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The broad family of LEA proteins are intrinsically disordered proteins (IDPs) with several potential
roles in desiccation tolerance, or anhydrobiosis, one of which is to limit desiccation-induced
aggregation of cellular proteins. We show here that this activity, termed molecular shield function,
is distinct from that of a classical molecular chaperone, such as HSP70 — while HSP70 reduces
aggregation of citrate synthase (CS) on heating, two LEA proteins, a nematode group 3 protein,
AavLEALI, and a plant group 1 protein, Em, do not; conversely, the LEA proteins reduce CS
aggregation on desiccation, while HSP70 lacks this ability. There are also differences in interaction
with client proteins — HSP70 can be co-immunoprecipitated with a polyglutamine-containing
client, consistent with tight complex formation, whereas the LEA proteins can not, although a
loose interaction is observed by Forster resonance energy transfer. In a further exploration of
molecular shield function, we demonstrate that synthetic polysaccharides, like LEA proteins, are
able to reduce desiccation-induced aggregation of a water-soluble proteome, consistent with a steric
interference model of anti-aggregation activity. If molecular shields operate by reducing
intermolecular cohesion rates, they should not protect against intramolecular protein damage.

This was tested using the monomeric red fluorescent protein, mCherry, which does not undergo
aggregation on drying, but the absorbance and emission spectra of its intrinsic fluorophore are
dramatically reduced, indicative of intramolecular conformational changes. As expected, these
changes are not prevented by AavLEA1, except for a slight protection at high molar ratios, and an
AavLEA1-mCherry fusion protein is damaged to the same extent as mCherry alone. A recent
hypothesis proposed that proteomes from desiccation-tolerant species contain a higher degree of
disorder than intolerant examples, and that this might provide greater intrinsic stability, but a
bioinformatics survey does not support this, since there are no significant differences in the degree
of disorder between desiccation tolerant and intolerant species. It seems clear therefore that
molecular shield function is largely an intermolecular activity implemented by specialist IDPs,
distinct from molecular chaperones, but with a role in proteostasis.

Introduction

Extreme water loss through evaporation imposes severe chal-
lenges on biological systems: cell membranes lose integrity or
undergo fusion; potentially damaging reactive oxygen species
are generated; and protein structure is compromised due to the
diminution of the hydrophobic effect at reduced water activity.
Despite this, many organisms are able to survive drying,
during which they enter a state of suspended animation known
as anhydrobiosis.™ These organisms are widespread throughout
nature and include yeasts such as Saccharomyces cerevisiae,5 6
resurrection plants like Craterostigma plantagineum,” and
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certain invertebrates, exemplified by the nematode Aphelenchus
avenae.’
Since desiccation is highly damaging to non-anhydrobiotic

cells and organisms, those that are tolerant of this stress must
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have mechanisms for minimising injury. In principle, two
different strategies might be adopted: either global differences
in the genomes and proteomes of desiccation tolerant organisms
evolve, such that all the molecular components of anhydro-
biotes are individually resistant to water loss; or protection
and repair systems exist in anhydrobiotes that prevent permanent
damage to other molecules in the cell. A “belt and braces”
combination of both approaches is also possible. The former
strategy is seen in some extremophiles whose proteins are
demonstrably different to mesophile homologues, allowing
them to function in extreme environments.'®'" The latter
strategy is typified by the mesophilic stress response to heat
shock, for example, where molecular chaperones are upregulated
to deal with protein denaturation and aggregation.'>!?

Whole proteome remodelling seems unlikely as a general
strategy for anhydrobiosis, however. In plants, desiccation
tolerance has been lost and has re-emerged in single lineages;'*
there is surely insufficient time, even over millions of years, for
natural selection to modify a complete proteome in this way.
Furthermore, the water soluble proteome of the anhydrobiotic
nematode, 4. avenae, is no less prone to desiccation-induced
aggregation than that of human,'’ suggesting there are no
major differences in resistance to desiccation damage at the
level of individual proteins. Nevertheless, some researchers'®
have hypothesised that the degree of low complexity, which
was assumed to correlate with disorder in prokaryotic
proteomes, is linked with resistance to desiccation. In contrast,
most work on anhydrobiosis has assumed that a discrete set of
molecular adaptations are responsible, and that these act to
minimise damage to molecular and cellular architecture.
Among these adaptations, recent emphasis has been on
intrinsically disordered proteins (IDPs), chiefly the LEA proteins,
which are thought to have various roles in protein home-
ostasis, membrane stabilisation and bioglass formation,
among others, during anhydrobiosis.'”°

LEA proteins are generally small (10-30 kDa), highly
hydrophilic IDPs that, on the basis of protein sequence motifs
and peptide composition, fall into three main groups.?*>!
Evidence is accumulating that LEA proteins and other hydro-
philic proteins have a protein stabilisation function since they
preserve enzyme activity in vitro after desiccation or
freezing.”> ® One mechanism for the protection observed is
the prevention of water stress-induced aggregation of sensitive
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proteins.!>?*82% This anti-aggregation activity extends in vivo
to spontaneously aggregating polyglutamine-containing
(polyQ) and polyalanine-containing proteins.'**° Although
superficially this anti-aggregation function resembles that of
classical molecular chaperones, several fundamental differ-
ences are apparent such that we have termed the former
molecular shield activity.>'**> For example, molecular chaper-
ones are largely well-structured proteins, unlike the LEA
proteins, and in many cases they function through interaction
with exposed hydrophobic regions on (partially) unfolded
client proteins.'>3! Such interactions are sufficiently robust
that co-immunoprecipitation experiments can be performed to
recover chaperone-client complexes from cell extracts (e.g. the
interaction of HSP60 with polyQ proteins®?). A similar mode
of action is unlikely for highly hydrophilic IDPs like the LEA
proteins, at least via hydrophobic interfaces. Instead, we have
suggested that the anti-aggregation activity of hydrophilic
IDPs results from physical interference whereby the IDP
reduces the encounter frequency of aggregating protein
species. In this report, we explore the characteristics of molecular
shield activity and examine this in the context of an inter-
molecular versus an intramolecular stabilisation function.

Results

The anti-aggregation activity of molecular shield proteins is
distinct from that of a molecular chaperone

To compare the ability of molecular shields to prevent protein
aggregation with that of a classical molecular chaperone,
citrate synthase (CS) was induced to aggregate by either
heating or vacuum drying. CS was first subjected to heat
stress, either by itself, or in the presence of a molar excess of
the chaperone HSP70, or one of two shield proteins, either the
nematode group 3 LEA protein, AavLEAL, or the soyabean
group 1 LEA protein, Em. While HSP70 significantly reduced
CS aggregation on heating, neither of the LEA proteins was
effective (Fig. la). These results are in accordance with the
literature and show that group 1 and group 3 LEA proteins are
ineffective against heat-induced CS aggregation,? in contrast
to molecular chaperones (for example, Zhai er al. 2008>3).
Under conditions of desiccation stress, on the other hand,
both LEA proteins were able to reduce CS aggregation
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Fig. 1 Light scattering measured as apparent absorbance (Az40) of CS (black bars) after (A) heat stress, or (B) desiccation stress, in the presence
of five-fold molar excess HSP70 (dark grey), AavLEA1, or Em (both light grey). Non-stressed CS is taken as control (white). *** denotes
significance at p < 0.001 and ** denotes p < 0.01 using one-way ANOVA, plus Tukey post test; ns, not significant.
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markedly, while HSP70 did not (Fig. 1b). In fact, the mixture
of HSP70 and CS resulted in increased levels of aggregation
compared to CS alone, although HSP70 by itself did not
aggregate (data not shown). One explanation for this observa-
tion might be that, although HSP70 is unable to prevent CS
aggregation, it still binds to denatured CS and this might serve
to increase the size of aggregates. These results demonstrate a
clear distinction between the activities of a chaperone and
molecular shields that nevertheless fits with their proposed
physiological roles.

In its simplest form, the molecular shield hypothesis states
that shield proteins use physical interference to reduce the
frequency of cohesive interactions between aggregating
species. Therefore, this does not necessitate the formation of
complexes with client proteins as is proposed for chaperones.
To attempt to contrast shield and chaperone interaction with
aggregating proteins, we chose a target that both are known to
act on under similar conditions, i.e. huntingtin-derived polyQ
protein, expressed in mammalian cells.'>**** When HDQ138
and HSP70 are co-expressed in T-REx293 cells, the chaperone
could be co-immunoprecipitated with the polyQ protein,
indicating a strong interaction. However, neither AavLEAI
nor Em were co-immunoprecipitated with HDQ138, suggest-
ing a much weaker association (Fig. 2a).

To investigate the possibility of loose or transient inter-
action between a molecular shield protein and its target, we
used mCherry-tagged AavLEA1 and EGFP-tagged HDQ74 to
perform quantitative Forster resonance energy transfer
(FRET) via sensitized acceptor (mCherry) fluorescence emission
upon donor (EGFP) excitation. The method used yields
FRET efficiencies normalized either by the prevailing acceptor
concentration (¢FRET), or the donor concentration ({FRET),
the relative level of which depends on the stoichiometry of
interaction.>>*¢ The positive control construct (EGFP tethered
to mCherry by a 7-amino acid linker) was expressed in
T-REx293 cells and gave FRET levels of 15.2% (here aFRET =
dFRET, because the stoichiometry of interaction is 1). The
negative control (co-expressed EGFP and mCherry proteins
alone) did not yield significant FRET levels (0.6%). For the
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EGFP-HDQ74 and AavLEA1l-mCherry pair, dFRET was
measured at approximately 3%, indicating a weak interaction
between the two proteins in vivo (Fig. 2b).

Neutral polysaccharides share some properties of molecular
shields

By analogy with the stabilisation of colloidal suspensions
by hydrophilic polymers,®”*® molecular shields could behave
sterically, electrostatically or both, i.e. electrosterically. We might
therefore expect some synthetic hydrophilic polymers to behave
as molecular shields, and to reduce protein aggregation. To test
this, we used the polysaccharide Ficoll 70, which is a cross-linked
polymer of sucrose with average Mr 70 000. Vacuum drying of a
complex mixture of proteins, the water-soluble proteome from a
human cell line, was performed in the presence of varying
concentrations of Ficoll. In the absence of polysaccharide, the
protein mixture aggregates markedly on drying and rehydration,
but addition of Ficoll led to reduction of aggregation in a
concentration-dependent manner (Fig. 3a). Although Ficoll is
commonly used as a molecular crowding reagent to simulate
conditions within a cell, the concentrations used here were more
than an order of magnitude lower than those in crowding
experiments. Therefore, the anti-aggregation effect we observed
was unlikely to be an effect of crowding; indeed, when very high
Ficoll concentrations (e.g. 250 mg ml~') were used in the
proteome desiccation assay, aggregation was enhanced (data
not shown), possibly because at these concentrations there is
an increase in protein-protein association constants due to a
depletion effect.®® We next asked whether there was an additive
anti-aggregation effect of Ficoll and LEA protein: when
AavLEA1 was added to the protecome at a 1:1 molar ratio, it
did not reduce aggregation significantly after desiccation, as
reported previously.!® However, when the proteome was dried
in the presence of both a sub-optimal concentration of Ficoll
(1:2 molar ratio) and the LEA protein at a 1:1 molar ratio,
aggregation was reduced to a level below that observed with
Ficoll alone (Fig. 3b). A comparable effect was also obtained for
AavLEA1 and another polysaccharide, Dextran 42 (Fig. 3b).
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Fig. 2 (A) Immunoprecipitation (IP) after expression of empty vector pFLAG-CMV5a or FlagHDQI138 and AavLEAI-HA (left panels),
Em-HA (middle panels), or HSP70-HA (right panels). IP was performed with anti-Flag-M?2 affinity gel followed by immunoblotting with anti-HA
antibody (top row of panels). The inputs from the total cell lysates were probed with antibodies against HA (middle row) or Flag (bottom row) to
detect the molecular shield or chaperone, and the polyQ protein, respectively. The asterisks in the top left and top middle panels show the expected
position of any HA signal. (B) Example FRET analysis of EGFP-HDQ74 (donor) and AavLEA1-mCherry (acceptor) interactions in a live cell,
showing signal in the donor channel upon excitation at donor wavelength (dx/dm), signal in the acceptor channel upon excitation at acceptor
wavelength (ax/am), and donor normalized and unmixed FRET transfer efficiency dFRET.
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Fig. 3 Light scattering measured as apparent absorbance (Azy4) of
T-REx293 water-soluble proteome after in vitro desiccation stress
(black bars), (A) in the presence of variable molar ratios of Ficoll
70 (dark grey), and (B) in the presence of 1:1 or 1:2 molar ratio of
AavLEAL1 (light grey) or Ficoll 70/Dextran 42 (dark grey), respec-
tively, or with 1:2:1 ratio of proteome: Ficoll 70/Dextran 42:
AavLEAL (mid grey). The non-dried water-soluble proteome is taken
as control (white). *, ** and *** denote significance at p < 0.05, p <
0.01 and p < 0.001, respectively, using one-way ANOVA, plus Tukey
post test; ns, not significant.

Molecular shields have a limited capacity to prevent
intramolecular changes due to desiccation

If molecular shields function chiefly to reduce the productive
collision rate of potentially aggregating protein species, then
we might expect they would be ineffective at protecting
proteins from deleterious structural perturbations caused by
desiccation, where these changes are distinct from the effects of
aggregation. An ideal candidate protein to test this hypothesis
is the monomeric fluorescent protein mCherry: minimal
aggregation of mCherry was observed upon desiccation and
rehydration (Fig. S1). However, both the absorbance and
fluorescence spectra were substantially altered, indicating
damage to the protein’s fluorophore, possibly due to intramolecular
changes induced by desiccation (Fig. 4a and b). In the
absorbance spectrum, the main peak at 587 nm consistently
decreased with the number of drying cycles, and new peaks
developed at 395 and 509 nm. The emission spectrum also
decreased dramatically in intensity upon desiccation, consistent
with the absorbance data. Notably, excitation at 395 and 509 nm
did not give rise to appreciable levels of fluorescence, suggesting
that the properties of the fluorophore have been lost entirely.

To assess whether an LEA protein could protect against
such an effect, mCherry was mixed with AavLEAl at two
different molar ratios prior to drying, and also with bovine
serum albumin (BSA) as a control. Up to four drying cycles
were performed and the effect on mCherry function was

assessed by measuring Asg;, which gave the most consistent
changes with stress (Fig. 4c). In all cases desiccation resulted in
a dramatic decrease in absorbance at 587 nm, with ~70-80%
reduction being observed after four cycles of drying and
rehydration. This is in stark contrast to the citrate synthase
aggregation assay” (Fig. 1), indicating that AavLEAI is much
less effective at protecting mCherry, consistent with the
proposed mode of action as a shield protein. Intriguingly,
AavLEA1 afforded a moderate level of protection at a 5:1
molar ratio with the fluorescent protein; this was most apparent
after four cycles of desiccation and rehydration, where Asg;
was almost double that of mCherry alone (Fig. 4c). The reason
for this is not clear, as it is not predicted from the molecular
shield hypothesis, but it is possible that the weak interactions
between AavLEA1 and client proteins detected using FRET
(Fig. 2b) are responsible. If so, we might expect that covalent
linkage of the two proteins (increasing the effective local
concentration of AavLEA1 with respect to mCherry), might
afford better protection. Therefore, an AavLEA1-mCherry
fusion protein was constructed and tested for protection of
mCherry during desiccation. However, this proved ineffective,
since drying of the fusion protein gave very similar results to
mCherry alone (Fig. 4d), and to mCherry dried in the presence
of AavLEAI1 as a separate polypeptide at a molar ratio of 1:1
(Fig. 4c).

Molecular shield function is likely to derive from a limited set of
IDPs

It has been hypothesised that intrinsically disordered regions
(IDRs) are more abundant in the proteins of desiccation
tolerant organisms compared to intolerant species and that
these disordered regions, akin to an intramolecular shield,
might improve protein stability where they occur.'® In ref. 16,
disorder was identified with low sequence complexity regions
within proteins, often located at the N- or C-terminus and
therefore resembling the AavLEA1-mCherry fusion protein.
Further work on a putative nudix hydrolase from Deinococcus
radiodurans emphasised disordered “‘tails” that were proposed
to lower the hydration free energy of the protein, thereby
allowing it to remain hydrated for longer during desiccation.*
Unfortunately, the proteome is not currently defined for
A. avenae, from which AavLEAI derives, so that we were
not able to look at the degree of disorder in this nematode.
However, when we examined the proteomes of several well-
characterised prokaryotes using the disorder prediction tool
FoldIndex,*' we were unable to detect differences in the
distribution of IDRs across the set, although this included
D. radiodurans, a desiccation tolerant bacterium, as well as the
desiccation sensitive Escherichia coli (Table 1). Specifically,
genomes were obtained for a number of species understood to
be durable in the face of abiotic stress, together with species
that are understood to be more sensitive. Proteins greater than
100 amino acids derived from the genes were sent to FoldIndex,
which returns a list of peptides predicted to be disordered. By
dividing the total length of disordered segments by the length
of the protein, a percent-disordered value was obtained for
each protein, with values ranging from 0% (i.e. predicted to be
totally folded) to 100% (predicted to be totally unfolded).

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 AavLEAI provides limited protection of mCherry during desiccation. (A) Absorbance and (B) fluorescence emission spectra of mCherry, before
and after four cycles of drying and rehydration. (C) Effect of drying on mCherry in the absence or presence of AVLEA1 or BSA (control) at molar ratios
of 1:1and 1:5. (D) Effect of desiccation on mCherry and an AavLEA1-mCherry fusion protein. Absorbance at 587 nm (the absorbance maximum of
the intrinsic fluorophore) was measured before and after two and four cycles of drying and rehydration. Data were normalised, with the absorbance of
the untreated sample represented as 1, for ease of comparison. All experiments were carried out in triplicate; error bars indicate = 1 SD. *** denotes
significance at p < 0.001 and * denotes p < 0.05 using one-way ANOVA, plus Tukey post test; ns, not significant.

Table 1 For each of a range of species, the table lists the percentage of proteins in each percent-disordered decile bin. For example, the 0..10 bin
has the count of those proteins from Deinococcus radiodurans in which more than 0% and up to 10% of the amino acids are predicted by
FoldIndex to be in an intrinsically disordered state. Zero percent and 100% are treated as special cases. The genomes being considered are: BURPS
(Burkholderia pseudomallei) and DEIRA (Deinococcus radiodurans), both regarded as durable species, and BURMA (Burkholderia mallei),
CAMIE (Campylobacter jejuni), ECOLI (Escherichia coli (strain K12)), PSEPK (Pseudomonas putida (strain KT2440)), SHEON (Shewanella
oneidensis) and THET2 (Thermus thermophilus (strain HB27)), which are regarded as sensitive species

Percentage of sequences with designated percentage of amino acids predicted as natively unfolded

Species code N seqs Ave. length 0 (0..10] (10..20] (20..30] (30..40] (40..50] (50..60] (60..70] (70..80] (80..90] (90..100) 100

BURMA 4238 347.09 40.44 23.12 15.22 7.57 3.63 2.45 1.56 1.6 1.16 0.71 0.73 1.79
BURPS 5293 367.86 41.62 25.07 16.59 7.82 3.72 2.38 1.15 0.77 0.42 0.19 0.13 0.13
CAMIJE 1477 333.89 2776 2024 21.12 12.93 8.4 44 2.1 1.42 1.08 0.41 0 0.14
DEIRA 2889 32235 3548 21.18 18.86 11.21 5.61 2.77 2.04 1.25 0.9 0.31 0.1 0.28
ECOLI 3812 34471 352 2214 1781 10.86 7.06 2.86 1.71 1.42 0.6 0.1 0.13 0.1

PSEPK 4853  357.14 3691 2349 185 9.83 5.09 2.7 1.55 1.24 0.37 0.14 0.06 0.12
SHEON 3740 350.59 36.23 21.26 189 11.28 5.53 2.73 2.01 1.07 0.59 0.29 0.05 0.05
THET2 2017 32328 41.5 2375 17.65 8.43 3.77 2.43 1.34 0.55 0.2 0.15 0.1 0.15

Scanning each genome in turn, percent-disordered values were
computed for each protein, with counts of percent-disordered
values in decile bins being recorded. Because genome sizes
vary across the set of genomes examined, the bins recorded the
percentage of the total gene count found in the respective
percent-disordered bins. The central observation is that the
spectrum of percent-disordered values is similar across all the
genomes, irrespective of whether they are from tolerant or
sensitive species. For example, using the R statistical suite, the
adjusted R? value for the linear model of D. radiodurans versus
E. coli was 0.9969 (p-value 4.3 e-14).

One reason for the discrepancy of this analysis with that of
ref. 16 might be the methods used to define disordered protein
regions. Krisko er al.'® equated disorder with low complexity
(LC), whereas the data of Table 1 were generated using
FoldIndex, an application that directly predicts disorder.

To check the relationship between LC and disorder, LC software
tools SEG*? (used by Krisko ez al.'®) and 0j.py** were applied
in turn to the proteome from D. radiodurans (2,833 sequences).
For each sequence, the number of amino acids in LC regions
was correlated (using the R statistical package) with number
of amino acids predicted by FoldIndex to be in an IDR
(Fig. 5). A linear model of SEG predictions versus FoldIndex
predictions had an adjusted R* value of 0.03644, while the
equivalent linear model based on 0j.py had an adjusted R>
value of 0.06144 (both linear models have p-values less than
2e-16). While only the one IDR predictor was used, i.e.
FoldIndex, it is unlikely anything other than a complete lack
of correlation would have been observed using alternative
predictors. It seems clear, therefore, that LC correlates very
poorly with disorder and is unreliable as a predictor of IDRs.
The corollary of this finding is that molecular shield function
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Fig. 5 For each protein in D. radiodurans, the score reported by
0j.py, reflecting low complexity, is plotted against the number of
amino acids from that protein predicted by Foldindex to be in an
intrinsically disordered domain. A linear model is shown, but is a poor
fit given the lack of a correlation between low complexity (as measured
by 0j.py) and intrinsic disorder. Use of SEG produces very similar
results (data not shown).

in desiccation tolerant organisms is likely to be derived from a
relatively small set of IDPs that protect the whole proteome,
rather than from the presence of IDRs within all or most
proteins within the organism; i.e. it is an intermolecular
activity of a few specialist IDPs rather than an intramolecular
activity of all proteins.

Discussion

Maintaining the proper functioning of the proteome, a large
and varied set of molecular operations broadly encapsulated
by the term protein homeostasis or proteostasis,'* is crucial for
the health and survival of the cell. This becomes particularly
critical under environmental conditions that adversely impact
protein structure and function, and one of the more extreme
stresses that might be imposed is the loss of essentially all
cellular water through evaporation, ie. desiccation. For
organisms to survive extreme water loss it is assumed they
are able to put in place protection or repair mechanisms to
minimise or eliminate permanent damage to cellular components
including proteins.> The alternative strategy, whereby the
anhydrobiotic proteome is engineered through evolution with
sufficient stability to withstand desiccation, seems unlikely,
given the sporadic occurrence of desiccation tolerance in
taxonomic groups.'*

One protection mechanism studied increasingly in recent
years is the ability of IDPs to stabilise other proteins during
desiccation.>!” IDPs such as the LEA proteins, whose expression
is often associated with the acquisition of desiccation tolerance,**
can help maintain protein function under conditions of water
stress, at least partly by reducing aggregation of denatured
species.>?*?® Superficially, the role of desiccation-relevant
IDPs as anti-aggregants resembles that of classical molecular

chaperones, but there are several points of difference such that
we refer to IDPs in this context as molecular shields. For
example, while molecular chaperones do contain disordered
regions,*!** they have three-dimensional structure essential
for their activity. In contrast, molecular shield proteins tend to
be fully or largely disordered and function as entropic chains.
Furthermore, molecular chaperones form transient complexes
with their client proteins through specific binding sites, often
hydrophobic patches,'**?
experiments suggest that LEA proteins act by slowing the
cohesion rate, rather than by sequestration, of aggregating
protein species.>° Any interaction of shield proteins with their
clients is loose, although measurable in the case of the nuclear
IDP anhydrin®*® and AavLEA1 (Fig. 2b), and is unlikely to
involve hydrophobic patches given their highly hydrophilic
nature. Data presented in this paper illuminate further differ-
ences since two molecular shields show reciprocal activity to
that of the chaperone HSP70 in heat stress and desiccation
aggregation assays (Fig. 1), and the chaperone is able to
co-immunoprecipitate with a polyQ-containing protein, while
shield proteins do not, indicating differing strengths of inter-
action with clients (Fig. 2).

We have begun to investigate the mechanism of action of
molecular shields using synthetic macromolecules: poly-
saccharides such as Ficoll 70 and Dextran 42 display shield
activity in desiccation-induced aggregation experiments, and
at low concentrations polysaccharides and LEA proteins can
act together to reduce aggregation further than they might
alone (Fig. 3). One interpretation of these results is that both
types of macromolecule function similarly in this assay. Poly-
saccharides are not considered to behave as molecular chaper-
ones, but they are known to increase the stability of proteins
(e.g. dextran/horse radish peroxidase mixtures are more stable
at high temperatures and low pH than the enzyme alone*’),
most likely due to solution effects. Ficoll and Dextran are
neutral molecules, indicating that electrostatic interactions are
not essential for the molecular shield function observed and
that steric effects are at least partially responsible.

A model for molecular shield function based purely on steric
interference (Fig. 6a and b), where shield proteins act as non-
interacting space fillers that reduce collision rates between
aggregating protein species, would address intermolecular
effects of desiccation, i.e. aggregation, but not intramolecular
effects, i.e. denaturation or structural modification of indivi-
dual polypeptides. Experiments with the monomeric red fluor-
escent protein mCherry are relevant to this issue, since
mCherry suffers relatively little aggregation on desiccation,
while its spectral properties alter markedly, presumably due to
conformational changes affecting its fluorescent centre
(Fig. 4). To a large extent, the decreased absorbance and
emission caused by desiccation occurs whether other proteins,
i.e. the LEA protein AavLEA1 or the control protein BSA, are
present or not, as expected based on the above model.
Intriguingly, however, a very modest reduction in this effect
is seen at a 5:1 molar ratio of AavLEA1 to mCherry, mean-
ing that the LEA protein offers limited protection against
denaturation of the fluorophore. This cannot be explained by
a purely steric effect, suggesting the reality of molecular shield
function is more complicated. Indeed, it is already clear that

whereas both in vivo and in vitro
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Fig. 6 Models for molecular shield function. (A) In the absence of
molecular shields, partially denatured proteins (shaded circles) will inter-
act and adhere at some rate, indicated by the double-headed arrow. (B) In
the basic molecular shield model, shield proteins (represented by lines) are
entropic chains that do not interact with other proteins but occupy space
in solution and reduce the collision rate of aggregating species (indicated
by a smaller double-headed arrow). (C) Evidence suggests a loose
association of shield proteins with other polypeptides thereby forming
a dynamic, three-dimensional protective barrier around aggregating
species. Such interactions might also involve partial folding of the
molecular shield on the surface of the misfolded client protein, potentially
allowing a degree of entropy transfer that might facilitate refolding of the
client, as proposed by Tompa and Csermely.*®

this must be the case because proteins such as BSA or
RNaseA!® do not prevent desiccation-induced aggregation,
as might be expected if molecular shields were merely non-
interacting volume excluders. In fact, the observation that
FRET can occur in cells between two different shield proteins,
anhydrin® and AavLEA1 (Fig. 2b), and their targets is
consistent with a degree of interaction. In turn, this means
that the stabilisation effect of the polysaccharides such as
Ficoll 70 in desiccation-induced aggregation assays (Fig. 3)
is likely to involve some association between polysaccharide
and target proteins. Accordingly, it is increasingly recognised
that polysaccharides can interact with protein surfaces; one
such polymer, polyethylene glycol, has been shown by NMR
spectroscopy to interact with hydrophobic surfaces on cyto-
chrome ¢, for example.*

Therefore, a modified model would involve a molecular
shield associating loosely with the surface of a target protein
to form a three-dimensional protective barrier around it
that would limit the approach of other proteins (Fig. 6c).

This arrangement would probably be dynamic, with each
shield molecule having a limited residence time on the protein
surface, but would lead to an averaged volume exclusion effect
similar to that of the entropic bristles of MAP2, tau and
neurofilament side arms, which act as spacers of cytoskeletal
filaments.** A further development of the model might incor-
porate the ideas of Tompa and Csermely,*® who postulate that
disordered regions of some molecular chaperones can gain
structure on interaction with misfolded client proteins, thus
allowing the client to partially unfold through an entropy
transfer effect, and then follow the correct folding pathway
leading to its native conformation. There is evidence for LEA
proteins gaining secondary structure on association with
membrane surfaces*®™> and it is possible that similar folding
could occur on the surface of client proteins. Such an entropy
transfer model could explain the limited protection of mCherry
fluorophore function by AavLEA1 (Fig. 4c).

Such a model of molecular shield function might suggest
that the greatest protection would result from a covalent
linkage of IDR to a labile protein, providing a shield in cis,
rather than in trans. From an analysis of microbial proteomes,
this would seem not to be a solution favoured by natural
selection (Table 1). The data of Fig. 4d, where the fusion
protein AavLEA 1-mCherry was no less susceptible to desicca-
tion damage than mCherry alone, indicates that the in cis
strategy is not effective against intramolecular damage, but
this needs further examination using target proteins more
prone to aggregation under stress. Certainly, there is evidence
to show that a covalently linked LEA protein can decrease the
potential for aggregation under some circumstances: Singh
et al>® were able to reduce inclusion body formation and
improve recovery of otherwise recalcitrant recombinant
proteins by fusion with LEA proteins.

Molecular shield activity can be distinguished from that of
molecular chaperones, although since it is increasingly recognised
that many classical chaperones contain disordered regions
apparently necessary for their function,’*® it can be argued
that both shields and chaperones populate a continuum of
protein stabilisation activities, involving neutralisation of
exposed hydrophobic surfaces by specific interaction, refolding
of client proteins driven by ATP hydrolysis or entropy transfer
(or both), steric or electrosteric stabilisation of crowded
colloidal suspensions, and volume exclusion.!” In conclusion,
we suggest there is a role in proteostasis for the stabilisation of
the colloidal protein suspension of the cell interior by molecular
shields, and that this is particularly significant under
conditions of water stress.

Experimental

Constructs, recombinant proteins and antibodies

HSP70-pET28a+ and pcDNA3-HSP70-HA were gifts from
C. Bertoncini (IRB Barcelona, Spain) and G. Kudla (University
of Edinburgh, UK), respectively. The HSP70 used here
encodes the human HSPA1A protein. pCI-FlagHDQ138 and
pEGFP-HDQ74 constructs were gifts from D.C. Rubinsztein
and S. Luo (CIMR, Cambridge, UK). pFLAG-CMV5a and
pmCherry were obtained from Sigma-Aldrich (Poole, UK)
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and (Clontech, Saint-Germain-en-Laye, France), respectively.
AavLEA1-mCherry-pcDNA3 and pET-15b-AavLEA1 have
been described previously.3*** AavLEA1 and Em cDNA
sequences ®** were PCR-amplified, the HA tag introduced
at the C-terminus and then cloned into the HindIIl and
BamHI sites of pcDNA3.1 (Invitrogen, Paisley, UK). pET-
28a-mCherry and pET-28-AavLEA1-mCherry were created as
follows: the mCherry gene with engineered 5’ Ndel and 3’ Sacl
sites, and the AVLEA1 gene with engineered 5’ Kpnl and
3’ BamHI sites, were PCR amplified from pmCherry and pET-
15b-AavLEAL, respectively. Both products were inserted into
pCR-2.1-TOPO (Invitrogen) by TOPO-TA cloning. The
mCherry sequence was subcloned into pET-28a using the
Ndel and Sacl sites, while the AavLEA1 sequence was inserted
upstream of the mCherry gene in pmCherry using the Kpnl
and EcoRlI sites; the whole AavLEA1-mCherry sequence was
then excised with Nhel and EcoRI and inserted into pET-28a.
All clones were verified by DNA sequencing. Expression
and purification of recombinant His-tagged versions of
HSP70, AavLEAI, and Em were performed as previously
described.’®**>5 mCherry and AavLEAl-mCherry were
produced largely as described for AavLEA1.>* Briefly, bacteria
carrying expression constructs were grown to ODggo 0.6 and
expression induced by 1 mM IPTG with further growth for
12 h in sealed flasks at 37 °C or 30 °C for mCherry and
AavLEA1-mCherry, respectively. Cells were harvested and
lysed by sonication and His-tagged recombinant proteins
purified using Ni-NTA sepharose (Qiagen, Crawley, UK).
Eluted proteins were dialysed into phosphate buffered saline
and the His-tag cleaved by overnight incubation at 4 °C with
thrombin (GE Healthcare). The tag and any uncleaved protein
were removed by Ni-NTA sepharose and thrombin was
removed using benzamidine sepharose (GE Healthcare, Chalfont
St Giles, UK). Primary antibodies used for immunoblotting
were monoclonal anti-Flag (1:6000, Sigma-Aldrich) and
monoclonal anti-HA (1:1000 for immunoprecipitation and
1:4000 for input; HA.11 clone 16B12, Covance, Princeton,
NJ). Secondary antibodies used were horseradish peroxidase-
linked ECL antimouse IgG (1:3333; GE Healthcare).

In vitro aggregation assay

CS aggregation assays under heat and desiccation stress were
performed as described.® Proteome extraction and subsequent
partial proteome desiccation was performed as described'’
(with a minor variation for CS: heat stress was for 2 h at
43 °C; vacuum drying was carried out at 1750 mTorr). Ficoll
70 and Dextran 42 (analytical grade; Sigma-Aldrich) were of
approximate Mr 70 000 and Mr 42 000, respectively. All assays
were conducted in a total starting volume of 200 pl. In the case
of desiccation, the reaction mix contained only water in
addition to the indicated proteins/polysaccharides (which were
dialysed or prepared in water prior to the experiments); in the
case of heat stress, proteins were dialysed into PBS and the
reaction mix also contained 50 mM HEPES pH7.5. For
desiccation, CS was used at 5 uM, while protectants were used
at 25 pM; for heat stress, CS was used at 1 pM, while
protectants were used at 5 uM. The partial proteomes were
used at 0.15 mg ml~' (assuming an average M, of 50 000) while

the indicated molar excess of AavLEA1 protein or polysac-
charide concentration was used.

mCherry drying experiments

Prior to drying experiments all proteins were dialysed exten-
sively against water and the concentrations determined by
absorbance at 280 nm using the following molar extinction
coefficients: mCherry, 32430 M~! cm™!; AavLEAI-mCherry,
41960 M~ cm™!; AavLEAIL, 8250 M~ cm™!; BSA (Sigma-
Aldrich, product number A7906), 43824 M~! cm™!. 100 pl
samples in water were prepared containing 30 uM mCherry
alone or in the presence of AavLEA1 or BSA (control) at
molar ratios of 1:1 and 1:5, and 30 uM AavLEA1-mCherry
fusion protein. Samples were dried in an Eppendorf 5301
vacuum concentrator, transferred to a Dura-Stop™ micro-
processor-controlled vacuum tray drier (FTS Systems, Stone
Ridge, NY) for 1 h at 500 mTorr with a tray temperature of
25 °C, and resuspended in 100 pl of water; four cycles of
drying and rehydration were carried out. mCherry absorbance
was measured at 23 °C in a Lambda 35 UV/visible spectro-
photometer (Perkin Elmer, Cambridge, UK), using a 1 cm
path-length UV-transparent cuvette. Wavelengths between
350 and 650 nm were measured with a scanning rate of
240 nm min~' and a data interval of 1 nm. Fluorescence
emission spectra were recorded using a Cary Eclipse fluori-
meter (Agilent Technologies). Excitation was at 543 nm and
emission spectra were recorded between 570 and 700 nm with
a scan rate of 600 nm min~' and a data interval of 1 nm.
Emission and excitation slit width was set at £10 nm and a
photomultiplier tube voltage of 690 V was used.

Statistical analysis

Aggregation and drying experiments were performed in tripli-
cate and the standard deviation is shown; statistical relevance
was determined by one-way Anova and a Tukey post-test
using InStat3 (GraphPad Software, La Jolla, CA).

Mammalian cells, transfections and immunoprecipitation

T-REx293 (Invitrogen) was grown at 37 °C in a 5% CO,,
100% relative humidity atmosphere in DMEM with 10%
FBS, 5 mM glutamine, 500 units/ml penicillin, 0.5 mg ml™"
streptomycin  (Sigma-Aldrich) and 5 pg ml™! blasticidin
(Invitrogen). Transient transfections were performed using
GeneJammer (Agilent Technologies, Stockport, UK) according
to the manufacturer’s instructions. For immunoprecipitation,
1 pg each of pFLAG-CMV5a/pCI-FlagHDQ138® (mutant
huntingtin, amino acids 1-588 with 138 glutamine residues)
and HSP70-HA>"/AavLEA1-HA/Em-HA were co-transfected
for 24 h. For FRET analysis 0.75 pg each of pEGFP-mCherry
linker,*® pEGFP-C1, pm-Cherry, pEGFP-HDQ74% (mutant
huntingtin exon 1 with 74 glutamine residues) and AavLEA1-
mCherry*® were (co-)transfected as appropriate for 36 h.
Immunoprecipitation and subsequent immunoblotting analysis
were performed as described.>®

FRET measurements

FRET between EGFP/EGFP-HDQ74 and pmCherry/pmCherry-
tagged AavLEA1, or the positive control pPEGFP-mCherry linker,
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was quantified via sensitized acceptor (mCherry) fluorescence
upon donor (EGFP) excitation as previously described.*>

Bioinformatics

Two applications were used to assess the extent of low-
complexity amino acid patterns in input protein sequences,
SEG™* and 0j.py,* in case the results were just related to SEG.
The web application FoldIndex was used for the IDR
predictions via a purpose written Python script that allows
programmatic interaction with the FoldIndex server. Purpose
written Python scripts were also created to scan the FoldIndex
predictions for each proteome and tally the percent-disordered
predictions into decile bins. Statistical analysis (linear model
creation and plotting) was done using the R package of
statistical functions.
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