 
Formation Interference
Upon further inspection of the predicted J structure and 
the location of J mutations, we developed a new hypoth-
esis for how J instability arises. Most of the mutations occur 
in loops at the end of the protein that is thought to inter-
act directly with the receptors. However, D996E occurs in 
what appeared to be a disordered region at the N-terminal 
sequence (Fig. 1). Despite appearing disordered, this 
stretch of the protein was predicted with high confidence, 
suggesting it was not disordered and was part of a larger 
structure. We hypothesized that this region may be in-
volved in trimer formation and that the mutation could 
create instability by interfering with quaternary structure. 
To test this, we used AlphaFold to predict the structure of 
a trimer of the C-terminal domains of J (residues 615 to 
1132). This region comprises several individual domains, 
including two fibronectin domains, an alpha-helical shaft 
(AHS), a central straight fiber (CSF) domain with a trimeric 
beta-helix fold, and the C-terminal receptor-binding do-
main (RBD). Within the fibronectin and AHS domains (re-
sidues 615 to 862), our model agrees closely with a recent 
cryoelectron microscopy structure of the λ tail complex 
(2.3 Å r.m.s.d. across 188 aligned Cα atoms) (Wong et al. 

2024). The C-terminal CSF and RBD domains were not vi-
sualized in that structure due to flexibility, but our struc-
ture prediction is nonetheless highly confident in these 
domains. We found that D996 is positioned at the inter-
face of the CSF and RBD domains and is predicted to 
form a hydrogen bond with the backbone amide group 
of residue L1127 (Fig. 3). Based on the predicted structure, 
mutation of D996 to a larger residue (glutamate; E) is ex-
pected to cause a steric clash or otherwise disrupt this 
interaction. Given that the extreme C-terminal five resi-
dues of J (residues 1128 to 1132) are predicted to form a 
short beta-strand that interacts with the neighboring 
RBD, the disruption caused by the D996E mutation may 
destabilize this RBD–RBD interaction. Further supporting 
the functional interaction between residues 996 and 
1127 is that in multiple λ evolution experiments where 
the phage evolved to use OmpF, L1127 mutated on the 
path to gaining the new function (Meyer et al. 2012).

We tested whether the evolved version of J (which con-
tains the D996E mutation) is less likely to form trimers 
than the ancestral version. To do this, we analyzed the oli-
gomeric state of MBP-tagged versions of the ancestral and 
evolved versions of J981–1132, which contains only the RBD 
and a short stretch of the CSF domain, and whose 
oligomeric state is therefore expected to depend heavily 
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Fig. 2. In a thermal shift assay, the evolved His6-J981–1132 has a higher initial fluorescence and lower melting point than the ancestor. a) Melting 
curves for three replicates of each protein variant revealed substantially higher initial fluorescence for the evolved J compared to the ancestor. 
This indicates that a fraction of the evolved proteins have exposed hydrophobic residues even at 25 °C, the starting temperature of the assay. 
b) The first derivative of the melting curve revealed that the evolved J also has a lower melting point than the ancestor, as indicated by the shift in 
the peaks. Fuchsia curve, ancestor; orange curve, evolved. Tm for three replicates of ancestor: 60 °C, 59 °C, and 60.5 °C. Tm for three replicates of 
evolved: 41 °C, 41.5 °C, and 41 °C (tstat = 39.598, df = 5, P = 2.4 × 10−6).
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on RBD–RBD interactions. We analyzed MBP-tagged 
versions of J981–1132 using size exclusion chromatography 
coupled to multiangle light scattering (SEC-MALS). The 
MBP-tagged version was used to purify larger quantities 
of the proteins required for SEC-MALS. MBP is not known 
to form trimers and the linker was significantly long so we 
predicted that this tag would not affect trimer formation. 
Indeed, the ancestor readily formed trimers as evidenced 
by the elution profile where most of the protein has a mo-
lecular weight equal to trimers of the construct, with a 
minor peak representing a dimer (Fig. 3). The evolved ver-
sion was much less likely to form trimers, instead showing 
a mixture of oligomeric states including monomer, dimer, 
and trimer (Fig. 3). These observations provide evidence 
that the J mutations decrease the stability of self- 
association within the J RBD. While the domains 
N-terminal to residues 981 to 1132 are likely to mediate 

stable trimer formation in the context of the full-length 
protein, we hypothesize that the functional heterogeneity 
evolves through mutation that creates disorder and/or dis-
rupts the stability of the self-associated J RBDs, which may, 
in turn, enable flexibility in these domains’ ability to recog-
nize diverse cellular receptors.

Assessing Heterogeneity in the Wild-Type and 
Evolved J Domains
We then designed a test for conformational heterogeneity 
in the evolved J domain that would shed light on the rela-
tionship between nonnative conformations of the J do-
mains and their OmpF activity. In whole phage 
experiments, it was shown that populations of evolved λ 
lost infectivity on cells expressing OmpF faster than on 
cells expressing LamB suggested the OmpF-binding 

Fig. 3. Structure predictions of a J trimer reveal a tightly interwound architecture with the RBD positioned at the end of the tail. Amino acid 
substitution D996E occurs at the interface of the CSF domain and the RBD. Panel a) provides a linear structural map of the protein and Panel b) 
the AlphaFold structure prediction beyond the hub domains (structure prediction of the hub domains was unreliable). Left image shows 
AlphaFold confidence per-residue model confidence score (pLDDT score), colored from yellow indicating low confidence to blue indicating 
high confidence). Right image shows the same structure with the three monomers colored brown, yellow, and blue. Inset shows the predicted 
hydrogen-bonding interaction between D996 and the backbone amide of L1127. c) SEC-MALS analysis of the ancestor and evolved 
MBP-His6-J981–1132 construct. The ancestral version (blue/light blue) primarily forms trimers, while the evolved version (brown/yellow) forms 
a range of oligomeric states. Expected molecular weights for His6-MBP-J981–1132 monomer (61.6 kDa), dimer (123.2 kDa), and trimer (184.7 kDa) 
are indicated by dotted lines. Measured molecular weight for ancestor (trimer peak): 173.4 kDa. Measured molecular weight for evolved: 
150.9 kDa (first shoulder), 120.4 kDa (main peak), and 89.1 kDa (last shoulder).
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phenotype may be less stable (Petrie et al. 2018). To test 
whether this was the case for the purified J domains as 
well, we designed a treatment that would selectively re-
move the least stable J molecules and measured the ability 
to bind LamB and OmpF receptors before and after treat-
ment. For this assay, we used the double-tagged constructs 
because they produced higher yields in purification. As ex-
pected, the wild-type proteins had robust activity on LamB 
and completely lacked activity on OmpF, and that was un-
changed by the heat treatment (Fig. 4a and b). The evolved 
proteins, on the other hand, lost the ability to bind OmpF 
faster than they lost the ability to bind LamB (Fig. 4b 
and c), consistent with the hypothesis that the unstable 
J conformations are responsible for OmpF binding. 
Unexpectedly, there was a slight gain in LamB binding after 
the heat treatment (Fig. 4b and c). We did not delve fur-
ther into this finding, but we suspect that the heat treat-
ment could have increased thermal energy and allowed 
some unstable OmpF conformers to refold into stable 
LamB conformers or perhaps the different conformations 
might interfere with each other’s binding and removing a 
subset of conformations by heat treatment might have im-
proved the remaining conformation’s ability to bind. 
Together, these results are consistent with the model 
that evolved λs contain J proteins of different conforma-
tions, and this heterogeneity allowed evolved λs to use 
OmpF as a receptor.

Discussion
Instability is generally considered a cost of protein 
adaptation. We presented evidence that in some cases, 
protein instability potentiates adaptation by facilitating 
heterogeneity. A prior study on bacteriophage λ 
demonstrated instability and phenotypic heterogeneity 
among particles that had evolved to use a new receptor, 
OmpF. In this study, we narrowed our focus to just the 
reactive domain of the λ RBP (J) to evaluate whether 
conformational heterogeneity in J could have caused the 
phenotypic heterogeneity in the whole particle, thereby 
potentiating the evolution of OmpF use. We purified wild- 
type and evolved J domains and measured their baseline 
foldedness, melting temperature, trimer association po-
tential, and conformational heterogeneity. Consistent 
with our hypothesis, the evolved J domains exhibited a 
higher initial fluorescence when treated with a dye that 
binds hydrophobic residues, suggesting a higher fraction 
of unfolded protein even before heat treatment and the 
melting temperature of the evolved version was ∼20 °C 
lower than the wild type. Protein modeling coupled with 
trimer association assays revealed that the evolved J was 
less likely to form trimers, creating a likely source of pro-
tein instability and functional heterogeneity. Lastly, a func-
tional assay demonstrated that evolved J domains lose 
activity on the new receptor, OmpF, after heat treatment 
but retain full activity on the native receptor, LamB, pro-
viding evidence of conformational heterogeneity. The pro-
tein instability and heterogeneity appear to arise, at least in 

part, due to mutations interfering with the self-association 
of the C-terminal domain of J. Our results corroborate a 
model in which destabilizing mutations alter J such that 
it produces a new conformational subpopulation with ac-
tivity on OmpF, conferring an expanded host range (Petrie 
et al. 2018).

As structural techniques become more sensitive, it is be-
coming apparent that structural heterogeneity is not un-
common among proteins (Madhurima et al. 2021). The 
most common examples are intrinsically disordered pro-
teins, which lack a defined three-dimensional structure, 
(Oldfield and Dunker 2014), allosteric enzymes, which 
undergo conformational rearrangements upon binding a 
ligand (Beveridge et al. 2016), and prions (Li et al. 2009). 
Another class, known as metamorphic proteins, can access 
multiple folded conformations from a single peptide se-
quence, and their conformational state is not determined 
by binding (Dishman and Volkman 2018). Examples of 
metamorphic proteins span diverse protein types, from 
enzymes (Chang et al. 2015) to signaling proteins 
(Tuinstra et al. 2008) to scaffold proteins (Markley et al. 
2013). In many animal viruses, glycoproteins that mediate 
membrane fusion in often undergo a pH-induced con-
formational change (Carr and Kim 1993; Roche et al. 
2007). Metamorphic proteins typically interconvert be-
tween states, but there is considerable variation in time-
scale (Luo and Yu 2008; Tuinstra et al. 2008; Markley 
et al. 2013; Chang et al. 2015), and some may not intercon-
vert at all due to a high energetic barrier between struc-
tures (Sinclair et al. 2022). In the case of the evolved λ J 
domain, our ability to separate conformational subpopula-
tions with pull-down experiments suggests that intercon-
version between conformations is slow or nonexistent.

In addition to being structural curiosities, metamorphic 
proteins are also thought to play important roles in evolu-
tionary transitions (Madhurima et al. 2021). By adopting 
multiple structures, a metamorphic protein can act as a 
bridge between the current and new functions (Sikosek 
and Chan 2014). In a study on synthetic small proteins, 
fold-switching sequences facilitated the formation of di-
verse multimeric structures with new binding activities 
(Yadid et al. 2010). In λ, the generalist J protein domain 
used in this study may represent an evolutionary bridge 
between a LamB-reliant ancestor and an OmpF specialist. 
If the metamorphic property of the evolved J domain is in 
fact related to instability, it might then be expected that 
mutations that optimize the new function on OmpF might 
restabilize J (Sikosek and Chan 2014). Indeed, prior work 
demonstrated this result in whole λ particles (Meyer 
et al. 2016; Petrie et al. 2018), and it will be informative 
to test this hypothesis with the purified J domains from 
OmpF specialists.

The idea that nongenetic phenotypic variation could be a 
mechanism by which organisms bridge evolutionary transi-
tions is not a new idea, although the more common view 
is that only genetic variation provides the fuel for 
evolutionary novelty. In 1953, Waddington observed that a 
new wing phenotype in fruit flies (Drosophila melanogaster), 
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Fig. 4. A mild heat treatment selectively reduces activity on the new receptor, while not affecting activity on the ancestral receptor. This supports 
the hypothesis that an alternative, less stable conformation is responsible for binding the new receptor. Activity was measured indirectly by 
quantifying the fraction of phage blocked by preincubating cells with J protein prior to phage adsorption. Higher values on the y axis correspond 
to higher fraction of phage blocked from adsorbing, indicating higher J protein activity. Open circles correspond to measurements on the LamB 
receptor; closed circles correspond to measurements on the OmpF receptor. a) Activity of ancestor J protein on each receptor before and after 
heat treatment (heat treatment is indicated on x axis). Note that the ancestor J protein has activity only on LamB, as expected. b) Change in 
fraction blocked after heat treatment. The effect of the heat treatment on activity was indistinguishable between the two receptors (paired 
t-test, tstat = −0.2777, df = 2, P = 0.8073). c) Activity of evolved J protein on each receptor before and after heat treatment (heat treatment 
is indicated on x axis). Note that the evolved J protein has activity on both LamB and OmpF, as expected. Activity of the evolved J protein 
on OmpF is reduced by the mild heat treatment, and activity on LamB is subtly increased. d) The effect of the heat treatment on activity 
was significantly different between LamB and OmpF receptors (paired t-test, tstat = 10.326, df = 2, P = 0.0092). Bonferroni-adjusted significance 
values: ns = P > 0.025; * = P < 0.025.
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initially triggered only by temperature, could become 
genetically encoded via selection over many generations 
(Waddington 1953). After selection, flies from lineages that 
experienced positive selection for the new phenotype 
expressed that phenotype regardless of temperature. Half a 
century later, West-Eberhard (2003) compiled extensive 
evidence from across diverse biological systems suggesting 
that nongenetic phenotypic variation resulting from 
differences in development can provide fuel for natural selec-
tion. New examples of organisms crossing evolutionary tran-
sitions by way of nongenetic phenotypic variation are still 
being discovered in diverse taxa, and modern methods are 
facilitating a deeper understanding of the genetics underpin-
ning such transitions (Walworth et al. 2016; Signore and 
Storz 2020; Vigne et al. 2021). Our work adds to a growing 
body of research suggesting that this phenomenon may ex-
tend even to the evolution of RNA structures (Rezazadegan 
and Reidys 2018) and protein structures (Yadid et al. 2010; 
Sakuma et al. 2023).

A better understanding of the interaction between de-
stabilizing mutations, protein metamorphosis, and evolva-
bility could help shed light on the question of how 
proteins land on innovations among astronomically vast 
sequence space (Wagner 2014). The prevailing hypothesis 
is that neutral mutations create pathways in sequence 
space that allow proteins to change much of their se-
quence without deleterious costs, thereby placing them 
within a few mutations of an innovation (Wagner 2012). 
An alternative hypothesis is that sampling multiple pheno-
types from the same genotype could allow proteins to 
reach new innovations more rapidly by relaxing the need 
for mutation (James and Tawfik 2003; Tokuriki and 
Tawfik 2009). If an expanded conformational repertoire 
can be achieved through generically destabilizing muta-
tions rather than mutations that alter its shape in a highly 
specific way (Sikosek and Chan 2014), then innovations 
might be achieved rapidly because destabilizing mutations 
are common (Tokuriki et al. 2008). Prior work on the λ 
RBD suggested that mutational pathways leading to 
OmpF+ require two types of mutations: a destabilizing mu-
tation that generates structural heterogeneity, plus a loop 
mutation that fine-tunes the binding surface (Strobel et al. 
2022). The findings of the present study provide the mech-
anism for how destabilizing mutations generate hetero-
geneity by interfering with the self-association of RBD 
monomers.

Our results might also help to guide efforts aiming to 
employ synthetic biology and directed evolution to gen-
erate proteins with novel functions. It is commonly sug-
gested that directed evolution experiments intentionally 
stabilize proteins before or during rounds of mutagenesis 
and selection (Socha and Tokuriki 2013; Stimple et al. 
2020). While there are certainly examples of increased 
stability improving outcomes of directed evolution ex-
periments (Bloom and Arnold 2009), our results demon-
strate how stabilizing a protein might cause the 
unintended outcome of reducing its ability to generate 

conformational diversity and therefore reducing innova-
tive capacity.

This study represents a step forward in understanding 
the mechanism of protein innovation that fueled a viral 
host-range expansion. We showed that phenotypic het-
erogeneity among whole λ particles that had evolved to 
use a new receptor in the previous study was likely caused 
by conformational heterogeneity in the RBP. This suggests 
that destabilization was not simply a deleterious cost of 
adaptation but instead had an independent evolutionary 
benefit of increasing conformational heterogeneity and 
potentiating OmpF+ evolution. The role of protein hetero-
geneity in mediating evolutionary transitions is a growing 
area of interest, and our results suggest that virus host 
shifts can occur through this mechanism.

Materials and Methods
Media Recipes for Growing Bacteria and Phage
We prepared media used for culturing bacteria and phage 
following recipes published in Strobel et al. (2022).

Protein Constructs
For each protein variant (wild-type and evolved), two sets 
of constructs were purified. In one set, the 249 amino acid J 
domain was fused to MBP coding sequence via a short link-
er sequence that included a 6-histidine tag. These con-
structs were used in the functional heterogeneity assay 
in Fig. 3. To create these constructs, we used the 
In-Fusion Cloning Kit (Takara Bio), using the pMAL-c2x 
plasmid as a backbone. To generate the insert (composed 
of the 6-histidine tag plus the 249 amino acids of J), we first 
cloned the 249 amino acids of J into the pET-45b plasmid 
backbone, which contained the 6-histidine tag (oligos to 
linearize pET-45b: 5′ CTTGTCGTCGTCATCATTCGAACC 
GGTACC and 5′ AGTCCGGATCCCAATTGGGAGCTCG 
TG; and oligos to amplify the insert: 5′ ATTGGGATCC 
GGACTTCAGACCACGCTGATGCC and 5′ GATGACGAC 
GACAAGATGGAGGACACGGAGGAAGG). We then 
amplified the 6-histidine tag + 249 amino acids of J from 
those constructs and cloned them into the pMAL-c2x 
backbone (oligos to linearize pMAL-c2x: 5′ GAATTCTGAA 
ATCCTTCCCTCGATC and 5′ AAGCTTGGCACTGGCC 
GTC; and oligos to amplify the insert: 5′-GGGAAGGA 
TTTCAGAATTCATGGCACATCACCACCAC and GCCAG 
TGCCAAGCTTTCAGACCACGCTGATGCCC). We trans-
formed cloning products into Stellar Competent Cells 
(Takara Bio cat # 636767) and used colony PCR to verify 
the correct sequence (oligos: 5′ TGGCGAAAGAT 
CCACGTATTG and 5′ AGGCGATTAAGTTGGGTAACG). 
We then miniprepped the plasmid and transformed it 
into BL21DE3 cells that we had modified to be malT–. 
The purpose of knocking out malT was to prevent the 
binding of expressed J proteins to LamB receptors on the 
outer membrane after cell lysis (malT regulates the expres-
sion of LamB, the receptor for the J protein; Chaudhry et al. 
2018).
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The second set of constructs contained only the 
6-histidine tag and the C-terminal 152 C-terminal amino 
acids. These constructs were used in the thermal shift 
assay. To create these constructs, we used the Q5 
site-directed mutagenesis kit (NEB catalog #E0554S, with 
oligos: 5′ AACTGTACGATAAACGGTAC and CTTGTCG 
TCGTCATCATTC) to delete the first 97 amino acids of J 
from constructs that had been previously generated con-
taining the 249 C-terminal amino acids of J inserted in 
the pET-45b backbone. We transformed the products 
into NEB 5-alpha competent Escherichia coli and used col-
ony PCR to screen for successful deletions (5′ 
GCGAAATTA 
ATACGACTCACTATA and 5′ AAGGGGTTATGCTAGTT 
ATTG). We then miniprepped the plasmid and trans-
formed it into BL21DE3 cells that we had modified to be 
malT–.

Early in the project, we attempted to express 
a construct containing the full-length J protein, 1,132 
amino acids, plus a 6-histidine tag, but it was completely 
insoluble, consistent with a previous study (Wang et al. 
1998).

Protein Expression and Purification
To express proteins, we added 2-mL overnight BL21DE3 
malT– cultures containing the plasmid in 100-mL Luria 
Broth Lennox (LB) and 240-µL 50-mg/mL carbenicillin 
for 2 h at 37 °C, shaking at 110 rpm. We then added 100 
µL of 1 M IPTG and incubated at room temperature 
(∼22 °C), shaking at 110 rpm for 18 to 20 h. Expression cul-
tures were then pelleted by centrifugation at 3,214 × g for 
10 min, resuspended in 10 mL of buffer containing 20 mM 
Tris-HCl pH 9.0 and 150 mM NaCl using an 18-gauge nee-
dle to reduce viscosity, and frozen at −80 °C for 30 min or 
overnight. Then, samples were thawed and sonicated in 
three cycles of 60 s at 20% amplitude, with 60 s on ice in 
between each round using a Fisher FB-50 sonic dismem-
brator with the standard 1/8″ diameter microtip. 
Sonicates were centrifuged again at 3,214 × g for 10 min 
at 10 °C, and the soluble fraction was collected by filtering 
supernatants through 0.22-µm syringe filters.

Filtered supernatants were purified using 400 µL of re-
suspended Ni-NTA resin (Thermo Scientific cat # 88221), 
using the batch method in 15-mL falcon tubes. The resin 
was first centrifuged at 500 × g for 2 min and storage fluid 
was removed, and then the resin was washed with 4 mL of 
20 mM Tris-HCl pH 9.0 and 150 mM NaCl, centrifuged 
again at 500 × g for 2 min, and buffer removed. Then, 
10 mL of sonicate was added to the washed resin and in-
cubated for 30 min with periodic mixing. Then, the sample 
was centrifuged at 500 × g for 2 min, and the supernatant 
was removed and discarded. The resin with bound protein 
was then washed four times using 4 mL of 20 mM Tris-HCl 
pH 9.0, 150 mM NaCl, and 20 or 80 mM imidazole (20 mM 
for the MBP-containing constructs and 80 mM for the 
MBP-free constructs). After the final wash, bound proteins 
were eluted from the resin using 20 mM Tris-HCl pH 9.0, 

150 mM NaCl, and 380 mM imidazole and filtered through 
0.22-µm spin column filters.

SDS–PAGE
Samples were prepared for SDS–PAGE by combining 100-µL 
sample with 100-µL sample buffer (900-µL 2× Laemmli 
sample buffer, Bio-Rad cat #1610737 + 100-µL 1 M DTT), 
heating to 65 °C for 10 min, centrifuging at 16,000 × g for 
10 min, and loading 20 µL in a 12% TGX gel (Bio-Rad cat 
#4561043).

Melting Point Determination Using Thermal Shift 
Assay
Purified protein samples of the MBP-free constructs were 
used for the thermal shift assays. Our protocol was designed 
following the current best practices in the field (Huynh and 
Partch 2015; Kazlauskas et al. 2021). First, the 5000× SYPRO 
Orange (Sigma-Aldrich catalog #S5692-50UL) was diluted to 
200× in 20 mM Tris-HCl pH 9.0 and 150 mM NaCl. Then, 
three replicate wells of 45 µL of protein sample and 5-µL 
200 ×  SYPRO Orange were prepared for each protein vari-
ant in an optically clear PCR plate, covered with a clear ad-
hesive seal. Three replicate controls were also run using 
elution buffer (20 mM Tris-HCl pH 9.0, 150 mM NaCl, and 
380 mM imidazole) instead of the protein sample. Then, 
the sample was run on a Bio-Rad CFX96 qPCR machine 
with scan mode set to FRET, under the following thermal 
conditions: 25 °C for 15 min, followed by 0.5 °C incremental 
increase from 25 °C to 90 °C holding at each temperature for 
30 s and then capturing a reading at each temperature step, 
followed by a final step at 25 °C for 5 min.

AlphaFold Structure Predictions
We generated structural predictions of our constructs 
using the publicly available version (Mirdita et al. 2022) 
of AlphaFold (Jumper et al. 2021) using all standard pre-
sets. We used the Foldseek server (Kempen et al. 2023) 
to identify structural similarity between predicted struc-
tures of J and known structures of viral tail spike proteins. 
We used PyMOL (Schrodinger Inc.) and Chimera 
(Pettersen et al. 2004) to visualize predicted structures.

Size exclusion chromatography coupled to 
multi-angle light scattering
For analysis of oligomeric states by SEC-MALS, a 100-μL 
protein sample at 5 mg/mL was passed over a Superdex 
200 10/300 GL column (Cytiva) in a buffer containing 
20 mM Tris-HCl pH 7.5, 250 mM NaCl, 2 mM beta- 
mercaptoethanol, and 1 mM sodium azide. Light scatter-
ing and differential refractive index profiles were collected 
by miniDAWN TREOS and Optilab T-rEX detectors (Wyatt 
Technology), respectively, and molecular weight was cal-
culated using ASTRA v.8 software (Wyatt Technology).
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Functional Heterogeneity Assay
Purified MBP-containing constructs were used for this 
assay. Purified samples were first diluted to approximately 
5 µM and separated into three replicates of 800 µL in 
Lo-Bind microcentrifuge tubes. Then, from each tube, 
400 µL was immediately sampled and set on ice (the 
preheat-treated sample). Samples were then incubated 
in a warm water bath at 40 °C for 30 min, and another 
400 µL was sampled and put on ice. The heated samples 
were filtered through 0.22-µm spin column filters to re-
move any large aggregates.

Then, we measured the activity of each construct on 
each receptor, before and after heat treatment. We mea-
sured activity on receptors as a function of their ability 
to block receptors from being bound by whole phage par-
ticles. To measure this, we first incubated 100 µL of 5 µM 
protein with 10-µL overnight bacteria culture (∼107 cells) 
expressing only LamB or only OmpF (Keio collection 
knockouts) (Baba et al. 2006) allowing the proteins to ad-
sorb to the receptors on the cell surface. Then, we added 
whole phage particles and allowed the phage to adsorb 
to receptors not blocked by protein. Tubes were then 
placed on ice and centrifuged at 16,000 × g for 1 min, 
and 50 µL of the supernatant (containing unbound phage) 
was plated with 100 µL of wild-type E. coli (Keio collection 
parental strain BW25113) (Baba et al. 2006). For the whole 
phage particles, we chose a receptor generalist genotype of 
λ that can infect through both LamB and OmpF (Meyer 
et al. 2012). EvoC phage was induced from a lysogenic pro-
phage integrated into the HWEC106 genome by heat shock 
(lysogen construction reported in Meyer 2016). Lysogens 
were grown up at 37 °C in LB, and then 140 µL was inocu-
lated into 4-mL LBM9 and 40-µL MgSO4, grown at 30 °C for 
2 h, heat shocked at 42 °C for 15 min, and then incubated at 
37 °C for 90 min. The lysate was filtered through a 0.22-µm 
syringe filter and diluted in 9-mL M9 minimal media con-
taining no sugar source, supplemented with 90-µL MgSO4.

We also included three replicate controls containing 
phage with LB media instead of cells and 20 mM 
Tris-HCl pH 9.0, 150 mM NaCl, and 380 mM imidazole 
buffer instead of protein, to calculate the total number 
of phages particles. Additionally, to capture the fraction 
of phage that adsorbs in the absence of protein, we in-
cluded three replicate controls containing phage with 
LamB-only cells and 20 mM Tris-HCl pH 9.0, 150 mM 
NaCl, and 380 mM imidazole buffer instead of protein, as 
well as three analogous replicates with OmpF-only cells. 
Only about 1% to 2% of total phage remained unadsorbed 
to either cell type. To calculate the fraction of phage 
blocked by protein, we subtracted the number of unbound 
phages in the buffer treatment from the number of un-
bound phages in the protein treatment and divided the re-
sult by the total number of phages initially added.

To compare the effect of heat treatment on different re-
ceptors, we used a paired t-test. Because the variances 
were unequal for measurements on the ancestor protein, 

an unequal variance t-test was also performed, and the sig-
nificance did not change.
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