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ABSTRACT: Prediction and engineering of protein solubility is an important but imprecise area. While some features are
routinely used, such as the avoidance of extensive non-polar surface area, scope remains for benchmarking of sequence and
structural features with experimental data. We study properties in the context of experimental solubilities, protein gene expression
levels, and families of abundant proteins (serum albumin and myoglobin) and their less abundant paralogues. A common feature
that emerges for proteins with elevated solubility and at higher expression and abundance levels is an increased ratio of lysine
content to arginine content. We suggest that the same properties of arginine that give rise to its recorded propensity for specific
interaction surfaces also lead to favorable interactions at nonspecific contacts, and thus lysine is favored for proteins at relatively
high concentration. A survey of protein therapeutics shows that a significant subset possesses a relatively low lysine to arginine
ratio, and therefore may not be favored for high protein concentration. We conclude that modulation of lysine and arginine
content could prove a useful and relatively simple addition to the toolkit available for engineering protein solubility in
biotechnological applications.
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■ INTRODUCTION

Protein solubility has been a crucial property leading up to and
through the advent of recombinant protein production. Prior to
the era of recombinant protein expression, the natural
abundance of proteins largely determined which were studied
in detail. When it became possible to overexpress proteins, and
subsequently with whole genome sequencing, proteins could be
chosen on the basis of the underlying science in question, but
high level expression of soluble protein is not guaranteed.1 This
is related to the problem of avoiding protein aggregates when
developing and formulating proteins in the increasingly
important pharmaceutics area of biologics.2

Several properties have been used for correlating and
predicting protein solubility. A corollary of the oil-drop
model for protein folding3 is that non-polar regions could
lead to protein−protein interactions, a common theme
throughout the analysis of protein structure and function.4

One approach is to rank non-polar patches,5 which are
expected to mediate nonspecific interactions and influence

colloidal stability. Such patches are a key component of the
statistical aggregation propensity (SAP) method that has been
used to redesign antibodies for improved stability.6,7 Whereas
non-polar patch analysis must be based upon a 3D structure or
model, a popular approach is to look at the propensity of
protein sequence stretches to form amyloid.8 Several online
tools are available to predict the amyloid propensity, which is
related to the likelihood of β-structure formation, e.g., PASTA,9

TANGO,10 and Zyggregator.11 It is assumed that partial
unfolding will expose such sequences to potential protein−
protein interactions, mediated by β-strands. This approach is
therefore linked to the conformational stability of a folded
protein, and irreversible aggregation. Returning to the colloidal
stability properties probed by 3D-based patch analysis, parallel

Received: August 10, 2013
Revised: November 14, 2013
Accepted: November 20, 2013
Published: November 20, 2013

Article

pubs.acs.org/molecularpharmaceutics

© 2013 American Chemical Society 294 dx.doi.org/10.1021/mp4004749 | Mol. Pharmaceutics 2014, 11, 294−303

Terms of Use CC-BY

pubs.acs.org/molecularpharmaceutics
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


to the reduction of non-polar surface area is the introduction of
surface charge. Several reports indicate that negative charge is
preferred over positive charge for properties related to protein
solubility, such as aggregation resistance,12−16 consistent with
recent work suggesting that protein solubility correlates with
negative charge.17 The detail of protein solubility modification
by charge is likely to be a case- and condition-dependent
combination of factors that include reduction of non-polar
regions,18 overall net charge repulsion,19,20 and attraction from
positive and negative regions in an anisotropic charge
distribution.21,22 It is clear from the engineering of overcharged
proteins,23,24 and from a tradition of handling proteins away
from their pI’s to prevent aggregation, that net charge can be a
major factor in determining solubility. It is believed that at least
a part of the effect of supercharging lies in preventing
aggregation of partially unfolded states,24 analogous to the
avoidance of β-forming sequence regions.
This report focuses on 3D and sequence-based charge

properties and their correlation with available data for protein
solubility, and mRNA and protein abundances. Using a data set
for Escherichia coli protein solubility in a cell-free expression
system,25 the structural feature correlating best with solubility
was a lack of large positively charged surface patches, where the
difference in positive patch signatures for the separation of
soluble and insoluble data sets was similar to that seen for DNA
binding versus non-DNA-binding proteins (Chan, Curtis, and
Warwicker, in press). As a result, it was suggested that
interactions between expressed proteins and nucleic acid
(mRNAs, tRNAs) may lead to insolubility, as intermediates
in an unknown mechanism. Consistent with this hypothesis,
there was no equivalent separation for negatively charged
patches. Although the observations may be specific for
solubility in expression systems, and not necessarily relevant
for concentrated protein solutions low in nucleic acid, the
difference between positive and negative charge is intriguing. It
leads to the question of whether amino acid side chains
normally positively charged at physiological pH (Lys and Arg)
contribute equally to the observed correlation with solubility. A
limited analysis indicated that they do not, with Lys being
favored over Arg for high solubility (Chan, Curtis, and
Warwicker, in press). The current study explores this simple
observation, which is based on sequence properties. If Lys is
favored over Arg for proteins that have evolved to function at
higher concentration, it might be expected that protein (or
mRNA) levels show a correlation with Lys to Arg ratio.
Additionally, extracellular proteins at high abundance would
have a high Lys to Arg ratio, and paralogues of high abundance
proteins, themselves at lower concentration, a lower Lys to Arg
ratio. These questions are addressed, alongside structural
features where 3D information is available. Results bear on
whether the Lys to Arg ratio could be a useful tool in protein
design for solubility, including in biopharmaceutical applica-
tions.

■ METHODS AND DATA SETS
Structural Data Sets. Various sets of protein structures

were obtained from the Protein Data Bank (PDB).26 Complete
antibody structures are sparse in the PDB, but many structures
of Fab fragments are present. A search in the PDB for
structures containing the term Fab was followed by removal of
entries with 100% sequence identity (i.e., precise copies). Since
the structures of many Fab fragments are obtained in
combination with an antigen, it was necessary to remove just

the antibody component. Rather than analyze 670 coordinate
sets with molecular graphics, only H (heavy) and L (light)
chains were selected, followed by inspection for chains of the
expected size and a coordinate file header that contains
reference to an antibody Fab fragment, resulting in 408 HL
chain combinations. While this procedure will have missed
some genuine Fab fragments with nonstandard chain
nomenclature, it maintains the bulk of the data set, and has
the advantage of identifying a biological unit (a single Fab
fragment) from what may be a more extensive entry in the PDB
(e.g., crystal asymmetric unit). A text search at the PDB for
either scFv or single chain antibody, with a filter at 100%
sequence identity gives 36 entries. With the small data set (in
comparison with Fab’s) and the introduction of a linker peptide
preventing the general use of the HL chain nomenclature, a
graphics screen was employed to ascertain the chains associated
with genuine scFv structures. This resulted in a data set of 24
scFv’s. Structure-based calculations with both Fab’s and scFv’s
covered the biological units, with combinations of protein
chains where appropriate.
In order to compare computed structural features for

therapeutic proteins with a background set of human proteins,
a search for human proteins in the PDB was made, followed by
a filtering with the PISCES27 tool for crystal structures with
sequence identity less than 30%, and length within 40−10000
amino acids. In this case, the data set is too large to reliably
screen for biological units, and calculations are made on single
protein chains (2073). A data set of structures for therapeutic
proteins that have reached the market was prepared from
searches in the PDB for entries corresponding to a recent
review of biologics.28 One coordinate entry was used for each
biologic, and the analysis was again based on chains (62) rather
than biological units, maintaining consistency with the
background set of human protein structures. For estimation
of the concentration of a marketed (or previously marketed)
biologic at the point of delivery, the DailyMed resource
(http://dailymed.nlm.nih.gov) was searched for preparation
and delivery guidelines for each therapeutic protein. Where
possible, the mass of protein delivered in a given volume of
fluid was computed, with reference to the wider literature as
appropriate to identify a relationship between units of activity
and protein mass. The correlation between estimated delivery
concentration and ratio of Lys content to Arg content (KR-
ratio) was calculated for the resultant 46 protein chain set of
biologics, and the 30 protein chains that exclude Fab fragments
of therapeutic mAb’s.

Sequence Data Sets. With the focus on sequence-based
KR-ratio, there is no need to restrict analysis to those proteins
that can be annotated with 3D structure, when comparing with
solubility data for cell-free expression of E. coli proteins.25 This
gives 2931 data points overall from the experimental studies of
solubility25,29 that can be cross-referenced with KR-ratio values
for E. coli K-12 ORFs obtained from the UCSC genome
browser (http://genome.ucsc.edu).30 Subsets from the exper-
imental data are formed for low solubility (<30%) and high
solubility (>70%) proteins, which are then compared. The
Pearson correlation coefficient (r), a test for linear correlation
between two properties, is used along with p-value calculation
for the given number of data points. Where subsets are
compared for the likelihood that they could arise from the same
underlying distribution by chance, the Mann−Whitney test is
used.
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Expression data for E. coli K-12 were obtained from the
relative abundance of mRNAs (log units to base 2) for growth
in LB medium.31 The mRNA abundance data were cross-
referenced to KR-ratio, yielding matches for 1561 proteins.
Yeast mRNA abundance data were taken from a study of
Saccharomyces cerevisiae grown in steady state culture,32 and
transformed to log (base 2) units. Cross-referencing to a set of
yeast proteins obtained from the Saccharomyces Genome
Database (http://www.yeastgenome.org)33 gave 5455 proteins
with matched KR-ratio and mRNA abundance. Human mRNA
levels were used for a set of housekeeping genes, with
expression averaged across tissues,34 giving mRNA abundance
(log base 2) and KR-ratio for 2007 proteins. A single protein
abundance set was also included, for a human blastoma cell
line,35 with protein levels cross-referenced to KR-ratio for 749
proteins. For the analysis of expression data, a lower limit of
100 amino acids was placed on proteins to prevent particularly
large or small KR-ratio values arising simply from the low
numbers of Lys and Arg sites.
Calculations. Structure-based properties, the maximum

positive contoured patch size (in grid points) and the maximum
ratio of non-polar solvent accessible surface area (SASA) to
polar SASA for a patch, were derived for PDB subsets. A finite
difference Poisson−Boltzmann method36 was used to calculate
electrostatic potential. Charges are assigned in a protein−
solvent−counterion system in a continuum electrostatics
framework (the Poisson−Boltzmann equation), that is
inscribed on a Cartesian grid and solved (for electrostatic
potential) using the numerical method of finite differences.
Negatively charged Asp and Glu side chains and C-termini and
positively charged Arg and Lys side chains and N-termini were
included. Potential was contoured at +kT/e on a shell around
the protein (k is the Boltzmann constant, T = 300 K, and e is
the electronic charge), with an ionic strength of 0.15 M. The
size of the largest contoured positive patch is taken for each
protein. The ratio of non-polar SASA to polar SASA is
calculated for patches drawn out by 13 Å spheres centered on
all non-hydrogen atoms,5 with the highest such ratio stored for
a protein. A 1.4 Å radius solvent probe was used to generate the
solvent accessible surfaces. KR-ratio is simply the ratio of the
number of Lys residues to the number of Arg residues in a
given protein sequence, and could therefore be obtained for all
proteins, irrespective of 3D structure availability. By analogy,
DE-ratio is calculated from the relative occurrence of Asp and
Glu residues. In order to identify orthologues and paralogues in
the albumin and myoglobin families, BLAST37 searches were
made, seeded with the human protein and filtered for the
subfamily in question (e.g., myoglobin, cytoglobin, and
neuroglobin for the myoglobin family). Sequences were then
retrieved and analyzed for KR-ratio. Comparison is made
between the distribution of KR-ratio values found within a set
of homologues and that expected if Lys and Arg were randomly
populated for a given number of Lys + Arg sites (n, derived
from the human variant), and an overall probability of Lys at
each Lys or Arg site (p, equal to 1 − probability of Arg) taken
from the occurrence of Lys and Arg in the human proteome.
An expected random distribution of KR-ratio is then calculated
from the corresponding (p, n) binomial. An equivalent analysis
was made for DE-ratio. While the evolution of sequences will
not necessarily lead to population around a random
distribution, comparison of KR-ratio and DE-ratio may be
indicative of selection pressure.

Threshold values for the three calculated properties
maximum positive patch size, maximum ratio of non-polar to
polar SASA in a patch, and KR-ratio (in a sequence)were
derived in previous work (Chan, Curtis, and Warwicker, in
press) as those values that best separate the most and least
soluble subsets for cell-free expression of E. coli proteins,25

when these subsets are plotted as cumulative distributions. For
the cell-free expression data, the thresholds obtained in this way
are 3000 grid points for maximum positive patch size, 4.5 for
the ratio of non-polar to polar SASA, and 1.2 for the ratio of
Lys to Arg in a sequence (Chan, Curtis, and Warwicker, in
press). The parameters used to construct electrostatic potential
grids are fixed, so that 3000 grid points always represent the
same surface area, from protein to protein. With a grid step of
0.6 Å, a two-dimensional grid element is 0.36 Å2 and 3000 grid
points relates to roughly 1000 Å2 surface area.
For all mRNA expression and protein level data sets, subsets

were formed for all gene products with KR-ratio < 0.5 and for
those with KR-ratio > 2.0. Limiting values of KR-ratio at 0.5
and 2.0 were chosen on the basis of their separation on either
side of the threshold KR-ratio of 1.2. In practice, each subset
defined in this way contains between 10 and 20% of the total
number of proteins in a data set, depending on the data set.
Abundances were then plotted as cumulative percentages of
proteins, against expression, to examine whether the lower and
upper KR-ratio subsets follow the same distributions.

■ RESULTS
Distribution of Charge and Non-Polar Features for

Fab and scFv Structures. Three properties were computed
for Fab and scFv sets from the PDB (Figure 1). These
properties were chosen because they each show some
separation of the most and least soluble subsets for cell-free
expression of E. coli proteins,25 with the relevant thresholds
(Chan, Curtis, and Warwicker, in press) shown in Figure 1. For
the structure-based positive patch size (Figure 1A), neither
Fab’s nor scFv’s show a clear preference to lie on either side of
the threshold. Fab’s are representative of antibodies circulating
in blood at high protein concentrations, along with serum
albumin.38 It is not clear that maximum positive patch size is
relevant for solubility of proteins (Fab fragments of antibodies)
at high circulatory concentration. Otherwise, evolutionary
pressure would have pushed Fab fragments more toward the
region lower than the threshold in Figure 1A. This argument
will apply less to scFv’s, which are excised from Fab’s and re-
engineered.39 The maximum ratio of non-polar SASA to polar
SASA lies largely under the threshold for both Fab’s and scFv’s
(Figure 1B), consistent with a role for non-polar patches in
protein insolubility, whether in expression or at high
concentration of secreted protein. Interestingly, the sequence-
based KR-ratio is largely above the threshold for Fab’s but not
for scFv’s (Figure 1C). Again, this might indicate an
evolutionary pressure on antibody sequences (and Fab
fragments) to maintain a relatively high ratio of Lys to Arg
content. Subsequent sections study KR-ratio in more detail.

KR-Ratio and Solubility in Cell-Free Expression. For a
sequence-based property, it is possible to extend calculations
for the cell-free expression data set beyond proteins that can be
annotated with 3D structure to all proteins that can be cross-
referenced. Solubility and KR-ratio for 2931 E. coli proteins
correlate with r = 0.22, p < 1 × 10−8. The least and most
soluble groups are clearly separated (p = 1.98 × 10−35), where
higher KR-ratio associates with higher solubility (Figure 2). Of
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the two systems, cell-free expression and Fab’s (representing
proteins that circulate at relatively high concentration), some
properties may relate to solubility in both. This appears to be
the case for KR-ratio and the maximum of the ratio of non-
polar to polar surface area, whereas the maximum positive
patch appears to be more relevant to cell-free expression.
Studying KR-ratio, a sequence-based property, allows pro-
teome-wide coverage of protein levels.
KR-Ratio and mRNA Levels for E. coli, Yeast, and

Human Proteins. Transcriptome data and mRNA levels have
provided the most widespread indication of protein expression
because they have been more readily available than the

corresponding proteomic data. While this situation is
changing,40 and the correlation between mRNA and protein
levels can be poor,41 bioinformatics studies still tend to use
mRNA abundances as a proxy for protein levels. This approach
is taken for expression data in E. coli, yeast, and human (Figure
3A,B,C), but additionally with proteome data added for human
blastoma cells (Figure 3D). In all cases, added complications of
cell-specific conditions exist, which are multiplied as species
developmental complexity increases. Correlation coefficients
for KR-ratio and (log) mRNA abundances are r = 0.175, n =
1561, and p < 10−8 for E. coli; r = 0.081, n = 5455, and p < 10−8

for yeast; and r = 0.145, n = 2007, and p < 10−8 for human. A
second approach is to form subsets of proteins, for each
organism, with KR-ratio < 0.5 and KR-ratio > 2.0, and then
compare expression levels of these subsets. Cumulative plots of
mRNA levels are distinguishable for E. coli (p = 8.78 × 10−16),
yeast (p = 1.36 × 10−5), and human (p = 4.95 × 10−4) cases.
When human protein levels (from blastoma cells) are used in
place of the log (mRNA) values, correlation with KR-ratio gives
r = 0.167 and p = 4.33 × 10−6 for 749 data pairs. Lower and
higher KR-ratio subsets for protein levels are separated (p =
0.015). These results are consistent with a selection pressure for
lower Arg content relative to Lys in more highly expressed
proteins.

KR-Ratio in Abundant Human Proteins and Their Less
Abundant Paralogues. Human serum albumin (HSA) and
antibodies are abundant circulating proteins.38 Fab fragments,
representing the bulk of structural information available for
antibodies, have been analyzed already in this study. HSA has
lower abundance paralogue families afamin, vitamin D-binding
protein (DBP), and α-fetoprotein. While there are many
myoglobin structures available, most of these relate to variants
and mutants, and analysis is restricted to the sequence level.
Two myoglobin paralogues, cytoglobin and neuroglobin, were
found only within the genomic era,42 since they are present at
much lower concentrations than myoglobin. Sequences for
HSA, myoglobin, and their paralogues were obtained from
searching the human variants against the RefSeq database
(www.ncbi.nlm.nih.gov/refseq/) with BLAST,37 and subse-
quent inspection to collate only the relevant subfamily. In order
to estimate a random expectation for occurrence of both KR-
ratio and DE-ratio in serum albumins and myoglobin, a
binomial expansion was used in each case. This gives the KR-
ratio and DE-ratio distributions expected if the KR and DE sites

Figure 1. Calculated features plotted as cumulative percentages for
Fab and scFv sets, compared with thresholds that best separate
insoluble and soluble E. coli proteins in cell-free expression.25 The
direction of predicted solubility and insolubility, relative to threshold,
is drawn for each panel. (A) Maximum positive potential patch size,
measured in the number of patch points (threshold is 3000 points,
more soluble below threshold). (B) Maximum ratio of non-polar to
polar SASA for a patch (threshold ratio is 4.5, more soluble below
threshold). (C) Ratio of Lys to Arg content (KR-ratio) for each
protein (threshold is 1.2, more soluble above threshold).

Figure 2. Separation of KR-ratio for soluble and insoluble subsets of
proteins, from cell-free expression of E. coli proteins.25 Predicted
soluble and insoluble regions are indicated, relative to the threshold
value (1.2).
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of HSAs and myoglobins are populated at random, given the
overall (proteome) KR-ratio and DE-ratio values.
Whereas the observed KR-ratio distribution for serum

albumins is above that expected by chance (Figure 4A), the
two distributions for DE-ratio lie close to each other (Figure
4A,B). Distributions of KR-ratio for the serum albumin
paralogues (Figure 4C) are generally below that for serum
albumin itself, consistent with their circulation at lower levels,
estimated at 60 μg/mL for afamin,43 3 mg/mL for α-
fetoprotein,44 and 0.3 mg/mL for DBP.45 DBP is interesting,
since it is bimodal in KR-ratio, straddling the distribution for
serum albumin.
KR-ratio and DE-ratio distributions for myoglobin follow the

same general behavior as that for serum albumins (Figure
5A,B) but now with observed KR-ratio far exceeding random
and DE-ratio roughly in line with that expected from a random
selection of D and E residues. These results are consistent with
evolutionary pressure on Lys relative to Arg content for
myoglobins but not for Asp relative to Glu. Both cytoglobin
and neuroglobin are present at concentrations <0.1 mg/
mL,46,47 and their KR-ratio distributions are far lower than that
for myoglobin (Figure 5A,C).
KR-Ratio and Other Properties Compared between

Biologics and Background Sets of Human Proteins. We
are interested in comparing the properties studied here
between human proteins in general and proteins that have
been marketed as therapeutics. In order to analyze the
structure-based features, as well as sequence-based, a set of
2073 protein chains from the PDB, non-redundant at 30%
sequence identity was used. The data set for marketed biologics
contained 62 protein chains. There was no significant
separation for these two structural sets, in terms of the

maximum positive charge patch and maximum ratio of non-
polar to polar SASA. Of 62 biologic protein chains, 20 lie above
the 3000 points threshold for a positive patch, but as seen
earlier, it is not clear that this property has a general correlation
with solubility. For a non-polar patch, which may be a more
general correlate with solubility, just 8 of the 62 biologic chains
lie above the threshold of 4.5.
Figure 6 compares KR-ratio (Figure 6A) and DE-ratio

(Figure 6B) for the biologics and human PDB structural sets, in
addition to the set of human ORFs. Distributions are similar for
DE-ratio and more varied for KR-ratio. Variation in the
biologics plot toward higher KR-ratio is largely due to the Fab
fragments. There will have been less evolutionary pressure
toward higher solubility for biologics that occur naturally at low
concentration, unlike antibodies and serum albumins. It is
therefore important to identify features that could be relevant
for solubility engineering of biologics (and recombinant protein
production in general). There are several biologic protein
chains that have a KR-ratio of <1 (Figure 6A). The current
study indicates that such a low KR-ratio could contribute to
reduced solubility. If this were the case, then it might be
expected that biologic concentration at the point of delivery (a
value that can be estimated from available data) would show
some correlation with KR-ratio. Clearly, there will be several
factors in the complex considerations of design and delivery
schemes for protein therapeutics, but solubility is one such
factor.48,49 For 46 protein chains, including Fab fragments of
mAb’s, testing the hypothesis that delivery concentration is
positively correlated with KR-ratio gives r = 0.158 (p = 0.147),
i.e., insignificant at the 5% level. These values when Fab’s are
removed, leaving 30 protein chains, are r = 0.411 and p = 0.012,
i.e., significant. The Fab’s have relatively high KR-ratios, and

Figure 3. Protein and mRNA levels are more abundant at higher KR-ratio. Subsets of proteins are formed for KR-ratio < 0.5 and KR-ratio > 2.0, and
the cumulative percentage of these subsets plotted as the expression level increased. Log (to base 2) of mRNA expression is used. (A) mRNA levels
in E. coli.31 (B) Yeast mRNA.32 (C) mRNA abundance for protein-coding genes that are expressed across a series of tissues.34 (D) Protein levels in
human blastoma cells.35
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their corresponding mAb’s tend to be delivered at relatively
high concentration. Since there exists a significant correlation
for the generally lower delivery concentrations, when mAb’s are
excluded, there is scope to investigate whether engineering KR-
ratio to higher values could contribute to future biologic design.

■ DISCUSSION
The finding that largest positive patch could be added to non-
polar surface in the list of structure-based features that correlate
with insolubility (Chan, Curtis, and Warwicker, in press) in a
cell-free expression system25 led to the question of whether
these relationships were more ubiquitous. This could be
investigated with threshold values obtained from analysis of low
and high solubility subsets of the cell-free expression data. With
many structural representatives of antibody Fab fragments in
the PDB, and since antibodies typically circulate at high

concentration, these presented a good case with which to
examine protein solubility in a physiological environment, with
the application of thresholds. While non-polar surface area does
transfer to Fab fragments, the positive charge surface features
do not (Figure 1). Of interest in the current work is the
emergence of KR-ratio as a possible novel correlate to protein
solubility in a physiological environment (Figure 1C). A
sequence-based property offers more scope (than a structure-
based feature) for investigation against protein expression data.
A data set of scFv structures was included alongside Fab’s for
comparison. Here, the only feature which is generally toward
the low solubility side of the relevant threshold is non-polar
surface area. This appears to be a general property that should
be considered when designing for solubility of natively
structured proteins. If KR-ratio also turns out to be ubiquitous

Figure 4. KR-ratio and DE-ratio for serum albumins and paralogues,
compared with those expected from random sampling. (A)
Cumulative percentage plots of KR-ratio and DE-ratio for 47 serum
albumins. (B) Probability distributions plotted against KR-ratio and
DE-ratio, for binomial distributions given the number of Lys + Arg
(83) and Asp + Glu (97) sites in HSA, and the probability of Lys or
Arg calculated from occurrence over the whole human proteome. (C)
Serum albumin paralogue KR-ratio distributions for 31 afamins, 56
vitamin D-binding proteins, and 49 α-fetoproteins.

Figure 5. KR-ratio and DE-ratio for myoglobins and paralogues,
compared with those expected from random sampling. (A)
Cumulative percentage plots of KR-ratio and DE-ratio for 45
myoglobins. (B) Probability distributions plotted against KR-ratio
and DE-ratio, for binomial distributions given the number of Lys + Arg
(21) and Asp + Glu (21) sites in myoglobin, and the probability of Lys
or Arg calculated from occurrence over the whole human proteome.
(C) Myoglobin paralogue KR-ratio distributions for 33 neuroglobins
and 35 cytoglobins.
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for solubility, then several members of the scFv set could be
improved in this respect (Figure 1C).
Comparison of KR-ratio against mRNA levels for E. coli,

yeast, and humans shows a correlation, and separation of lower
and upper KR-ratio subsets, in each case (Figure 3). Messenger
RNAs for proteins with higher KR-ratio are, on average, present
at higher levels, consistent with a selection pressure for greater
lysine content over arginine, when expression is higher.
Although correlation between mRNA levels and protein copy
numbers is imprecise, the relationship with KR-ratio is
consistent over varied species. Moreover, analysis of proteins
expressed across many tissues in humans exhibits the same
sense of correlation between gene expression and KR-ratio
(Figure 3D). As more quantitative proteomic data become
available, further examination may reveal other sequence (or
structure) features that consistently correlate with protein
expression level, revealing selection pressures.
KR-ratio has been compared with expected values for

random KR assignment given the proteome K, R content,
and with equivalent analysis for DE-ratio. In the case of serum
albumin, itself a therapeutic protein, and myoglobin, while DE-
ratios are in line with the expected distributions across species,
KR-ratios are almost uniformly high (Figures 4 and 5). A
fruitful area to study is comparison of proteins known to be
present at high concentration with paralogues that have lower
physiological concentrations. This approach can be conven-
iently applied to serum albumin and myoglobin, with the lower
concentration paralogues generally at lower KR-ratio (very
substantially so for cytoglobin and neuroglobin in comparison
to myoglobin). The one exception is a bimodal KR-ratio
distribution for vitamin D-binding protein. It is not clear what
might lie behind this bimodality. The two KR-ratio regions for
DBP are largely separated by species phylogeny (not shown).
One complication that arises with DBP is the balance between

the normal circulating vitamin D transport role and transport of
vitamin D from the epidermis50 in those species for which
synthesis in the skin is a major contributor to the vitamin D
pool. Possibly the bimodal KR-ratio distribution for DBP
reflects this distinction. A recent report shows that the net
charge of myoglobin has evolved to higher values in animals
with greater diving ability, suggesting that prevention of
aggregation at higher myoglobin concentrations underlies this
observation.51 No investigation of Arg, Lys composition was
reported. It will be interesting to examine how KR-ratio, which
is already very high for extant myoglobins (Figure 5A), varies
for these myoglobins, including inferred ancestral sequences.51

For the charge-based properties presented in this work, it is
important to consider possible confounding factors. The
correlation seen between maximal positively charged patch
and solubility in cell-free expression (Chan, Curtis, and
Warwicker, in press) does not account for how different
counterions and their binding to proteins could influence
solubility. Calculations of positive patches are made with a
simple model for 0.15 M monovalent counterions, and do not
incorporate specific ion binding. This remains an area to
develop computationally, and could be particularly important
for cases such as biologics where formulation and solution
conditions are highly variable. For KR-ratio, identification of
proteins that are soluble at high concentration but with low
KR-ratio will help to refine the model. One example is the
subfamily of eye lens proteins, γ-crystallins, with KR-ratio as
low as 0.048 for human γD-crystallin. Crystallins maintain
solubility at high concentration and without protein turnover,
and have been extensively studied.52 An interesting observation
is that, in the human γD-crystallin cystal structure, Arg side
chains are involved in extensive charge networks with acidic
side chains,53 presumably reinforcing the folded state stability.
It may be that selection for Arg over Lys in γ-crystallins
increases intramolecular interactions, and reduces Arg influence
on intermolecular interactions through sequestering the side
chains into the intramolecular charge networks. Clearly, there is
more to understand about the relative contributions of different
basic (and acidic) side chains to stability and solubility.
The analysis to this point suggests that, when assessed over

large data sets, KR-ratio may be a correlate of physiological
protein concentration, that has hitherto gone unnoticed.
Differences between Arg and Lys side chain interactions have
been reported. Arginine is known to be over-represented in
functional protein−protein and protein−nucleic acid inter-
faces.4 A preference of Arg over Lys for (cation−pi)
interactions with aromatic groups has been observed.54,55 It
has been found that Lys to Arg mutations can increase
crystallization propensity, thought to be through differential
conformational mobility.56 Arginine can be an important
component of additive solutions that stabilize against protein
aggregation.57 It will be important to establish the molecular
basis of interactions and the extent to which the mechanisms by
which Arg stabilizes as an additive58,59 has features in common
with Arg in protein−protein interfaces, both specific and
nonspecific. An emerging result that requires synthesis into a
design framework is the utility of negative charge in improving
solubility.17 Several studies have reported supercharging of
proteins (either positively or negatively), with consequent
improvement of solubility. It has been reported that prevention
of aggregation from partially unfolded states contributes to the
effect of supercharging.24 Our work suggests that, in terms of
positive charge, Lys should be more effective than Arg in

Figure 6. KR-ratio and DE-ratio for biologics compared with human
ORFs and a set of human protein structures (3D). (A) Cumulative
percentage distributions for KR-ratio. (B) DE-ratio.
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promoting solubility by supercharging. To compare charge
roles in solubility, it should be possible to simply swap charges
around (negative to positive, Lys to Arg).
A correlation between KR-ratio and solubility will have

implications for protein expression in biotechnology, and for
modulation of therapeutic protein properties. Non-mAb
biologics show a correlation between KR-ratio and estimated
concentration at the point of delivery. Monoclonal antibodies
are generally soluble at relatively high concentration (estimated
at between 2 and 150 mg/mL for delivery of the therapeutic
mAb’s studied here), and the lack of a correlation for this subset
of biologics may indicate that solubility is not a limiting factor.
Figure 6 indicates that several (non-mAb) biologics are
suboptimal in terms of the correlations observed in the current
work between KR-ratio and solubility. Other than a few
examples such as serum albumin and mAb’s, proteins that have
crucial functions for therapeutic use will not necessarily have
evolved characteristics suitable for maintaining solubility at high
concentrations. There may be cases where solubility has been a
limiting factor in biologic development, and where alteration of
KR-ratio could contribute to overcoming such problems,
particularly if it is incorporated early in the design process.
Additionally, there may be scope later in development to
counter a low KR-ratio through formulation. If a correlation
between KR-ratio and solubility is confirmed experimentally,
then a relatively simple design tool could be developed (e.g., a
subset of nonessential Arg residues substituted with Lys). KR-
ratio is a sequence-based property, without reference to 3D
arrangement of amino acids. It may therefore parallel the study
of sequence regions with amyloid propensity, and their
proposed role in promoting aggregation from partially unfolded
states.

■ CONCLUSION

Protein solubility is a key property for biotechnological and
biopharmaceutical applications, where a protein may be
required to be soluble when removed from its physiological
environment. Some of the properties associated with solubility
such as the avoidance of non-polar interactions and the
importance of charged groups and net charge are well-known.
Information is emerging concerning the relative roles of
positive and negative charge, and now in the current work
the positively charged side chains of Lys and Arg. Analysis of
experimental solubility data, of mRNA and protein levels, as
well as a study of paralogue families expressed at different
physiological concentrations, suggests that higher Lys (and
lower Arg) content correlates with protein solubility. Since
many proteins of biotechnological and biopharmaceutical
interest will not be expressed at high concentration naturally,
we conclude that scope exists for simple adjustment of Arg and
Lys content to enhance protein production and solubility. An
experimental program in this direction will establish whether
the correlation is general and, if it is, the underlying molecular
details.
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