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ABSTRACT: Intrinsically disordered, highly charged protein
sequences act as entropic bristles (EBs), which, when
translationally fused to partner proteins, serve as effective
solubilizers by creating both a large favorable surface area for
water interactions and large excluded volumes around the
partner. By extending away from the partner and sweeping out
large molecules, EBs can allow the target protein to fold free
from interference. Using both naturally occurring and artificial
polypeptides, we demonstrate the successful implementation
of intrinsically disordered fusions as protein solubilizers. The
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artificial fusions discussed herein have a low level of sequence complexity and a high net charge but are diversified by means of
distinctive amino acid compositions and lengths. Using 6xHis fusions as controls, soluble protein expression enhancements from
65% (EB60A) to 100% (EB250) were observed for a 20-protein portfolio. Additionally, these EBs were able to more effectively
solubilize targets compared to frequently used fusions such as maltose-binding protein, glutathione S-transferase, thioredoxin, and
N utilization substance A. Finally, although these EBs possess very distinct physiochemical properties, they did not perturb the
structure, conformational stability, or function of the green fluorescent protein or the glutathione S-transferase protein. This work
thus illustrates the successful de novo design of intrinsically disordered fusions and presents a promising technology and
complementary resource for researchers attempting to solubilize recalcitrant proteins.

he inability to obtain large quantities of functional protein
remains a critical limitation for many fields, including
structure determination initiatives and modern drug discovery.
Proteome-wide structure determination efforts highlight
problems with recombinant expression in the preferred
Escherichia coli host system, with significant problems arising
from proteolytic degradation, protein misfolding, and poor
solubility. For example, in a study of 424 nonmembrane
proteins from the Methanobacterium thermoautotrophicum
genome, only 50% of the proteins taken through cloning and
expression could be purified to a state suitable for structural
studies, with ~60% of failures due to poor protein expression
levels or insolubility."> As for the eukaryotic human proteome
project, failure rates were 50% for cytoplasmic proteins, 70% for
extracellular proteins, and >80% for membrane proteins.” Many
approaches have been tried for improving soluble expression,
but none are generally effective.*”®
One of the more effective approaches for improving the
solubility, stability, and folding of recombinant polypeptides
and/or proteins produced in E. coli is to use translational fusion
partners.”>* The most commonly used fusion proteins include
glutathione S-transferase (GST)," thioredoxin (TRX),"> N
utilization substance A (NusA),® and maltose-binding protein
(MBP).” These four fusions vary in size, structure, and ability to
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solubilize a given target, but all share the characteristics of being
a well-expressed, structured domain or protein. More recently,
an elastin-like peptide fusion has been developed for E. coli
expressi011.23’24

The structured fusions described above likely use three main
interrelated mechanisms for enhancing the solubility of the
linked target proteins. First, protein solubility can be predicted
from amino acid sequence with fairly good reliability.>*>~>’
Thus, linking a soluble protein to an insoluble protein would
tend to increase the solubility of the latter by increasing the
proportion of solubility-enhancing amino acids. Indeed, NusA
was discovered as a solubility-enhancing tag because of its high
solubility scores using the Wilkinson—Harrison solubility
predictor.**” Second, aggregation requires productive collisions
between the proteins. Thus, the soluble fusion partner could
help prevent aggregation by simple steric hindrance of the
productive collisions. Third, aggregation is thought to be
enhanced by segmental interactions between unfolded or
partially folded chains.***® Such interactions would be

Received: May 20, 2012
Revised: ~ August 24, 2012
Published: August 27, 2012

dx.doi.org/10.1021/bi300653m | Biochemistry 2012, 51, 7250—7262


pubs.acs.org/biochemistry

Biochemistry

weakened if the fusion tag were to stimulate chaperone
recruitment or if the fusion protein itself were to act as a
molecular chaperone that either slows or reverses segmental
aggregation and thereby promotes correct folding.

In this paper, we present our results for a new class of soluble
expression enhancing fusions based on intrinsically disordered
proteins (IDPs). First, IDP segments are rich in solubility-
enhancing polar amino acids, so such segments would be
expected to increase the solubility of the protein fusion simply
because of their shifts in the overall amino acid composition
toward a higher proportion of soluble amino acids. Second, by
random movements about its point of attachment, an IDP
segment would sweep out a significant region in space and
entropically exclude large particles without excluding small
molecules such as water, salts, metals, or cofactors.>® Segments
with this property were named “entropic bristles™® (EBs).
Finally, from studies of a group of intrinsically disordered
proteins known as dehydrins, there is substantial evidence that
at least some disordered proteins can exhibit chaperone
function.’ Indeed, disordered segments have been suggested
to play a role in the structurally characterized chaperone
Hsp90.** Interestingly, local regions of sequences in several
dehydrins show a strong resemblance to local sequences in
Hsp90.*!

Here we test our hypothesis that IDPs can lead to solubility
enhancement when they are fused with a collection of insoluble
partner proteins. First, we show that the naturally occurring
dehydrin IDPs enhance the soluble expression of different
partner proteins in E. coli. We then describe several artificial
polypeptide IDPs that provide solubility-enhancing capacities
comparable to or even greater than the capacities of the
dehydrin fusions. Comparison of our EB fusions with the
commonly used structured fusion proteins demonstrates that
IDPs generally outperform several structured solubility
enhancer sequences. Finally, we demonstrate the maintenance
of biological function and stability for a few of the EB—target
hybrids. On the basis of these studies, the resultant expression
hybrids provide a promising new approach for preparing
soluble proteins that maintain their biological function.

B EXPERIMENTAL PROCEDURES

Compositional Profiling. Compositional profiling of the
dehydrin fusions was conducted using an %Pproach developed
for intrinsically disordered proteins.**** Specifically, the
fractional difference calculated as (Cx — C,erence)/ Creferences
where Cx is the content of a given amino acid in a disordered
protein set and C, g ence is the corresponding content in a set of
ordered “reference” proteins, was plotted for each amino acid.
In Figure 1A, the amino acids are arranged from the most
order-promoting to the most disorder-promoting.

Predictions of Intrinsic Disorder. Disorder predictions
for different fusions were made using both PONDR VLXT>**°
and PONDR VSL2 algorithms.>”** The PONDR VLXT
predictor is a nonlinear neural network classifier and is a result
of the merger of three predictors; the PONDR VSL2 algorithm
combines two predictors using weights generated by a third
meta-predictor. In one recent experiment, PONDR VLXT gave
order/disorder prediction accuracies of 67 and 70% on two
different data sets containing both structured and disordered
proteins, while PONDR VSL2 gave accuracies of 74 and 78%
on the same two data sets.** Additionally, charge—hydropathy
distributions (CH plots) were also analyzed for these proteins
using methods described by Uversky et al.*” The CH plot in
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Figure 1C is a two-dimensional graph plotting the Kyte—
Doolittle hydropathy value*' of a protein as its x-axis
coordinate and the mean net charge of the same protein as
its y-axis coordinate. In these plots, a boundary line demarcates
where compact proteins (below) and fully disordered extended
proteins (above) cluster.

Prediction of Protein Solubility. The protein solubility
predictors used to evaluate the fusions included the sequence-
based feature model developed by Wilkinson and Harrison
(WH).*” Critical sequence features with strong correlation of
solubility included average charge and turn-forming residue
fractions. This WH model design was initially evaluated on a set
of 81 proteins and reported an accuracy of 88%.%” Two newer
machine learning predictors SolPro*® and PROSO* were also
run on the various fusion sequences. PROSO (PROtein
SOlubility predictor) is a machine learning approach trained
on a 14200-protein data set and was originally reported with a
prediction accuracy of 72%.° The SOLpro predictor used a
two-tiered SVM strategy trained on 17408 proteins and was
originally reported with a prediction accuracy of 74%.>°
Magnan et al. re-evaluated the three predictors side by side
with his database and found the accuracy of the WH, ProSo,
and SOLpro predictors to be 54, 59, and 74%, respectively.””

Design of the Expression Vector. All solubility data
presented on artificial EB—target fusions were derived from
recalcitrant protein expression cassettes cloned into our
pAquoProt expression vector (Molecular Kinetics Inc.) (Figure
S2 of the Supporting Information). This vector utilizes an N-
terminal hexahistidine and C-terminal HA sequences to allow
both purification on affinity resins and immunoassay detection.
The sequences encoding the various EB fusions were placed
immediately downstream and in frame with the ATG and 6xHis
sequences provided in Figure S2 of the Supporting
Information. Finally, an enterokinase recognition sequence
was encoded between the 6xHis-EB purification domain and
the target polypeptide sequence, to allow the user a means for
purifying the desired polypeptide from the EB fusion sequence
after translation.

Cloning. The coding region for each target protein was
amplified by polymerase chain reaction (PCR) with the high-
fidelity AccuPrime Pfx DNA polymerase (Invitrogen) from
their respective cDNA clones using primers designed for use
with the In-Fusion Advantage PCR cloning kit (Clontech). The
various EB-harboring expression plasmids were digested with
the restriction enzyme BamHI (New England Biolabs) and gel
purified. The target gene PCR products were then cloned into
the BamHI restriction site using a ligation-independent cloning
(LIC) method (In-Fusion Advantage PCR, Clontech).
Following the cloning reactions, chemically competent Acella
cells (EdgeBio) were used for transformation.

Cell Growth and Lysis. Cultures were grown overnight in
LB medium supplemented with 100 pg/mL ampicillin at 37 °C.
The next morning a 150 uL aliquot of culture was spun down
and resuspended in LB medium containing 0.5 M sorbitol and
1 mM betaine for the purpose of inducing expression of
endogenous E. coli chaperone proteins. The fresh cultures were
incubated at 37 °C until they reached an OD, of 0.4, and then
expression was induced by addition of 0.2 mM IPTG. Induction
of protein expression was conducted for 6 h at the reduced
temperature of 25 °C. After this induction period, cells were
pelleted by centrifugation and frozen at —20 °C until the
expression was analyzed. For soluble protein expression
analysis, cell pellets were permeabilized, following the
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Table 1. Characteristics, Disorder, and Solubility Predictors for Dehydrin Proteins Originating from A. thaliana

percent”
disorder
accession MW net length (no. of

protein number (kDa)  charge amino acids) VLXT VSL2
ERD10 NP_564114 29.4 —-15 259 64 100
ERD14 NP_177745 20.8 -9 185 64 100
COR47 NP_195554 18.0 -5 163 60 100
Rab18 CAA48178 18.5 0 186 80 100
XERO1 NP_190667 134 +3 128 60 100
LTI30 NP_190666 20.9 +6 193 21 100

mean® WH? solubility ProSoll? solubility ~ SolPro® solubility
hydropathy predictor predictor predictor
0.3529 75% soluble 72% soluble 81% soluble
0.3595 65% soluble 32% insoluble 82% soluble
0.319 52% insoluble 83% soluble 92% soluble
0.3686 97% insoluble 55% insoluble 93% soluble
0.5939 97% insoluble 86% soluble 93% soluble
0.3697 94% insoluble 86% soluble 92% soluble

“Percentage of amino acids found disordered using the PONDR predictors VLXT*>*¢ and VSL2.%7* YA measure that distinguishes ordered from
disordered proteins.** “The revised Wilkinson—Harrison solubility predictor.® 9The soluble probability value ranges from 0—0.6 (insoluble) to
>0.6—1.0 (soluble).”® “The probability values for the soluble and insoluble designation range from 0.5 to 1.0.°

manufacturer’s suggested conditions, under isotonic conditions
using a solution containing both a mild nonionic detergent (B-
PER Reagent, Pierce) and DNasel (Sigma-Aldrich). Cell
disruption was promoted with vortexing. The resultant cell
“Iysis” solution was designated as the “total cell extract”. The
“soluble fractions” and “pellet fractions” were then separated by
a moderate-speed centrifugation (10000g for S min) capable of
pelleting large cellular debris and subcellular structures, e.g,
mitochondria. The total cell extracts, soluble fractions, and
pellet fractions were used for the detection of protein
expression and solubility.

Expression and Solubility Test. To evaluate protein
expression and solubility, the total cell extract (T), soluble
fraction (S), and pellet fraction (P) were separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE) using the NuPAGE Bis-Tris gradient gel system
(Invitrogen). The proteins were transferred to PVDF
membranes (Invitrogen) and probed with an anti-His antibody
(Santa Cruz Biotechnology, G-18) following a standard
Western blotting protocol. Following development, the protein
gel blots were scanned, and the pixel density between the
soluble and pellet fractions was quantitated using Image]
(National Institutes of Health).

GST Purification and Activity Assay. Following the cell
growth and lysis procedure described above, the GST fusions,
His-GST, MBP-GST, EB60A-GST, EB60B-GST, EB144-GST,
or EB250-GST, were enriched from the soluble protein fraction
using a glutathione column. Specifically, 1 mL of the soluble
lysate containing the GST fusion protein was incubated with
0.25 mL of glutathione resin for 1 h at 4 °C while being mixed.
Resin was washed with 6 volumes of Dulbecco’s phosphate
buffer (D-PBS) and then eluted with 3 volumes of D-PBS
containing 50 mM glutathione. The eluate concentrations were
determined with a Bradford assay (Coomassie protein assay kit,
Thermo Scientific).

The GST transferase activity was determined by measuring
the coupling of reduced glutathione to a 1-choloro-2,4-
dinitrobenzene (CDNB) (Sigma) substrate by observing the
increasing absorbance at 340 nm. Specifically, the reaction was
initiated when ~20 pmol of the enriched GST fusion protein
was added to a 1 mL quartz cuvette containing 2 mM
glutathione and 1 mM CDNB in Dulbecco’s PBS. Using a
kinetics program, the change in the 340 nm reading was
measured every 30 s for 5 min on a Varian Cary Eclipse
fluorescence spectrophotometer. The GST specific activity was
then calculated as the micromoles of CDNB converted per
minute per picomole of GST enzyme; all activities were
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compared to a commercially available active GST standard
(Biovision).

GFP Fluorescence and GndHCl-Induced Unfolding.
Following the cell growth and lysis procedure described above,
the various GFP fusions were partially purified using TALON
Superflow Metal Affinity Resin (Clontech). Specifically, 1 mL
of the soluble lysate containing the GFP fusion protein was
incubated with 0.1 mL of TALON resin for 20 min at 25 °C
with rotation. The resin was recovered in a column, washed
with 10 volumes of wash buffer [SO mM Tris (pH 8.0), 150
mM NaCl, and S mM imidazole], and then eluted with 3
volumes of buffer containing 150 mM imidazole. The eluate
concentrations were determined by a Bradford assay
(Coomassie protein assay kit, Thermo Scientific).

Protein samples were incubated in the presence of various
concentrations of GndHCI at room temperature for 17—72 h.
GFP unfolding was monitored using fluorescence spectropho-
tometry (Cary Eclipse, Varian); the excitation wavelength was
395 nm, and emission was detected at 510 nm.

Enterokinase Cleavage. To demonstrate that enterokinase
can cleave the DDDDKS consensus sequence located between
the EB and target sequences, S ug of purified EB—GFP fusion
protein was incubated with 1.5 units of recombinant enter-
okinase protease (Novagen) over 24 h. The efficiency of the
digestion was monitored at discrete time points of 0, 2, 4, §,
and 24 h using a Coomassie-stained SDS—PAGE gel.

B RESULTS

Characterization of the Intrinsically Disordered
Dehydrin Family of Proteins. Evidence that intrinsically
disordered proteins (IDPs) may function as molecular
chaperones led us to design a recombinant IDP fusion system
and test whether this system enhances protein recovery for
targets recalcitrant to soluble expression from recombinant
bacterial systems. Toward this end, we first analyzed the
primary sequence characteristics of a family of plant proteins
known as dehydrins, because they have been shown to be
intrinsically disordered, to have potential chaperone activ-
ity,~* and to function as both an antiaggregant and an
enzyme preservation :;1gent.31’32’46_54 Moreover, two family
members have been shown to solubilize membrane proteins
identified as recalcitrant to overexpression.> Table 1 shows the
compilation of characteristics of both the disorder and solubility
predictions for the six known Arabidopsis thaliana dehydrin
proteins. If we focus on the disorder predictors values
presented in Table 1 first, PONDR predictors VLXT and
VSL2 verify high “percent disorder” values for A. thaliana
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Figure 1. Evaluation of intrinsic disorder in the members of the A. thaliana dehydrin family. (A) PONDR VLXT analysis of ERD10. (B) CH plot
analysis of dehydrins (squares), ERD10 (gray), ERD14 (blue), COR47 (yellow), Rab18 (green), Xerol (cyan), LTI30 (red), ordered proteins from
DISPROT (light gray triangles), and disordered proteins from DISPROT (light gray diamonds). The black line delineates the boundary above which
the most extended, disordered proteins are located. (C) Compositional profiling of dehydrins: Disprot (black), ERD10 (gray), ERD14 (blue),

CORA47 (yellow), Rab18 (green), Xerol (cyan), and LTI30 (red).

sequences ERD10, ERD14, COR47, Rabl18, and Xerol.3%3¢
Figure 1A shows the 64% sequence disorder predicted by
VLXT for ERD10 can be attributed mainly to a 90-residue
stretch in the central part of the protein (residues 90—132 and
138—179). Further examination of dehydrins by measuring the
mean hydropathy indicates that all six dehydrins lie on the
disordered side of the boundary and five of the dehydrins have
significant net charge and so very likely have extended
disordered structures under physiological conditions (Figure
1B). The remaining dehydrin has zero net charge and so might
be a collapsed but disordered protein. Finally, the residue
abundance plot shown in Figure 1C visually demonstrates how
the primary sequences of the A. thaliana dehydrin proteins are
consistent with disordered polypeptides. Briefly, disordered
polypeptides are significantly depleted of bulky hydrophobic
and aromatic residues that would normally form the hydro-
phobic core of a folded globular protein and also possess a low
content of Cys and Asn residues.”®>” Hence, these residues, W,
Y, F, L L, V, C, and N, were proposed to be called order-
promoting amino acids while polar amino acids such as A, R, G,
Q, S, E, K, and structure-breaking P were called disorder-
promoting amino acids.******%%%% As the residue abundance
plot presented in Figure 1C progresses from the order-
promoting to disorder-promoting residues, we can observe the
six dehydrin sequences are both deficient in several order-
promoting residues (W, C, and F) and enriched in several
disorder-promoting residues (M, E, and K), indicating that they
are consistent with the composition of a disordered protein.
Additionally, Figure 1C also reveals a consistent deviation of
these dehydrin sequences from proteins in general, namely an
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enrichment of compositionally rare His residues (typically
around 2%°). This higher His proportion could be functionally
important as members of the family have been shown to bind
several divalent metals using a conserved His-containing
sequence, e.g., the HKGEHHSGDHH core sequence for
Cu’* binding by citrus dehydrin CuCOR15.5¥%%¢!

Table 1 also demonstrates that dehydrins have favorable
soluble expression characteristics by multiple predictor
algorithms. The early Wilkinson—Harrison solubility model
found only the COR47, ERDI10, and ERDI4 dehydrin
sequences favor the soluble protein when expressed as an
independent polypeptide.**” This result can be explained by
the fact that this model favors sequences with (a) the presence
of “turn-forming” residues N, G, P, and S and (b) a mean net
negative. Though five of six dehydrins have favorable
enrichments in turn-forming residues for Gly for LTI30,
Rab18, and Xerol and Pro for ERD10 and ERD14, only when
coupled with the higher net negative charges of COR47,
ERDI10, and ERD14 does the calculation tip the probability
toward soluble protein expression. Application of the two more
recently developed solubility predictors, SOLpro and
PROSO,**° both of which use a machine learning approach,
broadly shows more favorable solubility scores for the dehydrin
proteins than the Wilkinson—Harrison model. Overall, only
ERDI10 showed a favorable consensus among all three
predictors.

Intrinsically Disordered Dehydrin Proteins Enhance
Soluble Protein Expression When Used as Fusion
Partners to Recalcitrant Proteins. To empirically evaluate
the validity of the computational implications, we tested the

dx.doi.org/10.1021/bi300653m | Biochemistry 2012, 51, 7250—7262
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Figure 2. Analyzing the solubilization capabilities of dehydrins. (A) SDS—PAGE analysis of CTLA4 solubility alone or fused to ERD10, ERD14, and
LTI30 dehydrins. (B) Ability of the ERD10 fusion (black bars) to enhance the percentage of soluble protein yield compared to that of the 6xHis

fusion control (gray bars) for 10 insoluble proteins.

potential solubility enhancing properties of dehydrins for
several known insoluble protein targets in a dehydrin fusion
system, including CTLA4 shown in Figure 2. Figure 2A shows
that, as predicted, CTLA4 when fused to ERD10 and ERD14
sequences yields higher levels of soluble protein than the
disordered LTI30 fusion. After minimal success with the neutral
Rab18 and positive LTI30 dehydrins, we proceeded to evaluate
the ability of the negatively charged dehydrins to aid soluble
protein expression (data not shown). Overall, ERD10 and
ERD14 showed 74 and 54% rates of success, respectively, for
solubilizing the target protein (data not shown). Figure 2B
summarizes the ability of ERD10 to enhance the percentage of
soluble protein yield for a subset of 10 proteins where multiple
experimental sets were collected to allow statistical evaluations.
In six of the 10 cases, ERD10 significantly (p < 0.05) enhanced
the soluble expression of protein targets previously cited in the
literature to be recalcitrant to soluble expression in an E. coli
system.”'*139276* Thege data illustrate that IDP-based fusions
successfully enhance soluble protein expression at least for
some proteins.

Given the positive results discussed above, we set out to
design completely artificial disordered sequences, namely de
novo EBs, to serve as solubility enhancers. The rationale for
developing artificial disordered sequences is to allow a wide-
ranging design of the potentially solubilizing sequences.

Design of Artificial EB Fusion Polypeptides. Designing
artificial EB sequences that retain the desirable solubility
properties described above for the natural ERD bristles allowed
us to uncouple the importance of the disordered nature of the
dehydrins from their in vivo biological functions. Additionally,
it gave us the ability to minimize the negative cytotoxic effects
observed for several natural IDP sequences when the method
was attempted in recombinant expression systems.”> All
polypeptides were designed to have low complexity, have net
negative charge, and be composed primarily of disorder-
promoting residues (Table 2). Table 3 verifies that these
sequences are disordered and predicted to be highly soluble.
Additionally, the CH plot shown in Figure S1 of the Supporting
Information verifies their localization within the trapezium of
extended IDP proteins. Finally, pilot expression studies verified
that our artificial EBs displayed no obvious cellular toxicity.
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Table 2. Characteristics of Artificial Entropic Bristles (EB)

EB EB MW net
fusion amino acid composition  length (kDa) charge pl
EB60A E-P-Q-S 60 6.8 —-24 3.08
EB60B E-P-Q-G 60 6.7 -25 297
EB144 D-E-P-Q-S-G 144 15 —41 2.69
EB250 D-E-P-Q-S-G-I-L-M-F-V 250 26.1 —65 248

To explain our design rationale, we will briefly describe how
the de novo EB templates listed in Table 2 were created. The
residues at the far-right side of Figure 1C represent the most
disorder-promoting residues (Q, S, E, and P) and were chosen
as constituents of EB60A, in a 2:2:1:1 E:P:Q:S proportion. The
rationale for the proportions follows: a high Glu proportion was
used because proteins with high net charge densities were
found to function as effective intramolecular chaper-
ones; 46667 4 high Pro content would disrupt secondary
structure (except for the polyproline II helix) and contain
hydrophobic surfaces for weak binding to possible aggregation
patches; GIn was chosen because it is a strongly disorder-
promoting residue but was kept at a low proportion (1:6) to
avoid the aggregation propensity of polyQ sequences; and Ser
was chosen because it not only is hydrophilic but also exhibits
one of the largest conformational variabilities of the 20 amino
acids.%® On the basis of such considerations, 360-nucletotide
sequences were randomly generated with codon optimization
for expression in E. coli. This synthetic gene encodes the 120-
residue polypeptide that serves as the basis for our de novo EB
sequence fusion. Because serines are common sites for
posttranslational modification, we also designed an EB60B
series of de novo EBs, in which serines were replaced with the
disorder-neutral residue G (EB60B, 2:2:1:1 E:P:Q:G). Addi-
tionally, as we generated EBs with higher negative charge
densities and increased lengths, to avoid potential issues with
expression problems associated with high levels of sequence
redundancy, we added a larger subset of disordered residues;
for example, EB144 uses a 1:2:2:1:2:1 D:E:P:Q:S:G composi-
tion. Finally, EB250 was designed with the 1:2:2:1:2:1
D:E:P:Q:S:G template but additionally had several hydro-
phobic patches to mimic those found in the dehydrin proteins.
In all, eight negatively charged EB templates were created.
Advantageously, these eight sequences could be developed into

dx.doi.org/10.1021/bi300653m | Biochemistry 2012, 51, 7250—7262
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Table 3. Disorder and Solubility Predictions for Various Protein Fusions

percent” disordered

protein VLXT VSL2 mean® hydropathy
EBG60A 100 100 0.2281
EB60B 100 100 0.2133
EB144 100 100 0.2640
EB250 100 100 0.3424

GST 12 14 0.4572

MBP 11 17 0.4640
NusA 47 20 0.4423

Trx 6 12 0.028

WHS solubility predictor

97% soluble
97% soluble
86% insoluble
92% insoluble
58% soluble
52% insoluble
95% soluble
72.6% soluble

ProSoll? solubility predictor

88% soluble
89% soluble
88% soluble
87% soluble
58% insoluble
77% soluble
66% soluble
36% insoluble

SolPro® solubility predictor

97% soluble
100% soluble
97% soluble
97% soluble
78% insoluble
94% soluble
58% soluble
89% soluble

“Percentage of amino acids found disordered using the PONDR predictors VLXT>>*® and VSL2.%73* A measure that distinguishes ordered from
disordered proteins.*® “The revised Wilkinson—Harrison solubility predictor.® “The soluble probability value ranges from 0—0.6 (insoluble) to
>0.6—1.0 (soluble).”® “The probability value for the soluble and insoluble designation ranges from 0.5 to 1.0.°

Table 4. Summary of Solubility Data (percent) for 20 Test Protein Candidates

6xHis MBP
408 SS+2 66 + 6
2141 18+9 17 £ 18
CATA9 3+2 0+0
EFNA1 4+3 1B3+4
FLCN 2+3 0+0
GADDA45 45 £ 8 S5+2
GFP S6 + 12 35+l
D2 42+6 91+ 38
IL-7 0x0 10+1
IL-13 18+1 48+ 3
IL-21 00 305
MAD 4+£2 21 +£2
MTHES 17+ 3 10+2
MSTN 0+0 25+£3
PHB 0+0 27 £ 11
SNW1 7+4 4+£5
TEV 2+3 66 + 3
TIMP2 2+4 30+ 4
TNSF13b 2+3S$ 1+12
WAG2 0+0 9+3
% p value vs His of <0.05 na 65
% p value vs MBP of <0.05 20 na

EB60A EB60B EB144 EB250
68 + 5 79 £ 7 71 + 15 89 +5
39+2 33+7 56 + 17 59 +9
1+1 0+1 S8+6 65+ 5
13 + 4 4+1 S1+7 54 +7
0+0 7+38 94 +7 88 +3
S7+7 62+ 6 92 + 4 94 +3
52+8 45 +2 84 + 14 87 + 15
78 £ 2 90 + 11 97 + 4 83 +4
22 +2 16 +2 25+ 6 43 +2
81 + 10 97 £ 3 84 +7 84 + 11
46 + 6 57+ 6 70 £ 8 79+ 9
41 £ 2 43+3 86 +2 92 +2
1S+3 31+9 75+ 7 36 +9
27 +1 45+2 55 + 16 74 +2
26 + 8 6+2 39+5 43 + 4
38 +2 58 + 10 82 +3 85 +2
79 +2 89 + 11 89 +1 S7 + 27
4S5 +2 37+ 4 41 +£3 66 + 3
26 + 4 30+S 30+S 31+2
6+ 4 7+6 46 + 1 89 +8
75 75 95 100

50 50 85 85

a very large number of de novo EB fusions. Table 2 summarizes
the amino acid compositions, ratios of amino acids, and lengths
of the four EB fusions used to present the soluble expression
efficiency and activity studies below (Figure S2 of the
Supporting Information gives the exact polypeptide sequence
for each EB).

The same analyses conducted on the six dehydrins (Table 1)
were repeated on the four artificial EBs and four structured
solubility-enhancing proteins (Table 3). As expected from the
criteria implemented in the design of these intrinsic disorder-
based solubilizers, these EBs have very high solubility scores,
higher than those of the six A. thaliana dehydrins (Table 1) and
higher than those of the structured solubility enhancers MBP,
GST, NusA, and Trx.

Evaluation of Artificial EB Fusions for Enhancing
Soluble Protein Expression. The extent of soluble
expression enhancement provided by the four compositionally
unique EB fusion sequences (Figure S2 of the Supporting
Information) was determined using the widely used E. coli
recombinant system. The level of soluble expression of each
fusion protein was calculated as the percentage of the hybrid
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polypeptide in the soluble and insoluble cellular fractions by
image density analysis. Note that the permeabilization and
sample preparation conditions used do not remove proteins in
a soluble aggregated form. However, we evaluated protein size
by native gels for various GST-EB constructs and observed a
discrete, single species (data not shown). Table 4 summarizes
the percentage of soluble expression for target fusions
previously reported in the literature to be insoluble when
expressed in E. coli, with the green fluorescent protein (GFP)
being an exception and being used as a con-
trol.71 013146276471 Each percentage shown represents the
values determined for three independent growths of different
expression clones. Using a 6xHis fusion as a control population,
we were able to show successful enhancement of soluble
protein expression when the target was fused to EB60, EB144,
and EB2S0 in 75, 95, and 100% (p < 0.05) of the test
candidates, respectively. Interestingly, we found that length was
a more important determinant than composition. Specifically,
the two EBs that were 60 amino acids in length performed
similarly but were less successful than the longer 144- and 250-
amino acid fusions. Follow-up studies in which EBs of identical
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Figure 3. Soluble protein expression comparison of EB sequences with commonly used fusions. (A) Bar graph showing the soluble expression
performance of EB60A, EB60B, EB144, and EB250 (black bars) with Trx, GST, NusA, and MBP fusions (gray bars) marketed to enhance soluble
protein expression. (B) Western blot analysis of TIMP2 hybridized to the various fusion partners (anti-6xHis blot, G-18 from Santa Cruz

Biotechnology).

composition but varying sequence order and length will be
conducted to further compare the effects of composition,
primary sequence, and length on solubility. Although Table 4
supports the idea that soluble expression levels vary for a given
target, the widespread success of EB144 and EB250 supports
the notion that a universal IDP-based solubilizer could be a
reasonable goal. However, considering certain target protein
fusions or downstream applications, development of multiple
EB fusions, e.g, serine-free tags like EB60B, is still warranted.
The strength of an artificial scaffold is that we maintain almost
infinite flexibility to vary composition, length, and physiochem-
ical characteristics as needed.

Comparison between the Artificial EB Fusions and
Various Fusion Tags Frequently Used To Enhance
Soluble Protein Expression. As indicated above, several
commonly used solubility-enhancing fusion tags include Trx,
GST, NusA, and MBP. All of these fusion peptides are highly
soluble proteins, which for the most part agree with the data in
Table 3. Table 4 summarizes how our target EB fusion portfolio
performed in comparison with the MBP fusion. EB144 and
EB250 showed the greatest enhancements with 17 of 20 targets
expressing more soluble protein than the MBP hybrid. Next, we
selected four of our translatable gene targets (2141, CATA9,
FLCN, and TIMP2) to perform a side-by-side comparison of
four EB fusions with all four of the commonly used structured
fusion tags mentioned above. Figure 3 demonstrates that, for
these four insoluble proteins, the four artificial EB fusion tags
significantly outperform the four commonly used soluble
structured protein fusion tags. The Western blots shown in
Figure 3B for TIMP2 demonstrate that the expression levels of
our fusions are also comparable to those of other fusion
systems.

7256

The EB fusions have very distinct physiochemical properties
compared to the commonly used solubility-enhancing struc-
tured protein. Thus, the question of whether the unusual
properties relating to the charge and intrinsic disorder of the
EB domains would affect the stability and biological function of
the fused partner arises. To test the effects of EB domain
fusions on protein folding and stability, fusions with green
fluorescent protein (GFP) were studied, and to test the effects
of EB domain fusions on function, fusions with the GST
enzyme were studied.

Conformational Stability of Recombinant GFP Fusion
Proteins. GFP is a member of the fluorescent protein family,
members of which harbor a unique chromophore, p-
hydroxybenzylideneimidazolidone, near the center of a f-can
that comprises the majority of the folded protein.”>”*> The
spectroscopic characteristics of GFP are determined by the
local environment of the chromophore.”* Incubation of GEP in
the presence of concentrated solutions of GndHCI can cause
the protein to unfold, leading to a decrease in fluorescence
intensity that can be easily measured. This trait was exploited to
compare the relative stability of various GFP fusion proteins.

The first observation was that GFP with an added 6xHis tag
and the various EB fusions all yielded a fluorescent protein with
spectral properties similar to those of the original nontagged
proteins (data not shown). Because correct folding is required
for chromophore formation, these observations show that
neither the MBP nor the EB fusion sequences significantly
inhibited GFP folding.”*”*

GFP has unusually slow unfolding kinetics in GndHCI,
taking ~3 days to reach quasi-equilibrium after being
transferred to unfolding conditions.”* Six recombinant GFP
fusions were partially purified utilizing the 6xHis tag that is
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present in each recombinant protein (Figure 4A). The fusion
proteins were then incubated in the presence of increasing
GndHCI concentrations for up to several days at room
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Figure 4. Effect of fusion of various EBs on the conformational
stability of GFP and transferase activity of GST. (A) Coomassie gel
image showing the enrichment of GFP after purification on a NiNTA
column: lane 1, molecular weight standard (Invitrogen); lane 2, 6xHis-
GFP (29.3 kDa); lane 3, 6xHis-MBP-GFP (69.5 kDa); lane 4, 6xHis-
EBG60A-GFP (36.1 kDa); lane 5, 6xHis-EB60B-GFP (36.0 kDa); lane
6, 6xHis-EB144-GFP (44.4 kDa); lane 7, 6xHis-EB250-GFP (55.5
kDa). (B) Fluorescence unfolding curves of GFP constructs fused to
the 6xHis tag (), MBP (W), EB60A (A), EB60B (V), EB144 (right-
facing triangle), and EB250 (left-facing triangle). (C) Transferase
activity of purified GST fusions toward the synthetic CDNB substrate.
Note that the molecular weight is based on the dimer weight of GST
and the GST transferase activity assay was measured in units of
micromoles of CDNB per minute per picomole of GST to correct for
differences in the molecular weight of the various fusions.
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temperature. Consistent with previous findings, 6xHis-GFP
fluorescence was found to increase slightly in the presence of
low GndHCI concentrations (<2 M) and then decrease in a
GndHCI concentration-dependent manner (Figure 4B”). The
decrease in fluorescence at each GndHCI concentration was
dependent on the incubation time and closely resembled
GndHCl-induced unfolding curves that have been reported
previously for eGFP.”* The GFP proteins fused with either
MBP or an EB domain in addition to the 6xHis moiety all had
GndHCl-induced unfolding curves that were nearly identical to
that of the 6xHis-GFP control (Figure 4B). Thus, these data
suggest that the translationally fused entropic bristles do not
disrupt folding of GFP and normal formation of its unique
chromophore, nor do the various fusion tags alter the stability
of the folded GFP structure.

Transferase Activity of Recombinant Glutahtione S-
Transferase (GST) Fusion Proteins. To determine whether
the EB fusions interfere with the biological function or protein
dimerization of the translational fusion partner, we measured
the transferase activity of GST toward the synthetic substrate 1-
chloro-2,4-dinitrobenzene (CDNB), a dimerization-dependent
activity. The GST-catalyzed rate of conjugation of CDNB with
reduced glutathione was determined by standard methods.”””®
The values reported in Figure 4C are triplicate data points
assayed from 6xHis-EB-GST fusion samples enriched after
purification on a metal affinity column. Values were normalized
to the GST-active standard purchased from Biovision (catalog
no. 1243-1) and are reported on a per mole basis because of the
size variation among different EB fusions. Lysates purified from
different clones and grown on different days yielded results
similar to the data shown in Figure 4C. Retention of at least
84% activity, EB60A-GST compared to a standard, indicated
that the EB fusions do not interfere with the biological function
of GST to conjugate the glutathione onto the synthetic CONB
substrate.

EBs Can Be Removed by Proteolytic Cleavage. To
accommodate a potential need to remove fused EBDs for
subsequent functional and structural studies of target proteins, a
specific enterokinase cleavage site was introduced between the
EBD and the target protein. Because EBDs act via constant
random motion about their attachment points and therefore
sweep out a region of three-dimensional space and sterically
exclude other large molecules from that area, it seemed possible
that the highly mobile sweeping tail might prevent or slow the
rate of proteolytic digestion. However, as Figure $ illustrates,
the EB sequence can be efficiently removed post-translation by
proteolytic cleavage by enterokinase in a sequence-specific
manner, specifically at the enterokinase cleavage sequence
inserted between the EB and the target protein. It is important
to remember, however, that the removal of the EB sequence
post-translationally may result in aggregation or precipitation of
the fusion partner, if the EB sequence is indeed preventing the
self-association of the target protein.

B DISCUSSION

Fusing a collection of aggregation-prone proteins to a highly
soluble protein partner is shown to improve the solubili?f of
some aggregation-prone proteins but not others.” V137223 1y
contrast, fusing long, intrinsically disordered polypeptides
called entropic bristles onto an aggregation-prone protein
leads to the almost universal improvement of protein solubility,
with longer and more negatively charged EBs showing slight
enhancements compared to shorter and less charged EBs. More
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Figure 5. Removal of the EB fusions via proteolytic cleavage using
enterokinase (EK). (A) Coomassie gel image visualizing the cleavage
of the 6xHis-MBP fusion from GFP at 0, 2, 4, 8, and 24 h. (B)
Coomassie gel image visualizing the cleavage of the 6xHis-EB60A
fusion from GFP at 0, 2, 4, 8, and 24 h. (C) Coomassie gel image
visualizing the cleavage of the 6xHis-EB250 fusion from GFP at 0, 2, 4,
8, and 24 h.

work is needed to understand secondary effects that likely arise
from differences in the details of the EB amino acid sequences
and from the interplay between the EB sequences and the
sequence and structure of each given recalcitrant protein. The
general success of a variety of EBs with significant sequence
differences suggests that, compared to water-soluble, structured
proteins, EBs have particular properties that significantly
improve the solubility of the fused construct.

Computer algorithms not only identify proteins that are
likely to be problematic from a solubility perspec-
tive">>37*77°7% but also have been used to discover a novel
solubility-enhancing fusion, e.g, NusA.® Solubility-promoting
sequence characteristics include high charge and turn-forming
residue content and distribution,”” lower hydrophobic and
aromatic residue content,"”>%® and overall length.80 Table 1
shows that the predictors identify the commonly used fusions
GST, MBP, NusA, and Trx as likely to be highly soluble with
some exceptions. When they are applied to the EB fusions,
there is a complete agreement among predictors that all these
fusions would be soluble. For the untagged targets predicted to
be insoluble, the addition of the EB partner was sufficient to
shift the sequence composition to a soluble probability in all
cases except for one prediction using the WH predictor for the
WAG2 protein. Cloning and soluble expression analyses
verified the validity of these predictions and showed that the
designed IDP fusions were indeed good solubility enhancer
fusions. These results support the utility of using these
computer algorithms for assessing whether a give EB will likely
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solubilize a given protein, but more work is needed to
determine the reliability of using these algorithms for this
purpose.

Solubility enhancement probably involves the following three
factors. (1) To a first approximation, the free energies for
solubilization are additive over the protein surface,*>*** so
adding soluble surface should increase the overall solubility. (2)
The highly soluble partner restricts the opportunities for
intermolecular interactions between molecules of the aggrega-
tion-prone protein. (3) The highly soluble partner provides
chaperone activity. Determining the relative contributions from
each of these mechanisms would be very difficult, but it is
possible to compare structured and disordered proteins with
respect to their expected relative contribution to each of these
three factors.

Compared to a structured protein with the same number of
amino acids, an IDP would contribute a much larger surface for
favorable interaction with water. Indeed, an IDP would
resemble to some degree the chemical attachment of
polyethylene glycol (PEG), which markedly increases protein
solubility,** likely because of its favorable interactions with
water. Likewise, the disordered dehydrin proteins coordinate
larger amounts of water per solvent-exposed residue than do
folded proteins,**®* perhaps because of the presence of
polyproline II-type helices, which have larger solvent-accessible
surface areas compared to other types of secondary structural
elements.>"*’

Compared to a structured protein with the same number of
amino acids, an IDP would provide a much larger excluded
volume. In fact, collections of unstructured polymers that
enhance solubility have been given the special name of entropic
brush.*® Indeed, entropic brushes based on a variety of
polymers have been used to reduce the level of aggregation
of particles such as latex particles in paints and to stabilize a
wide variety of other colloidal products.®® From this back-
ground on entropic brushes, highly mobile single chains were
called “entropic bristles”*® or EBs. Polypeptide EB domains and
other EBs such as PEG probably employ both their large
favorable surface area and excluded volume effects to enhance
solubility. Indeed, for such molecules, these two factors are
highly interrelated. It is because of their affinity for the solvent
that such polymers can adopt random-walk configurations in
solution,® leading to both large favorable interaction surfaces
and large excluded volumes.

As for chaperone activity, evidence that TRX, MBP, and
NusA fusions utilize chaperone activity has been re-
ported.”**°™*> In the MBP example, MBP utilizes a hydro-
phobic surface to bind to the misfolded region and promote
refolding."" In the NusA example, the protein itself is not the
chaperone but instead may help direct recombinant proteins to
the endogenous E. coli GroEL/GroES chaperone pathway,
thereby indirectly improving the native folding characteristics of
the fusion partner.93 Disordered dehydrin proteins, ERD10 and
ERDI14, are also effective chaperones, preventing aggregation
and inactivation of several globular proteins in vitro.
Furthermore, there is a growing body of evidence that the
disordered regions within chaperones are responsible for their
support of protein folding (reviewed in ref 45).

Overall, IDPs likely outperform structured proteins with
regard to all three of the factors given above and suggested to
promote protein solubility, thus providing a rationale for the
better performance exhibited by the IDPs in comparison to that
of the structured protein fusion tags.
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This work reveals that dehydrin protein family members,
ERD10 and ERD14, are effective fusion partners for improving
the solubility of aggregation-prone proteins expressed in E. coli
(Figure 2). Because it is impossible to uncouple the importance
of the disordered nature (entropic bristle-like features) of the
dehydrins from their in vivo biological functions,”* ™ we next
designed a library of low-complexity synthetic polypeptides that
are disordered and sample a variety of net charges, charge
densities, and lengths for use as de novo entropic bristle
fusions.

When these novel polypeptides were assessed, it became
clear that the EB polypeptides with net positive charges were
not only ineffectual as solubility enhancers but also in some
cases detrimental to the overall solubility of the fusion proteins
(data not shown). Perhaps their association with negatively
charged phospholipid headgroups in membranes and phos-
phate groups in nucleic acid backbones leads to an apparent
lack of solubility when the cells are lysed. Regardless, we did
find that net negatively charged EBs significantly improve the
solubility of aggregation-prone proteins when compared with
that of either a 6xHis or MBP fusion (Table 4). This is
consistent with previous studies showing that increased
negative charge enhances solubility.””

Perhaps a fourth mechanism of enhancing protein solubility
is the ability of the highly charged tail to shift the overall
isoelectric point of the target protein. That is, amphoteric
molecules, including proteins, have long been known to show
significantly reduced solubility and even precipitation at or near
their isoelectric points.”® ' A highly charged tail would shift
the overall isoelectric point to values outside the range of pH
values typically used for protein studies and would thus
minimize solubility decreases that could arise from being close
to the isoelectric point.

In summary, we have developed a novel set of artificial EB
fusions designed on the principles of intrinsic disorder
phenomena that are highly effective at improving the soluble
expression of heterologous proteins in E. coli. These fusions are
highly flexible, highly charged polypeptides that will maintain a
random coil conformation in solution. When attached to an
aggregation-prone protein, the fusion tag extends from the
target protein to sweep out or repulse other large molecules so
that the target protein can fold without interference. This
mechanism of improving solubility is distinct from that of
commonly utilized solubility-enhancing fusion proteins that are
currently in use. Even with this proposed function, the EBs do
not overtly interfere with the stability of GFP or enzymatic
activity of GST (Figure 4). If functional maintenance becomes
a problem for any particular fusion partner, we have shown that
the fusion tags can be removed by incubation with enterokinase
(Figure 5).

Using artificial rather than natural sequences as the basis for
EB domains provides the researcher with the opportunity to try
a variety of sequences that differ in length, net charge, detailed
amino acid sequence, etc. An interesting finding herein is that a
variety of rather different sequences demonstrated rather
similar abilities to increase the solubility of a variety of
recalcitrant proteins, suggesting that general disorder properties
rather than particular sequences are important for the effects
being reported here.

Some regions of disorder contain evolutionarily conserved
sequences, exhibit functional conservation, carry out their
functions even when isolated from the rest of the protein or
even when fused with a different sequence, and have conserved,
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albeit disordered, structures. Except for the disorder associated
with the last characteristic, these features match those of
structured protein domains, and even the last one matches if
disorder is allowed to be considered a type of “structure”. Thus,
we previously proposed that such regions should be considered
to be “disordered domains”.'”" Here we have conducted the
first de novo design of disordered domains that carry out a
prespecified, biologically useful function, namely solubility
enhancement. Feats of protein engineering much more
sophisticated than those described here have allowed scientists
to manipulate preexisting sequences for the purposes of altering
both structure and function of known proteins (examples in
refs 102—104), but rather than modifying known templates, our
work starts from first principles to develop sets of sequences
specifying disordered domains, all of which possess the same
preidentified biological function.

Overall, the EB technology described here is a promising new
tool that can help us overcome problems associated with
protein overexpression using a unique mechanism. EB
technology provides a complementary resource for scientists
whose research is hindered by poor protein solubility, and we
anticipate that many useful modifications of this basic platform
will be developed in the coming years.

B ASSOCIATED CONTENT
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Computational estimates of the order and disorder status for
the various solubility-enhancing fusion proteins and entropic
bristles used in this study, a discussion of composition versus
sequence as an indicator of structure or disorder, a list of the
amino acid sequences of the EBs used here, and the nucleotide
sequence of the cloning vector developed for this study. This
material is available free of charge via the Internet at http://
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