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One of the major functions of the protein homeostasis system is to maintain proteins in their
soluble states, and indeed several human disorders are associated with the aberrant aggrega-
tion of proteins. An active involvement of the protein homeostasis system is necessary to avoid
aggregation because proteins are expressed at levels close to their solubility limits, hence
being poorly soluble. The mechanisms by which the protein homeostasis system acts to
control protein aggregation are, however, still not known in much detail. To facilitate system-
atic investigations of these mechanisms, we describe here the CamSol method of predicting
protein solubility, and illustrate its initial applications. We anticipate that with the advent of
powerful proteomics and transcriptomic methods, in combination with the use of the CamSol
method and related approaches to predict the solubility and other biophysical properties
of proteins, it will become possible to increase our understanding of the principles

of protein homeostasis related to the maintenance of the proteome in its soluble form.

PROTEIN SOLUBILITY

he solubility of a substance is defined by the
Tvalue of the concentration at which soluble
and insoluble phases are in equilibrium (Chai-
kin et al. 1995). The solubility therefore funda-
mentally depends on the physical and chemical
properties of the substance itself, as well as on
the properties of its environment, including in
particular the composition of the solvent, the
temperature, the pH, and the ionic strength. Op-
eratively, the solubility of a substance can be
measured by its saturation concentration, also
known as critical concentration, which is the
concentration of the soluble fraction of the sub-
stance in the presence of an insoluble fraction.

One can also think about the solubility as the
particular concentration for which adding more
substance does not increase its concentration in
solution, but triggers instead its precipitation.
As a wide variety of proteins are functional
in their soluble forms, and are associated with
disease in their insoluble forms, protein solubil-
ity is a major aspect of protein homeostasis
(Vendruscolo et al. 2011). Defining the solubil-
ity of proteins, however, is difficult both theoret-
ically and experimentally (Jain et al. 2017; Wolf
Pérez et al. 2019). As given above, the definition
of solubility is rigorous, but it only applies in a
fully quantitative manner to substances that
have well-defined soluble and insoluble phases.
The vast majority of proteins, however, can pop-
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ulate a wide range of structurally heterogeneous
states, including small and large oligomers, and
it is thus challenging to distinguish between
soluble and insoluble assemblies (Sormanni
et al. 2015). In principle, oligomers capable of
growing into larger aggregates can be considered
as insoluble, but it is, in practice, difficult to
measure the concentrations of growth-compe-
tent oligomers in a given sample. Despite this
problem, it is still useful to consider protein sol-
ubility measurements in the study of protein
homeostasis because the overall concentration
of the oligomeric species is typically much
smaller than that of monomers and large aggre-
gates, so that the contribution of these oligomer-
ic species to the value of the solubility is relative-
ly small (Sormanni et al. 2015).

PROTEIN SOLUBILITY, PROTEIN
HOMEOSTASIS, AND HUMAN DISEASE

The phenomenon of protein aggregation is as-
sociated with a wide range of human disorders,
including Alzheimer’s and Parkinson’s diseases
(Dobson 1999; Balch et al. 2008; Eisenberg and
Jucker 2012; Knowles et al. 2014). These diseases
can have different symptoms and affect different
organs and tissues, but are all characterized by
the dysfunctional aggregation of specific pro-
teins. Although these diseases are associated
with proteins with different sequences and na-
tive structures, most of these proteins seem to
follow a generic behavior in misfolding and ag-
gregation (Dobson 1999; Knowles et al. 2014).
Such behavior involves the formation of many
different types of aggregates, from small oligo-
mers to large amyloid fibrils, yet all these cate-
gories of aggregates appear to share common
structural features that do not depend on the
particular proteins they originated from (Dob-
son 1999; Balch et al. 2008; Eisenberg and Jucker
2012; Knowles et al. 2014). Indeed, it is now well-
established that almost every protein, and not
just those that are disease-related, can aggregate
in vitro under appropriate experimental con-
ditions, and the resulting aggregates can be toxic
for cells (Bucciantini et al. 2002; Selkoe 2003;
Eisenberg and Jucker 2012; Chiti and Dobson
2017). Depending on the protein under scrutiny,

these conditions may be more or less harsh in
terms of pH, concentration, temperature, or
presence of chemicals (e.g., trifluoroethanol,
TFE), but essentially all proteins can aggregate
(Dobson 1999; Knowles et al. 2014).

The fundamental nature of the aggregated
state and its manifestations in living organisms
has been increasingly recognized and has led to
the observation of the phenomenon of wide-
spread protein aggregation, whereby a large frac-
tion of the proteome undergoes aggregation in
vivo (David et al. 2010; Olzscha et al. 2011; Reis-
Rodrigues et al. 2012; Ciryam et al. 2013; Wal-
ther et al. 2015). It has been realized that the
origin of this phenomenon is that proteins are
expressed at levels close to their solubility limits
(Tartaglia et al. 2007; Baldwin et al. 2011), there-
fore being supersaturated (Ciryam et al. 2015).
Taken together, all these observations indicate
that the ability to aggregate and form fibrils can
be regarded as an intrinsic property of polypep-
tide chains, even if the aggregation rates can vary
dramatically among different proteins. To re-
spond to the constant risk of aggregation, a so-
phisticated protein homeostasis system has
evolved to maintain the proteome in a function-
al state (Balch et al. 2008; Hartl et al. 2011;
Labbadia and Morimoto 2015).

Folded proteins can aggregate through at
least two possible paths, depending on the pro-
tein under scrutiny and the experimental con-
ditions (Chiti and Dobson 2017). In one path,
protein molecules unfold at least partially before
associating with each other. This process results
in the formation of small oligomers, which can
then grow in size forming more structured ag-
gregates. Examples of proteins in this class are
serpins, where aggregation is believed to initiate
from a folding intermediate (Carrell and Lomas
1997). In an alternative path, proteins may ag-
gregate directly from their native structures
forming a first assembly that can remain func-
tional. This is the case, for instance, for most
antibody molecules, and other proteins that ex-
pose “sticky” regions for functional reasons, to
bind other proteins or to form complexes (Pech-
mann et al. 2009). Once a critical number of
molecules is present, so that the enthalpy asso-
ciated with their ordered stacking overcomes the
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corresponding loss of entropy, the aggregates
may evolve into protofibrils and ultimately
into amyloid fibrils (Knowles et al. 2014). In
this context we note that increasing amounts
of evidence suggest that the small oligomers,
rather than the large aggregates or amyloid fi-
brils, may be the most neurotoxic species (Lam-
bert et al. 1998; Bucciantini et al. 2002; Haass
and Selkoe 2007; Benilova et al. 2012; Jongbloed
et al. 2015; Cline et al. 2018).

BIOPHYSICAL PRINCIPLES FOR THE
PREDICTION OF PROTEIN AGGREGATION
PROPENSITY

Although amyloid fibrils and amorphous aggre-
gates are fundamental states of polypeptide
chains (Knowles et al. 2014), the propensity to
aggregate under physiological conditions varies
substantially from protein to protein (Walther
et al. 2015). To uncover the principles underly-
ing this propensity, major advances have been
made in understanding how the amino acid se-
quences determine the conformational proper-
ties of proteins. Three factors in particular have
been shown to greatly affect the propensity to
aggregate. The first one is the sequence compo-
sition, as the biophysical properties of the
residues, in particular hydrophobicity, charge,
and secondary structure preferences, have been
shown to be the main determinant of the aggre-
gation rates (Chiti et al. 2003; DuBay et al. 2004;
Fernandez-Escamilla et al. 2004; Pawar et al.
2005; Tartaglia et al. 2008; Tartaglia and Ven-
druscolo 2008). The second one, which is par-
ticularly important for those proteins that tend
to form native-like oligomers, is represented by
the amino acids that are solvent-exposed on the
surface of the native state (Tartaglia et al. 2008;
Tartaglia and Vendruscolo 2008). Most, al-
though not all, proteins tend to bury aggrega-
tion-promoting residues in the core of their
three-dimensional structures. Yet, when such
residues are exposed to the solvent for functional
reasons, they can be the major driving force of
aggregation (Pechmann et al. 2009). The third is
the thermodynamic stability of the native state
itself against unfolding. Less stable proteins,
through large conformational fluctuations un-

Protein Solubility Predictions Using CamSol

der native conditions, have more chances to ex-
pose hydrophobic residues that can promote ag-
gregation (Tartaglia et al. 2008; Tartaglia and
Vendruscolo 2008). These principles have been
used for the development of a wide range of
methods for predicting the aggregation propen-
sity (Fernandez-Escamilla et al. 2004; Tartaglia
and Vendruscolo 2008; Maurer-Stroh et al. 2010;
Zambrano et al. 2015; Pallares and Ventura
2016) and solubility (Magnan et al. 2009; Agos-
tini et al. 2012; Smialowski et al. 2012) of pro-
teins. Here we describe in particular the work
that has led to the introduction of the CamSol
method (Sormanni et al. 2015) and illustrate
some of its applications.

THE CamSOL METHOD

Biophysical Principles of Protein Solubility
and the Development of the CamSol Method

The pioneering work by Chiti and coworkers
demonstrated that the changes in the aggregation
rates of mutational variants of peptides can be
accurately predicted using a linear combination
of biophysical properties of their amino acid
sequences (Chiti et al. 2003). Statistically signifi-
cant correlations were observed between the
changes in the aggregation rates resulting from
single amino acid mutations and the corre-
sponding changes in three biophysical proper-
ties of the polypeptide chain—hydrophobicity,
charge, and the propensity to adopt o-helical and
B-sheet secondary structures. The linear combi-
nation of biophysical properties was expressed as

log (k/K') = atnyar A" + a AT
+ agAI, (1)

where k is the aggregation rate of the wild-type
peptide, K is the one carrying the single mutation,
log denotes the natural logarithm and AI™", A%,
AI®" are, respectively, the differences between the
mutant and wild-type in hydrophobicity (1),
secondary-structure propensity (I*°), and charge
(I°"). This formula reproduced to a very good ex-
tent (r=0.85) the changes in the aggregation rates
measured experimentally for single amino acid
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substitutions for a series of peptides and unstruc-
tured proteins (Chiti et al. 2003).

This approach was then extended to predict
the absolute aggregation rates of proteins, not
just their changes upon amino acid substitutions
(DuBay et al. 2004). These absolute aggregation
rates strongly depend on factors that are extrin-
sic to the amino acid sequence, including pH,
ionic strength, temperature, and, in particular,
the concentration of the aggregating peptide or
protein, and therefore these factors should be
included in the calculations (DuBay et al. 2004).

Further developments of this approach re-
sulted in the Zyggregator method, which extend-
ed the applicability and the accuracy of the pre-
dictions by incorporating new terms, such as the
presence of hydrophobic/hydrophilic pattern of
residues (IP*') and of gatekeeper residues (15,
which are charged residues of the same sign that
flank hydrophobic regions (Pawar et al. 2005;
Tartaglia and Vendruscolo 2008; Tartaglia et
al. 2008). Importantly, this approach was also
generalized to enable the identification of aggre-
gation-prone regions within protein or peptides
sequences, with a particular focus of predicting
amyloid-promoting regions within disease-re-
lated proteins (Pawar et al. 2005; Tartaglia and
Vendruscolo 2008; Tartaglia et al. 2008).

By building on these advances, in 2015 we
introduced the CamSol method for the predic-
tion of protein solubility (Sormanni et al. 2015).
Although the solubility and the aggregation rate
of a protein are related, and both dependent on
the biophysical properties of amino acid se-
quences, they are not entirely equivalent. The
solubility of a protein depends on the free energy
difference between the native and the aggregated
states, whereas its aggregation rate depends on
the free energy barrier between these two states
(Sormanni et al. 2015). To obtain accurate pre-
dictions, CamSol first calculates a solubility pro-
file, which consists of a score for each residue in
the sequence and is highly sensitive to the local
context, and then it calculates an overall solubil-
ity score from the profile itself. The solubility
profile can be calculated directly from the amino
acid sequence (intrinsic profile) or from a struc-
ture of the protein under scrutiny (structurally
corrected profile) (Sormanni et al. 2015).

The Intrinsic Solubility Profile

In the CamSol method, a linear combination of
biophysical properties similar to Equation 1 is
first employed to calculate a solubility score for
each residue (Sormanni et al. 2015)

si= aHP,H + acpic + aupf + aBp,ﬁ, (2)

where pf{ , pic, ps, and piB are, respectively, the
hydrophobicity, the charge at neutral pH, the
o-helix and B-strand propensities of residue i,
while the a coefficients are the parameters of
the linear combination. Then, a smoothing
average is carried out, whereby each score is
replaced by a central moving average over a win-
dow of seven amino acids, thus effectively re-
placing the contribution of the biophysical
properties of individual residues with that of
seven-residue fragments centered around the
residue under scrutiny

i+3

1 at k
Si = ; (Z 5]> + apatI;P + agkI,‘g . (3)

j=i-3

In this expression, I accounts for the presence
of specific patterns of alternating hydrophobic
and hydrophilic residues, and Iigk takes into ac-
count the gatekeeping effect of individual charges

5
_pit
Ilgk = Z e Cisjs 4)

where C; , ;is the charge of the amino acid i + jand
b is a parameter that defines the length scale over
which the effects of the gatekeeper residues are
relevant. The smoothing average and the addition-
alterms ensure that the predicted effect of an amino
acid substitution on the solubility profile will de-
pend both on the difference between the biophys-
ical properties of the old and the new amino acids,
and on the local context in which the mutation is
carried out.

The Structurally Corrected Solubility Profile

If a three-dimensional structure or structural
model is available for the protein of interest, it
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is possible to calculate a structurally corrected
profile (Sormanni et al. 2015). This profile is
defined by projecting the intrinsic solubility
profile onto the surface and smoothing over a
surface patch of size A and dimension r,. The
structurally corrected solubility propensity score
St of residue i can be written as

~int ~int
ST+ D> wwST] 0
j@li—3,i+3]

S?urf — WE

1

where the sum is extended over all the residues of
the protein within a distance r, from residue i,
excluding the residues that are contiguous along
the sequence, as their proximity effect is already
encompassed by the intrinsic solubility score. w?
and w]D are, respectively, the “exposure weight,”
which depends on the solvent exposure of resi-
due j, and the “smoothing weight,” defined as

d;i
ij:max(l—],0>, (6)

rA

where dj; is the distance of residue j from residue
i. This definition implies that neighboring resi-
dues contribute more to the local surface aggre-
gation propensity than more distant ones. Fur-
thermore, the smoothing weight does not bias
toward a preselected surface patch size. r, is set
to be 8 A, as this value is consistent with the
seven amino acids window implemented in the
prediction of the intrinsic solubility profile (a
distance of 8 A in fact spans approximately three
residues in a compact globular protein).
The exposure weight is defined as

ol
14 e =0
where x; is the relative exposure of residue j, that
is, the solvent-accessible surface area (SASA) of
this residue in the given structure divided by the
SASA of same residue in a Gly-Xxx-Gly peptide
in an extended conformation. The Heaviside
step function, 9, is employed so that residues
with <5% solvent-exposed are not taken into
account. Equation 7 thus describes a sigmoidal

Protein Solubility Predictions Using CamSol

function where a and b are parameters tuned so
that the weight grows slowly to a relative expo-
sure x &~ 20% and then grows linearly reaching 1
at x =~ 50%; this is accomplished by setting a=
—10 and b=0.3. When a residue is 50% solvent-
exposed, half of it faces inward in the structure,
whereas the other half, facing the solvent, al-
ready provides the largest surface for potential
aggregation partners. With this correction, res-
idues not exposed to the surface, such as those
buried in the hydrophobic core and essential for
the folding of a protein, are assigned a score close
to zero and, consequently, are not considered in
the subsequent steps of the CamSol algorithm.
The quantity Sjl.m in Equation 5 is the in-
trinsic solubility of residue j computed using a
modified version of Equation 3, which reads

B 1 i+3 .
~ a
Si = 72’"”’ ~ Z Xij + apatlip

j=i-3% \j=i-3

~gk
+ aging , (8)

where the average over the seven-residue win-
dow in Equation 3 has been replaced here by a
weighted average (over the same window)
with weights X;, which are the relative expo-
sures of residue j linearly rescaled in the range
[0.25, 1], so division by zero never occurs.

Similarly, T ?k embodies the same idea as I igk
in Equation 4, but the gatekeeping effect of
charges of the same sign is now computed in
the three-dimensional space

B =3 wPdy 2 ()G (9)
J

where C; is the net charge of residue j at neutral
pH, the smoothing weight w]D is computed here
using twice the patch radius 7, and the exposure
weight WJE using the relative exposure xjc of the
charged atom in residue j.

Although the calculation of the structurally
corrected solubility profile requires the knowl-
edge of the structure of the protein, there is no
need for particularly high resolution. The predic-
tions are accurate as long as the solvent exposure
of theamino acids and their relative Co distances
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are correctly represented. This fact makes the
CamSol procedure applicable to a large number
of cases where only the sequence is known, as a
structure good enough to enable the solubility
prediction can be obtained by standard tech-
niques, such as homology modeling.

The CamSol Solubility Score

A solubility score for the whole protein is then
calculated from the intrinsic profile by account-
ing for the contribution of poorly soluble re-
gions as well as that of highly soluble ones.
From the intrinsic solubility profile we derive
an overall solubility score for the whole protein
(Sormanni et al. 2017)

wup(Si — thyp)  if §; > thyy
Zf\il wlow(si - thlow) if Si < thlow
S — 0 otherwise
P — ’YNS >
(10)

where §; is the value of the intrinsic solubility
profile for the amino acid i and N is the length of
the input sequence. The upper and lower thresh-
olds thy, and thy,,,, as well as the coefficients @,
10w, ¥»> and d are fitted with a Monte Carlo pro-
cedure aimed at maximizing both the absolute
value of the correlation coefficient of Sp with
measurements of aggregation rates from the lit-
erature, and its ability to discriminate between
nonaggregating and aggregating peptides and
proteins collected through a systematic literature
search, which contained totally unrelated se-
quences rather than mutational variants of the
same protein (Sormanni et al. 2017). Since the
scores computed with Equation 10 are dimen-
sionless numbers, they are rescaled so that the
mean value and standard deviation calculated
among more than 10° random sequences are 0
and 1, respectively (S, =[Sy — random]/Crandom)-
Random sequences used in this calculation were
generated with the same amino acid frequency
and length distribution of the human proteome.
In an initial validation (Sormanni et al. 2015) we
demonstrated that this solubility score was high-
ly accurate (R =0.98) in recapitulating the effect
on the solubility of a single-domain antibody of

a maximum of three simultaneous mutations.
Subsequently, to carry out proteome-wide anal-
yses we expanded the applicability of the solu-
bility score using the aforementioned equation
so that it could quantitatively rank the solubility
of more distantly related proteins (Walther et al.
2015), while retaining the possibility of carrying
out highly quantitative screenings of mutational
libraries (Sormanni et al. 2017).

APPLICATIONS OF THE CamSol METHOD

Fast Solubility Screening of Libraries
of Protein Variants

The ability of CamSol to rank the solubility
of protein variants was tested using a phage-
display-derived monoclonal antibody (mAb) li-
brary from MedImmune (Sormanni et al. 2017).
The mAbs that we analyzed differ by up to 32
mutations in the Fv region, and a strong corre-
lation was observed between calculated scores
and corresponding solubility measurements
(Fig. 1A). Similarly, a statistically significant
correlation between CamSol predictions and
solubility measurements was also reported for
mutational variants of a troublesome mAb
(Shan etal. 2018). Furthermore, in a recent study
on a library of 17 mAbs, CamSol predictions
were compared with a battery of commonly
used developability assays and solubility mea-
surements, and the correlations between Cam-
Sol and these experimental readouts were at par
or better than those among the different assays
with each other (Wolf Pérez et al. 2018). These
results indicate that, since CamSol solubility
predictions quickly run on laptops requiring
only the amino acid sequences as input, this
approach enables one to select from the begin-
ning high-affinity (from library panning), high-
solubility (from CamSol) antibodies, as shown
in Figure 1B.

Identification of Aggregation-Promoting
Hotspots

In addition to the results presented above, the
structurally corrected CamSol calculation can
be employed to identify aggregation-promoting
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Figure 1. (A) Scatterplot of the measured apparent solubility (expressed as the value of PEG,,) of a directed-
evolution-derived mAb library (Sormanni et al. 2017) as a function of the intrinsic CamSol solubility score
calculated from the sequences of the heavy chain variable domain (VH) only, as the vast majority of mutations are
found there. Regression lines, reported Pearson’s coefficients of correlation (R), and corresponding p values (p)
were calculated by excluding the outlier point circled in red (mAb3). (B) The computational prediction in A
enabled the identification of the most soluble mAbs. Therefore, the screening of antibodies derived from an in
vitro discovery experiment (e.g., phage display) may be performed using two parameters: (1) the measured
binding strength (e.g., binding affinity or off-rate on the y-axis), and (2) the predicted solubility score calculated
from the sequence (e.g., the CamSol-intrinsic solubility on the x-axis). The latter is readily computed from the
amino acid sequence, thus enabling the selection of lead antibodies with high affinity and solubility from the very
early stages of antibody discovery (adapted from Sormanni et al. 2017).

hotspots on protein surfaces. In the example in ~ Stability and Solubility Trade-Offs and Link
Figure 2, the amino acids responsible for the  with Protein Aggregation

increased self-association of mAb2 with respect

to mAb1 were experimentally identified with a A large number of mutations on many unrelated
structural proteomics approach (Dobson et al. ~ proteins has been identified as leading to aggre-
2016) as W30, F31, L561, in perfect agreement  gation in vivo and to human diseases. Broadly
with the CamSol predictions. speaking, these mutations can cause aggregation
through two different pathways. In one case, the
mutation destabilizes the native state, causing its
partial or complete unfolding. As a conse-
quence, poorly soluble regions usually buried

Rational Design of Protein Mutants
with Enhanced Solubility

The CamSol method can be used to design an-  in the hydrophobic core become exposed to
tibodies or proteins with enhanced solubility ~ the solvent thus triggering aggregation. In the
starting from problematic molecules. In essence, ~ other case, the mutation may occur on the sur-
the structurally corrected predictions reveal can-  face of the protein or within a disordered region,
didate sites for amino acid substitution (or in  thus impacting directly the solubility without
some cases insertions), and the intrinsic predic-  substantially altering the native structure. The
tion can be used to quickly test all possible mu-  effect of mutations in the second class can read-
tations at those sites, which will yield variants  ily be predicted with the CamSol method by
with improved solubility (Sormanni et al. 2015;  using the amino acid sequence alone, as demon-
Camilloni et al. 2016). strated for example by the solubility screening of
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Figure 2. (A) Structurally corrected (solid lines) and intrinsic (broken lines) CamSol solubility profiles for the VH
domain of mAb1 (blue) and mAb2 (red), which are two of the monoclonal antibodies analyzed in Sormanni et al.
(2017). The positions of the complemetarity-determining regions (CDRs) are highlighted with gray boxes. (B)
The structurally corrected solubility profile is color coded on the surface of homology models of the VH/VL
domains of mAb2 (top left) and mAb1 (lower right). The labeled residue positions on mAb2 (W30, F31, L57) are
those that have been experimentally identified as aggregation hotspots (Dobson et al. 2016). Aggregation-
promoting regions are in orange/red, whereas aggregation-protecting regions are in light blue/blue. The plot
shows the measured high-performance size exclusion chromatography monomer retention time (Dobson et al.
2016) for various mAb variants as a function of their combined-chain solubility score calculated from the
sequence alone. mAb2 has the residue types W, F, and L at the hotspot positions 30, 31, and 57, respectively,
while mAbl has S, T, and T. The six variants between mAb2 and mAb1 are named according to which mAb2
positions have been mutated to the corresponding mAb1 amino acid (e.g., WFT is mAb2 L57T). The line serves
as a visual guide (adapted from Sormanni et al. 2017).

the antibody library (Fig. 1), where all molecules
were known to be folded and functional. How-
ever, the effect of mutations in the first class
cannot be predicted by looking only at the sol-
ubility, as the aggregation is triggered by the fact
that the solubility of the unfolded state is typi-

cally much lower than that of the native state,
disregarding the impact on solubility of the spe-
cific mutation under scrutiny. However, when
such disease-related mutations are already
known, the CamSol method can be used to pre-
dict whether they belong the first or second class.

8 Cite this article as Cold Spring Harb Perspect Biol 2019;11:a033845



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

0.03 A -

Structure-adjusted solubility change

—0.03 -
ssa GCD 1
smg GCD 2
soa GCD 3
—-0.06 sea LCD r
- nsSNPs
T T T T T
-0.2 -0.1 0.0 0.1 0.2

Intrinsic solubility change

Figure 3. Predicted changes, using the CamSol meth-
od, in the intrinsic (x-axis) and structure-adjusted
(y-axis) solubilities for all mutations from nonsynon-
ymous single-nucleotide polymorphisms (nsSNPs) in
Fasl-4 (Stenvang et al. 2018). Mutations associated
with lattice corneal dystrophy (LCD) are shown in
blue, and those associated with three subtypes of gran-
ular corneal dystrophy (GCD 1-3) are in red, purple,
and orange for subtypes 1, 2, and 3, respectively. All
LCD and GCD 2 mutations have little or no effect on
the structure-adjusted solubility, consistent with the
notion that they drive aggregation by indirectly in-
creasing the aggregation propensity of Fas1-4 through
destabilization of the native state. The GCD 1 muta-
tion R555W is an extreme outlier in terms of decrease
in solubility, according to both intrinsic and struc-
ture-adjusted predictions, and the GCD 3 mutation
is predicted to decrease solubility more than any other
corneal-dystrophy-associated mutation other than
R555W, suggesting that GCD 1 and GCD 3 pheno-
types are driven by loss of solubility of the folded
Fas1-4 domain (adapted with permission from Sten-
vang et al. 2018).

As an example, Figure 3 shows the predicted
effect of all possible nonsynonymous single-nu-
cleotide polymorphisms (nsSNPs) within the
Fas1-4 domain of the corneal protein TGFBIp,
which has some disease-related mutations
leading to opaque extracellular deposits and cor-
neal dystrophies (CDs) (Stenvang et al. 2018).
The intrinsic score on the x-axis considers only
the amino acid sequence, while the structure-
adjusted score on the y-axis also includes infor-
mation about whether residues are exposed or

Protein Solubility Predictions Using CamSol

buried in the native state of monomeric
TGFBIp. Out of all possible 771 point muta-
tions, the mutation R555W associated with
granular CD is the highest ranked known dis-
ease-related mutation in terms of both its
predicted decrease in intrinsic and structure-
adjusted solubility. Similarly, the mutation
R555Q is predicted to decrease both solubility
predictions more than any other known CD-
associated mutation apart from R555W. Exper-
imental data confirmed that both of these mu-
tational variants are well folded and stable (Sten-
vang et al. 2018), thus indicating that aggregate
formation and pathology in vivo are likely the
result of reduced solubility of the folded state.
Conversely, the other known disease-related
mutations (colored points) fall on or near the
x-axis suggesting that these mutations increase
the aggregation propensity indirectly by de-
creasing the stability of the native fold, which
is fully consistent with in vitro stability measure-
ments of these mutants, as well as with the co-
existence of amorphous and amyloid aggregates
in this class of mutations (Stenvang et al. 2018).

USING CamSol TO INVESTIGATE THE
LINKS BETWEEN PROTEIN SOLUBILITY
AND PROTEIN HOMEQOSTASIS

Proteome-Wide Predictions of Protein
Solubility

The results that we have described above show
that the CamSol method is highly quantitative in
predicting solubility changes upon mutations
and in solubility screenings of protein libraries
of similar sequences. In addition to these appli-
cations, CamSol can also be used to carry out
proteome-wide studies so that useful insights
can be obtained when considering average
behaviors of groups of proteins. For example,
running the CamSol-intrinsic prediction on
complete proteomes readily reveals a bimodal
distribution of solubility scores (Fig. 4) where
membrane proteins form a group of low-solu-
bility sequences while cytosolic and other pro-
teins form a second group of higher solubility.
It was previously shown that protein solubil-
ity and cellular protein concentration correlate,
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Figure 4. (A) Distribution of CamSol solubility scores for the whole proteome of Escherichia coli (top) and yeast
(lower). Proteins are separated according to their subcellular location (see legend) as annotated in the UniProt
database (UniProt Consortium 2018). (B) Scatterplots between protein abundance as determined with mass-
spectrometry measurements (x-axis) and CamSol solubility scores (y-axis). Only nonmembrane proteins for
which abundance data were available (Leuenberger et al. 2017) are included in these plots. Individual data points
are in black, whereas corresponding averaged points are in red for E. coli (left) and blue for yeast (right). Averaged
points report the mean CamSol score and abundance level of groups of ~50 proteins binned according to their
abundance. Error bars are standard errors on the mean, and the reported Pearson’s correlation coefficients (R)

and associated p values (p) are calculated for the averaged data.

indicating that protein solubility is tuned to their
cellular concentration (Tartaglia et al. 2007). In-
deed, the comparison of CamSol-intrinsic pre-
dictions with in vivo protein-abundance data
measured by mass spectrometry reveals a very
strong correlation (R=0.93 and 0.82 for
Escherichia coli and yeast, respectively) once
proteins are binned according to their abun-
dance levels. Conversely, when all data are con-
sidered individually, the correlation is much
weaker, with Pearson coefficients of 0.3 and 0.2
for E. coli (663 nonmembrane proteins with
measured abundance, p<107'°) and yeast
(529 points, p~3x 107°), respectively. Several
factors may determine the lower correlation ob-
tained when considering individual proteins.
First, each data point in Figure 4B corresponds
to one amino acid sequence for which abun-
dance measurements were available, and the sol-
ubility prediction employed neglects the struc-
tural context (i.e., the fact that unrelated proteins
expose their highly soluble and poorly soluble
regions in different ways). In addition, many

such sequences form complexes inside the cells,
and the solubility of the formed complex is likely
to be different from that of its monomeric sub-
units. It is also well known that protein abun-
dance levels can vary substantially in response to
external stimuli or environmental changes as
well as during different phases of the cell cycle.
In this context, because of the competing effects
of random mutational drift, which on average
decreases solubility, and of natural selection,
which selects solubilizing mutations but only
until each protein has become good enough to
perform its function, a correlation should be ex-
pected only between the maximum concentra-
tion at which a protein can be expressed and its
solubility. Finally, the correlation between total
protein abundance and cellular concentration
may not be perfect, as the relatively low abun-
dance level may correspond to a very high pro-
tein concentration in some cellular compart-
ments (Tartaglia and Vendruscolo 2009), and
such proteins would need to be highly soluble
to avoid aggregation.
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It is therefore remarkable that on average
such a strong correlation is observed between
predicted solubility and measured protein abun-
dance, which suggests that some of the potential
sources of error discussed above cancel each oth-
er out when taking averages of groups of pro-
teins. A similar correlation obtained with binned
data (R=0.77) was also reported when consid-
ering the number of aggregation-prone regions
in place of the solubility (Tartaglia and Vendrus-
colo 2009; Ganesan et al. 2016).

CONCLUSIONS

We have summarized our current understand-
ing of the biophysical principles of protein
solubility and described how we used these prin-
ciples to develop the CamSol method to enable
quantitative predictions of this property. We an-
ticipate that the development of approaches of
this type, in combination with increasingly pow-
erful proteomics and transcriptomic methods,
will facilitate systematic investigations of the
mechanisms by which the protein homeostasis
system controls the aggregation of proteins at
the proteome level.
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