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Abstract
The aggregation propensity of each particular protein seems to be shaped by evolution
according to its natural abundance in the cell. The production and downstream processing
of recombinant polypeptides implies attaining concentrations that are orders of magnitude
above their natural levels, often resulting in their aggregation; a phenomenon that precludes
the marketing of many globular proteins for biomedical or biotechnological applications.
Therefore, there is a huge interest in methods aimed to rise proteins solubility above their
natural limits. Here, we demonstrate that an updated version of our AGGRESCAN 3D
structural aggregation predictor, that now takes into account protein stability, allows
designing mutations at specific positions in the structure that improve the solubility of
proteins without compromising their conformation. Using this approach, we have designed
a highly soluble variant of the Green Fluorescent Protein (GFP) and a human single-domain
VH antibody displaying significantly reduced aggregation propensity. Overall, our data
indicate that the solubility of unrelated proteins can be easily tuned by in silico-designed

non-destabilizing amino acid changes at their surfaces.

Keywords
Protein Aggregation; Protein Stability; Protein Structure; Green Fluorescent Protein; AP

peptide; Single-domain Antibodies.
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Introduction
Proteins are molecules involved in a wide range of molecular functions. To perform their
functions, globular proteins have to acquire a defined 3D structure, skipping misfolding and
side aggregation reactions'. Protein aggregation involves the establishment of
intermolecular interactions and therefore, it is exquisitely sensitive to protein
concentration”. Indeed, it appears that the aggregation propensities of natural proteins
correlate with their abundances in the cell’. This suggests that proteins have been shaped to
remain soluble at those concentrations required to sustain function under physiological
conditions, according to the “living on the edge” hypothesis®. Thus, many proteins might be

only marginally soluble above their natural levels’.

Despite their evident economic interest, there are challenging barriers in the production and
manufacture of therapeutic protein-based drugs that preclude the arrival of many of these
molecules to the market®. Among the various degradation reactions that a protein might
experiment during its biotechnological production, aggregation is the most common’. This
is not surprising, if we think that therapeutic applications require protein concentrations that
are several orders of magnitude beyond the cellular levels. Aggregation can occur at every
phase of protein-based drugs development, from recombinant expression to packaging and
storage of the final product and administration®. Aggregation leads to a decrease in protein
activity and might elicit an immunological response, having also regulatory implications’.
Thus, pharmaceutical and biotechnological industries spend large efforts to prevent the
eventual aggregation of their protein products'®, in many cases using trial and error assays

with different buffers, salts or additives to increase solubility. These approaches are costly
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and time-consuming and the adequate conditions for increased solubility may never be

found.

In principle, one can modify the amino acid sequence of a globular protein in order to
increase its solubility. However, this is not a straightforward task, mainly because the
physicochemical properties that allow a globular protein to fold into a stable structure
overlap with those triggering aggregation''. Indeed, the most aggregation-prone regions in
a globular protein are usually found at the hydrophobic core, whose correct packing is a
crucial determinant of native structures'’. This makes difficult to decrease a protein’s
aggregation propensity without impacting at the same time its stability and

conformation'""3.

On the one hand, mutations that decrease the thermodynamic and/or kinetic stability of a
globular protein often facilitate aggregation, favoring the population of partially folded
states, which expose to the solvent hydrophobic regions that are otherwise protected in the
native folded conformation''"'*!*. On the other hand, proteins can also aggregate from
native or native-like conformations without the need of extensive destabilization and

unfolding'>'®

, this is especially true when these polypeptides are very concentrated, as in it
occurs in most protein biopharmaceutics formulations'. In these cases, the key to re-design
protein solubility consists in identifying specific positions in protein structures for which
mutations that uncouple aggregation from thermodynamic stability can be introduced.
Novel algorithms able to analyze the aggregation propensity of folded proteins structures
constitute privileged tools to identify such potential amino acids substitutions in a cost- and

. . 9,17,18,19
time-effective manner>' %1%

5

ACS Paragon Plus Environment



oNOYTULT D WN =

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

Molecular Pharmaceutics

In general, mutations at the protein surface are best tolerated that residue changes in the
protein interior™ and, accordingly, surface residues evolve faster than core ones®'. Surface
mutations are more frequent because of their weaker destabilizing effects™. In addition, in
folded globular proteins, the solubility is strongly influenced by the identity of surface
residues®. Thus, the identification of point mutations that decrease surface aggregation
propensity without destabilizing the overall protein structure appears as a promising avenue
to optimize protein solubility. We have recently developed AGGRESCAN 3D (A3D) a
structure-based aggregation prediction tool that seems optimal to implement such an
approach, since it already predicts the aggregation properties of globular protein surfaces'®.
Here, we coupled these predictions with calculations of protein stability changes upon
mutation by incorporating stability predictions using the FoldX empirical force field* in
the A3D pipeline. The value of this combined prediction scheme is experimentally
demonstrated by re-designing the solubility of two wunrelated protein folds of

biotechnological interest.
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Experimental Section

In silico analysis
A3D predictions and virtual mutations were made with the algorithm default parameters:
static mode and a distance of aggregation analysis of 10 A. The “Total Score” value results
from the sum of the A3D scores of all individual residues; The “Average score”, results
from normalizing the “Total Score” relative to the number of total amino acids in the
protein®. For both scores, the more negative the value, the higher the solubility. We used as
inputs the folding reporter GFP (fr-GFP) X-ray structure (PDB: 2B3Q) and a 3D model
generated with SwissModel*® (based on PDB: 5119) in the case of the DP47 antibody. The
impact of mutations on protein stability was initially analyzed using the FoldX force field**.
Protein structures and their surfaces were represented with Pymol (DeLano Scientific
LLC). Prediction of protein stability was implemented in A3D web server'® and it is
automatically invoked when user introduces mutation(s). A3D calculates stability for the
input and mutated structure (using FoldX**) and report the energy difference between the
input and mutated protein in kcal/mol. Therefore, negative and positive values indicate
stabilization and destabilization respectively, with respect to the input structure. The report
appears under the 'Project details" tab of the A3D web server'® (see example output in

Figure S9).

Protein engineering, expression and purification
fr-GFP?” and AB42-GFP* were cloned in pET21a and pET28a vectors (Addgene, USA),
respectively. Mutations were introduced using the Quickchange mutagenesis kit
(Stratagene,USA). E. coli BL21 (DE3) competent cells were transformed with the

correspondent plasmids.

7

ACS Paragon Plus Environment



oNOYTULT D WN =

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

Molecular Pharmaceutics

DP47 VH antibody” was cloned in pET12a (Novagen, USA), mutagenesis performed as
above, and E. coli BL21-Gold competent cells (Stratagene, USA) were transformed with
correspondent plasmids.

For the production of fr-GFP and AB42-GFP and their variants, transformed E. coli BL21
(DE3) cells were grown aerobically in LB medium supplemented with 50 pg/mL
kanamycin and 100 pg/mL ampicillin, respectively. Protein expression was induced with 1
mM IPTG and cells grown at 25 °C for 12 h. For protein purification, cells expressing fr-
GFP, GFP/KKK and GFP/DDD were harvested by centrifugation (13,000 rpm for 15 min).
After cell lysis by sonication and fractionation, the soluble fraction was collected and
injected in a Histrap™ FF 5 ml column (GE Healthcare, USA) using an AKTA (GE
Healthcare, USA). The proteins were re-purified by size-exclusion chromatography in a
HiLoad™ 26/600 Superdex™ 75 pg column (GE Healthcare, USA) and Native Buffer (50
mM Tris, 100 mM NaCl pH 8.4) was used as a mobile phase. The purity of the proteins
was checked by 15 % SDS-PAGE.

Antibody fragments were expressed using a periplasmic expression system in E. coli BL21-
Gold at 30 °C in 2XTY medium supplemented with 100 pg/mL ampicillin and tetracycline.
Protein expression was induced with 1 mM IPTG for 48 h at 30 °C. Filtered supernatant
was added to protein A resin column (GE Healthcare, USA). The proteins were eluted with
PBS pH 3.2 and neutralized with PBS pH 9.0 to a pH of 7.4. The purity of the proteins was

checked by 18 % SDS-PAGE.

GFP fluorescence
Excitation and emission spectra of fr-GFP, GFP/KKK and GFP/DDD were analyzed in a

Jasco FP-8200 fluorescence spectrofluorometer (Jasco Corporation, Japan) using 0.5
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mg/mL of protein in Native Buffer at pH 8. Three spectra were accumulated at 25 °C, with
slit widths of 5 nm, a 0.5 nm interval and 1000 nm/min scan rate. Emission spectra was
obtained recording emission between 500-600 nm. Excitation spectra was obtained exciting
in a 450-600 nm range. Fluorescence of fr-GFP and GFP/KKK purified proteins was
recorded using excitation and emission wavelengths of 485 nm and 515 nm, respectively.
For thermal denaturation, GFP fluorescence was recorded in a range of 25 °C to 90 °C with
an increasing heat rate of 1 °C/min, slit widths of 5 nm, 0.5 nm interval and 1000 nm/min
scan rate. Proteins at 10 uM were excited at 485 nm and emission recorded at 515 nm each
0.5°C.

For chemical denaturation, fr-GFP, GFP/KKK and GFP/DDD proteins were mixed with
increasing concentrations of guanidinium hydrochloride, from 0 to 6 M, keeping a constant
protein concentration of 10 uM. Samples were left to stand for 48 h at 25 °C in order to
equilibrate. Then, fluorescence was analyzed exciting at 485 nm and recording emission in
a 500-600 nm range, with a bandwidth of 1 nm. Experiments were performed in duplicates.
For refolding kinetics, protein samples at 0.5 mg/mL in Native Buffer pH 8 were unfolded
at 95 °C for 5 min and allowed to refold at 25 °C for 30 min. The recovery of GFP
fluorescence was monitored exciting at 485 nm and recording the emission fluorescence at
515 nm every 5 seconds during 30 min.

For analyzing the dependence of the fluorescence emission on the pH, fr-GFP, GFP/KKK
and GFP/DDD proteins were diluted in different buffers ranging from pH 2 to pH 13, at a
final protein concentration of 10 uM and incubated for 2 h. Experiments were performed in

duplicate.
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In vivo GFP fluorescence
Induced E. coli cells expressing the AB42-GFP variants were harvested by centrifugation,
washed with phosphate-buffered saline (PBS buffer pH 7.0) and adjusted to an OD of 0.2.
GFP fluorescence of intact cells was measured on a Jasco FP-8200 fluorescence
spectrofluorometer (Jasco Corporation, Japan), with slit widths of 5 nm, a 0.5 nm interval
and 1000 nm/min scan rate, exciting the sample at 485 nm and recording the average of
three accumulated emission spectra from 500 to 600 nm. Experiments were performed in

triplicates.

Fluorescence microscopy
Induced APB42-GFP variants cultures were centrifuged, washed in PBS buffer, and 10 pL of
cells were deposited on top of microscopy glass slides. Images were obtained in a Leica
fluorescence microscope (Leica Microsystems, Germany) under UV light with a filter for

GFP excitation (450-500 nm) and an emission filter (515-560 nm).

Immunoblotting
10 pL of fractioned cell extracts of AB42-GFP were loaded on a 15 % SDS-PAGE gel
containing 0.1 % SDS. Proteins were transferred to a polyvinilidene difluoride membrane
(PVDF) (MerckMillipore, Germany) with a Mini Trans-Blot Cell (Bio-Rad, USA) using
Transfer Buffer (0.5 M Tris, 0.04 M glycine, 0.04 % SDS, 20 % methanol) at 100 V for 1
h. Membranes were blocked in blocking solution (0.05 M Tris-HCI, pH 7.6, 0.15 NaCl, 0.1
% Tween 20, 5 % milk) ON and incubated with 1:1000 anti-GFP antibody (Roche,

Switzerland). Blot was then incubated with 1:2000 dilution of goat anti-mouse IgG
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conjugated with peroxidase for 1 h at room temperature. Detection was carried out using an

enhanced chemiluminescence (ECL) SuperSignal kit (Pierce Protein Biology, USA).

Flow cytometry analysis
Flow cytometry was performed using a BD FACSCanto flow cytometer (BD
Biosciences,USA) software equipped with 488 nm and 635 nm lasers. Cells were first gated
(P1) for forward scatter (FSC) and side scatter (SCC), both set on logarithmic
amplification. A threshold was adjusted on FSC to reduce electronic background noise.
Cells in P1 were then re-gated (P2) for FITC-channel to acquire GFP emission with a
530/30 nm band pass filter. A total of 20,000 events were acquired. Non-induced cells were
used as a GFP signal controls. Data were collected with the FACSDiva Software (BD
Biosciences, USA) and data analysis was performed with the FlowJo software.

Experiments were made in triplicates.

Protein crystallization and X-ray structure determination

GFP/KKK was crystallized in MRC2 commercial crystallization plates at 18 °C, using the
sitting drop vapour diffusion method; mixing 300 nL of protein (22.5 mg/mL) with 300 nL
of precipitant (0.1 M MMT buffer, 25 % PEG 1500, pH 4.0) (PACT permier HT-96,
Molecular Dimensions), which was allowed to equilibrate against a well containing 50 pl of
precipitant. Single crystals appeared after two weeks. Crystals were cryo-protected in
reservoir buffer containing 10% glycerol and flash-frozen in liquid nitrogen prior to
diffraction analysis.

Diffraction data were collected from cryo-cooled crystals (100 K) on ALBA synchrotron

(BL13-XALOC beamline), Barcelona, Spain30.
11
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Data were integrated and merged using XDS®' and scaled, reduced and further analyzed
using CCP4**. The structure of GFP/KKK was determined from the X-ray data by
molecular replacement using the wtGFP crystal structure (PDB: 1GFL) as a starting model
with phaser.phenix. Refinements and model rebuilding of GFP/KKK crystal structure were
performed using PHENIX?? and Coot®*. All structure figures were generated using PyMOL
(DeLano Scientific LLC). The data-collection and refinement statistics are summarized in
the Table S1. The atomic coordinates and structure factors for GFP/KKK structure have

been deposited in the Protein Data Bank (PDB entry 6FWW).

Circular dichroism spectroscopy
Thermal denaturation experiments, were performed using a JASCO J-715
spectropolarimeter (Jasco Corporation, Japan) equipped with a Peltier system for
temperature control. The protein concentration was 10 uM in PBS pH 7.4. The CD signal at
at 202 nm was recorded from 25 °C to 90 °C, with a heating rate of 1 °C/min. Far-UV
spectra were recorded before and after heating. Five accumulations were averaged for each

sample.

Light scattering
Aggregation kinetics of GFP and DP47 variants were followed on a Jasco FP-8200
fluorescence spectrofluorometer (Jasco Corporation, Japan) by exciting at 330 nm and
recording orthogonal light scattering signal in a 320-340 nm range, with slit widths of 5
nm, a 0.5 nm interval and 1000 nm/min scan rate.
For temperature induced aggregation, 0.5 mg/mL GFP and GFP/KKK in Native Buffer, pH

8 were incubated at 80 °C. Measurements were made every 10 min during 70 min.
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For chemical induced aggregation, 0.5 mg/mL GFP and GFP/KKK were incubated in the
presence of 40 % TFE at 25 °C. The signal was acquired every 10 min for a total of 90 min
in the same conditions as above.

DP47 and DP47/KKK aggregation kinetics were analyzed at 37 °C with an agitation of 300

rpm for 72 h. The protein concentration was 10 uM in PBS at pH 7.4.

Intrinsic tryptophan fluorescence
Tryptophan intrinsic fluorescence of DP47 and DP47/KKK was analyzed at 25 °C in a
Jasco FP8200 spectrofluorometer (Jasco Corporation, Japan). Three averaged spectra were
accumulated using an excitation wavelength of 280 nm and recording the emission from

300 to 400 nm with slit widths of 5 nm, 0.5 nm interval and 1000 nm/min scan rate.

Electrophoretic mobility assay
The EMSA reaction with (FITC)-labeled 50b random ssDNA was prepared with a constant
DNA concentration of 0.2 uM, and various concentrations of purified protein in binding
buffer (10 mM HEPES-KOH pH 7.5, 2 mM 2-ME). After 30 min incubation at 30 °C and
addition of 10% (v/v) glycerol, free DNA and DNA-—protein mixtures were resolved by
electrophoresis for 90 min at 10 V, on 0.5% (w/v) TAE-agarose gels at 4°C. Gels with
FITC labeled short ssDNA were detected directly on a Versadoc system (BioRad) with

excitation at 488 nm.
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Size-Exclusion Chromatography

500 pl of protein solution of fr-GFP and GFP/KKK at 10 uM in Native Buffer pH 8.0 were
loaded onto a Superdex™ 75 10/300 GL (GE Healthcare, USA) column coupled to an
AKTA-Fast Protein Liquid Chromatography device (GE Healthcare, USA), previously
equilibrated with Native Buffer pH 8. Protein elution was monitored by following

absorbance at 280 nm.

Differential Scanning Calorimetry (DSC)

Samples were dialyzed in 20 mM phosphate buffer, 100 mM NaCl pH 7.95. Samples
concentrations were adjusted to 15 pM. Experiments were carried out on a VP-DSC
capillary-cell microcalorimeter from MicroCal (Malvern Panalytical Ltd, UK) at a scan rate
of 120 °C/h from 5 °C to 105 °C. Calorimetric cells (operating volume 0.134 ml) were kept
under pressure (60 psi) to prevent sample degassing. Several buffer-buffer baselines were
obtained before each protein run to ascertain proper equilibration of the instrument.

Reheating showed that the unfolding process is irreversible.
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Results
A3D description

The A3D algorithm uses the protein 3D structure as an input, which is subsequently
energetically minimized using the FoldX force field**. Then, an aggregation propensity
score is calculated for all the spheres with a 10 A radius in the protein structure. The
variables that contribute to the A3D score are (i) the experimentally-derived individual
amino acid aggregation propensities35, (i1) the surface area exposure of the amino acids in
the sphere and (iii) the effective distance between adjacent residues and the central amino
acid in the sphere. Therefore, the A3D score is structurally corrected and, in contrast to
sequence-based aggregation predictors, provides information on the structural aggregation

propensity (STAP) of globular proteins in their functional folded states'®.

Rational design of an aggregation-resistant GFP

We initiated our re-design exercise trying to generate a more soluble variant of an already
folding-optimized GFP version: the 'folding reporter'’ GFP (fr-GFP)*’, a folding-enhanced
GFP containing the 'cycle-3' mutations™® and the 'enhanced GFP' (EGFP) mutations®’
(Figure 1A and 1B). The 'cycle-3' mutations F99S, M153T, and V163A reduced the
hydrophobicity of the protein, rendering it significantly more resistant to aggregation than
the wild type GFP*®, whereas the EGFP mutations F64L and S65T modify the
chromophore for simple absorption spectrum and strong fluorescence™. fr-GFP was the
variant on top of which superfolder-GFP was evolved upon four rounds of DNA shuffling
and paneling™®.

The structure of fr-GFP (PDB: 2B3Q) was analyzed using the A3D algorithm. Only three

aggregation-prone residues were identified in the fr-GFP A3D profile: V11, Y39 and L221
15
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(Figure 1C). In order, to obtain a more soluble version of fr-GFP, we exploited the so-
called aggregation gatekeeper residues. They correspond to either charged amino acids
(Asp, Glu, Arg or Lys) or Pro, all shown to contribute to modulate the aggregation
properties of natural proteins®*'**>. The three fr-GFP aggregation-prone residues were
virtually and individually mutated by gatekeepers and the theoretical most soluble variants
selected according to their Average and A3D Total scores. Mutations to Asp or Lys were
top ranked. Accordingly, variants containing one, two or the three aggregation-prone
residues mutated either to Asp or to Lys were analyzed with A3D. Predictions indicated
that the successive introduction of charged residues at the fr-GFP surface would potentially
abrogate the presence of aggregation-prone exposed patches and accordingly decrease the

STAP of the re-designed proteins (Table 1 and Figure 2).

A

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLV

TTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGNYKTRAEVKFEGDTLY
NRIELKGIDFKEDGNILGHKLEYNYNSHNVYITADKQKNGIKANFKIRHNIEDGSVQLADH
YQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK
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Figure 1. Sequence, structure and aggregation profile of GFP. A) Amino acid sequence of fr-GFP. Residues shared
with Cycle-3 and EGFP variants are indicated in green and blue, respectively. B) 3D structure of fr-GFP (PDB: 2B3Q). C)
Aggregation profile of fr-GFP according to A3D. In A) and B) predicted aggregation-prone residues are indicated in red,

in C) they are circled.

Even when a particular residue substitution at the protein surface is predicted to increase
the protein solubility, this positive effect might be canceled in case the mutation impacts
the thermodynamic stability, since it would facilitate protein fluctuations and the exposure
of aggregation-prone regions previously protected in the structure™. This might render the
mutant variant even more aggregation-prone than the original protein. We calculated the
impact of the designed mutations on fr-GFP stability using the FoldX force field**. FoldX is
among the most popular stability predictors and was already implemented in the original
version of A3D to minimize the input PDB files. Despite computational predictions of
stability changes upon mutation are still far from being perfect, FoldX has been described
as an accurate stability predictor** with a low prediction bias*’. Moreover, FoldX has been
already used to explore the connection between protein stability and aggregation™*°.
Mutations to Asp where predicted to be destabilizing (AAG > 1 kcal/mol), whereas
mutations to Lys where predicted to be neutral (0.5 > AAG > -0.5 kcal/mol). This provided
us a unique opportunity to evaluate the interplay between predicted STAP and stability in

determining fr-GFP solubility and, more generally, on the eventual benefit of incorporating

stability predictions in our A3D pipeline.
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higher solubility. Negative and positive AAG values correspond to over- and de-stabilizing mutations, respectively.

GFP MUTATIONS NAME AVERAGE SCORE TOTAL SCORE AAG (kcal/mol)
: fr-GFP -1.026 -231.814 :
V11K GFP/K -1.078 -243.631 -0.065
V11K/L221K GFP/KK -1.102 -248.993 -0.026
V11K/Y39K/L221K GFP/KKK -1.132 -255.922 0.017
V11D GFP/D -1.09 -246.239 1.08
V11D/L221D GFP/DD -1.107 -250.147 2.555
V11D/Y39D/L221D GFP/DDD -1.140 -257.73 3.545
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Figure 2. A3D structural predictions for fr-GFP and its variants. 3D Structures of fr-GFP and its mutational variants
structures. The protein surface is colored according to A3D score in a gradient from blue (high-predicted solubility) to

white (negligible impact on protein aggregation) to red (high-predicted aggregation propensity).

Designed lysine mutations increase Ap42-GFP solubility upon overexpression
The already optimized folding and solubility properties of fr-GFP*’ make the selection of a
more robust variant a challenging exercise. We reasoned that this can be achieved by fusing
the above six designed mutants with an N-terminal aggregation-prone bait that would favor
the aggregation of the fusion protein. To this aim we used a fusion of the amyloidogenic AP
Alzheimer’s peptide (AP42) with fr-GFP (AP42-GFP) or its variants. We have used this
kind of fusion extensively to analyze the impact of AP42 mutations on aggregation-
propensity™®, toxicity'’ or cellular aging®, by mutating specific residues in the Ap42
moiety, while leaving intact the GFP domain. Independently of the AB42 mutation, AB42-
GFP was shown to accumulate always in the insoluble fraction as inclusion bodies™.
However, the presence of active GFP in such aggregates differed significantly, displaying a
high correlation with the intrinsic aggregation propensity of the AB42 mutants*’. This is
due to the existence of an in vivo kinetic competition between the attainment of the GFP
functional structure and the aggregation of the fusion protein, directed by the Af moietyso;
highly aggregation-prone AP variants resulting in low fluorescence and the other way

around.

In this work, we proceeded in the opposite way, testing if mutations in the GFP domain can
somehow counteract the high aggregation-propensity of wild-type AB42. In this system, it

is expected that the more soluble fr-GFP variants would result in higher levels of active
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GFP upon intracellular over-expression, by decreasing the overall aggregation rate of the
protein fusion. Therefore, we measured the GFP fluorescence of intact cells over-
expressing AB42 fused to fr-GFP (AP42-GFP) as well as to our six fr-GFP variants using
spectrofluorimetry. As shown in Figure 3A, a single Lys mutation at position 11 (Ap42-
GFP/K) did not suffice to increase significantly GFP emission, relative to cells expressing
the original fusion, despite it was predicted to be the individual Lys mutation with the
largest impact on protein solubility. However, the introduction of two and three Lys point
mutations in fr-GFP (AB42-GFP/KK and AB42-GFP/KKK) promoted a significant increase
in the fluorescence emitted by the respective cells (Figure 3A). The need for several
simultaneous mutations to attain a significant solubilizing effect has been evidenced in
different computer-assisted protein solubility re-design exercises >*'"***!. Cells expressing
AP42-GFP/KKK were three-fold more fluorescent than those expressing AP42-GFP. We
also assayed the GFP fluorescence of the different cell populations using flow cytometry
(FC) (Figure 3C). The ability of FC to analyze a large number of cells (20.000
cells/sample) averages experimental variability and provides more quantitative results®’.
The analysis showed that, independently of the considered variant, a large majority of the
cells were somehow fluorescent, indicating that they were expressing the correspondent
protein fusions (data not shown). The mean fluorescence values obtained for the different
variants were in excellent agreement with those obtained by spectrofluorimetry, confirming
that cells expressing AB42-GFP/KKK were three times more fluorescent than the ones

expressing the original fusion.
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Figure 3. GFP fluorescence of intact cells expressing AB42-GFP variants. A) Quantification of the fluorescence
emission of different lysine variants in E. coli cells measured by fluorescence spectroscopy. B) Quantification of the
fluorescence emission of different aspartic acid variants in E. coli cells measured by fluorescence spectroscopy. C)
Histogram of AB42-GFP variants showing the average value of fluorescence intensity as detected by flow cytometry. All
experiments correspond to triplicates and the statistical values were obtained using an Unpaired T-student test.
Statistically significant values as compared with AB42-GFP are indicated: p-value < 0,001 (***). Error bars correspond to

SEM.
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The distribution of the recombinant protein fusions between the soluble and insoluble
cellular fractions was analyzed by western blotting (Figure 4A). As previously reported*®*
all AP42-GFP resided in the insoluble fraction, as it was the case for AB42-GFP/K. In
contrast, despite a majority of AP42-GFP/KK and AP42-GFP/KKK fusions were still
located in the insoluble fraction, increasing amounts of soluble protein were detected for
these two variants. It is worth to emphasize here that, in our previous studies, we only

observed the AB42-GFP fusion in the soluble fraction when at least two highly disruptive

mutations where introduced in the AB42 moiety47.

Finally, we used fluorescence microscopy to identify the cellular location of the detected
GFP emission in E.coli cells. As expected, the cells become more fluorescent as the number
of Lys in fr-GFP increased (Figure 4B). In good agreement with fractionation analysis, the
fluorescence was confined mainly in inclusion bodies at the poles of the cells. The high
fluorescence of AP42-GFP/KKK inclusions indicates that the higher solubility of this fi-
GFP variant competes the aggregation of the AP42 peptide, allowing a higher amount of

fluorophore formation before the intracellular aggregation occurs.

Interestingly enough, despite A3D STAP predictions for Asp variants were, on the overall,
equivalent to those obtained for the Lys counterparts (Table 1 and Figure 2), both
spectrofluorimetry and FC data indicated that bacterial cells expressing AP42-GFP/D,
APB42-GFP/DD and AB42-GFP/DDD fusion proteins displayed fluorescence intensities
equivalent to that of non-induced cultures and thus, significantly lower than induced Ap42-
GFP (Figure 3B and 3C), even if they were expressed at similar levels than the original

fusion (Figure S1). This highlighted the important role played by protein stability on
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effective protein solubility and advised us on the convenience of incorporating stability in

our A3D prediction scheme.

A

AB42-GFP AB42-GFP/K AB42-GFP/KK AB42-GFP/KKK

T S | T S | T S | T S |
- — — r— — A . c—
—— — S — — e

B

Figure 4. Cellular distribution of AB42-GFP fusions. A) Western blot of AB42-GFP in the total (T), soluble (S) and
insoluble (I) fractions of E. coli cells. B) Visualization of GFP fluorescence in intact E. coli cells expressing Ap42-GFP

(Top, left), AB42-GFP/K (Top, right), AB42-GFP/KK (Bottom, left) and AB42-GFP/KKK (Bottom, right).
GFP/KKK is folded and stable
Once in cell analysis suggested GFP/KKK being the more soluble among the generated

variants, we wanted to asses first that, once purified, it was well-folded and stable. To this

aim the mutant GFP domain alone was His-tagged, recombinantly produced and purified
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using affinity and size exclusion chromatography. The same procedure was used for the
original fr-GFP protein. We also produced and purified GFP/DDD in order to assess if, as
predicted by FoldX, this variant was destabilized relative to both GFP/KKK and fr-GFP.
Both GFP/DDD and AP42-GFP/DDD exhibited anomalous electrophoretic mobility
(Figures S1 and S2), a property already described for other proteins in which mutations to
acidic residues have been introduced™.

The fluorescence emission spectra of fr-GFP, GFP/KKK and GFP/DDD were
superimposable (Figure 5A). The fluorescence excitation of GFP/KKK and GFP/DDD
were slightly blue-shifted relative to fr-GFP, an effect that was also observed for
superfolder GFP*. At pH 8.0, the emission fluorescence intensities of GFP/KKK and

GFP/DDD at 515 nm were 91 % and 87 % of that exhibited by fr-GFP, respectively.

In order to confirm that the introduced mutations did not impact significantly protein
stability, as predicted, fr-GFP and GFP/KKK were submitted to thermal and chemical
denaturation. The thermal stability of the proteins was analyzed at pH 8.0 by monitoring the
changes in GFP fluorescence emission. We obtained cooperative, superimposable
denaturation curves with Tm = 81.72 + 0.17 °C and Tm = 81.47+ 0.16 °C, for fr-GFP and
GFP/KKK, respectively (Figure 5B). As predicted by FoldX, the two variants displayed a
higher Tm than GFP/DDD, with a Tm = 76.06 + 0.10 °C (Figure 5B). The heat
denaturation of all the variants in these conditions was irreversible, which precluded
calculation of the thermodynamic constants. To confirm that fr-GFP and GFP/KKK differ
from GFP/DDD in terms of thermal stability, we performed thermal denaturation assays for
the three wvariants in the presence of increasing concentrations of guanidinium

hydrochloride (GuHCI) (Figure S3). As it can be deduced from the calculated Tms in the
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different conditions (Figure SD) fr-GFP and GFP/KKK display similar stability, both being
more stable than GFP/DDD, for which the denaturation curve in the presence of 2.4 M
GuHCIl was not longer cooperative. To validate that fr-GFP and GFP/KKK have similar
thermal stability we used differential scanning calorimetry (DSC) (Figure S4). We
calculated Tm = 84.6 = 0.1 °C and Tm = 84.0 = 0.1 °C for fr-GFP and GFP/KKK,
respectively. For GFPs the calculated Tms depend significantly on the scan rates™ this
would explain the difference between the Tms obtained for both variants in fluorimetry and
DSC analysis. In any case, all the results converge to indicate that, in contrast to

GFP/DDD, GFP/KKK is very similar to fr-GFP in terms of thermal stability.

The resistance against chemical denaturation with guanidinium hydrochloride (GuHCI) was
also monitored by recording the changes in GFP fluorescence in the presence of increasing
concentrations of denaturant after equilibration for 48 h. The obtained curves were
cooperative and displayed a midpoint of denaturation of 3.19 + 0.06 M, 3.08 + 0.08 M and
2.56 = 0.10 M (Figure 5C). It is worth to note that the conditions of the assay are of
pseudo-equilibrium, since the equilibrium of GFP is not attained even after several weeks™*
and that the reaction is not reversible due to the hysteresis caused by the denaturation of the
chromophore during the unfolding reaction®, both factors impeding the calculation of
thermodynamic parameters.

Overall, as predicted, in GFP/KKK the introduced mutations did not compromise GFP

function or stability, whereas the GFP/DDD variant is significantly less stable.

Finally, we calculated the dependence of the chromophore fluorescence on the pH for the

three variants (Figure S5). The three proteins remained inactive below pH 5.0. fr-GFP and

25

ACS Paragon Plus Environment



oNOYTULT D WN =

508

509

510

511

512
513
514
515
516
517

518

519

520

521

Molecular Pharmaceutics Page 26 of 51

GFP/DDD exhibited a very similar profile, displaying maximum fluorescence emission at
pH 9.0. GFP/KKK is more fluorescent at alkaline pH, reaching a maximum at pH 11.0.

Upon incubation a pH 12.0 and above all the proteins become inactive.

;: o ’;’ 1.0

< 1.0 —  fr-GFP excitation % — fr-GFP

g = GFP/KKK excitation 3 0.8 - GFP/KKK
g‘ = GFP/DDD excitation 5 - GFP/DDD
& - f-GFP emission & 0.6

[ [

§ 0.54 — = GFP/KKK emission §

= == GFP/DDD emission & 0.4

° °

8 §

= = 0.24

© o

E A £

2 0.0 f-_-“ 4 T T 1 2 0.0 T T T

400 450 500 550 600 40 60 80
Wavelength (nm) Temperature (°C)
C —_ " D

3 - fr-GFP = fr-GFP
<

£ os] -o- GFP/KKK 80+ B GFP/KKK
13

5 s GFRDED mm GFP/DDD
S 061 5 75

s <

=
£ 04 £ 704

] -

N

E 0.2 65

S

=z o 60-

SJRPC IR SN N
o1 2[GUH;] (M)“ 50 [GuHCI] (M)

Figure 5. Spectral properties and stability of fr-GFP, GFP/KKK and GFP/DDD. A) Normalized excitation and
emission spectra of different GFP variants. B) Thermal unfolding curves followed by GFP fluorescence from 25 °C to 90
°C with an increasing rate of 1 ° C/min. C) Chemical denaturation of variants at 10 pM with increasing concentrations of
GuHCI. Samples were equilibrated during 48 h. D) Melting Temperature values in the presence of increasing GuHCl

concentrations. Experiments were performed in duplicates. Error bars correspond to SEM.
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GFP/KKK is highly resistant to aggregation
In order to confirm that the increased solubility of the AB42-GFP/KKK inside cells, relative
to AP42-GFP, can be assigned to a more soluble GFP moiety, we compared the aggregation

properties of purified GFP/KKK and fr-GFP.

First, we monitored the kinetics of aggregation for the two variants by following the
increase in light scattering when the proteins were heated at 80 °C. The aggregation rate
was significantly lower for the re-designed protein (k;= 0.017 = 0.005 min™) than for fi-
GFP (k;= 0.030 + 0.009 min™"), as well as the scattering at the end of the reaction (Figure
6A). Next, we tested the proteins resistance to aggregation in the presence of 40 % of TFE,
a strongly denaturing condition, known to promote the aggregation of B-sheet rich
proteins®°. We recorded the light scattering signal at different time points after addition of
the co-solvent. As shown in Figure 6B, fr-GFP already started to aggregate after 10 min,
whereas for GFP/KKK the detection of the initial aggregates occurred only after 50 min,

exhibiting lower scattering intensity than the original protein at any analyzed time point.

Finally, we analyzed the ability of both proteins to refold into the native state upon thermal
denaturation. fr-GFP and GFP/KKK were incubated at 95 °C for 5 min and allowed to
refold at 25 °C, the recovery of GFP fluorescence along time was monitored (Figure 6C).
The refolding reactions were adjusted to double-exponential functions (R > 0.99).
GFP/KKK folds more than 3-fold faster (k;=0.175 £ 0.004 min'l) than fr-GFP (k;=0.045 +
0.001 min™). In addition, GFP/KKK recovers two times more fluorescence than fr-GFP at

the end of the reaction.
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Overall, the data in this section demonstrates how the combined prediction of STAP and
stability allowed us to design a GFP variant with significantly improved solubility and
folding properties by mutating only three residues at the protein surface. This result is
remarkable if we take into account that fr-GFP was already designed to have optimal

properties as a reporter of protein folding.
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Figure 6. Comparison of the aggregation properties of fr-GFP and GFP/KKK. A) Evolution of the light scattering

signal upon incubation at 80 °C. B) Evolution of the light scattering signal upon incubation in 40 % TFE. Both

experiments were performed in duplicates. C) Refolding kinetics of both proteins at 25 °C after thermal unfolding at 95
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°C, as measured by monitoring the recovery of GFP fluorescence emission. All the experiments were performed at 0.5

mg/mL concentration in Native Buffer pH 8.0 and in duplicates. Error bars correspond to SEM.

X-ray structure of GFP/KKK
To investigate if the inserted mutations in GFP/KKK impact the 3D structure of GFP, we
solved the crystal structure of this mutant at 1.13 A resolution (PDB: 6FWW). The side
chains of the newly introduced Lys residues are well-defined in the electron density maps,
all being exposed to the solvent (Figure 7A). The chromophore formed from residues T65-
Y66-G67 (annotated as CRO in the PDB file) is correctly formed and buried in the middle
of the central helix (Figure 7A and 7B). The Ca backbone trace of wild-type GFP (1GFL)
and GFP/KKK could be superimposed with a root mean square deviation (r.m.s.d.) of 0.52
A (Figure 7C), which is comparable to the r.m.s.d. of 0.50 A between the fr-GFP and
GFP/KKK. Thus, as expected, the three-surface mutations did not change the overall GFP
fold, indeed no evident structural rearrangements were observed around the mutated
regions (Figure 7D). An analysis of the GFP/KKK structure with A3D confirms that, in
contrast to fr-GFP, this variant lacks any surface exposed aggregation-prone region

(Figures 7E and 7F).

Although purified fr-GFP and GFP/KKK proteins were monomeric (Figure S6), it has been
reported that fr-GFP crystallizes as an antiparallel dimer (PDB:2B3Q) similar to other
reported GFP crystal structures, likely because GFP has certain tendency to dimerize in
solution®’. In contrast GFP/KKK crystallizes as a monomer. Using the dimeric structure of
fr-GFP, we generated a model of a GFP/KKK dimer. The L221K residue of each monomer

protrudes into the symmetry-related monomer facing the equivalent L221K residue,
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potentially generating repulsion and hindering dimerization (Figure S7). Calculation of the
impact of this single mutation on the stability of the dimeric interface with FoldX**
confirms that it is highly disruptive (AAG = 4.96 kcal/mol). We find out that, Lippincott-
Schwartz and co-workers introduced exactly the same single mutation in GFP to generate a

variant that could not dimerize®"*®

. This effect might contribute to the higher solubility of
this re-engineered variant. In addition, in the crystal structure of GFP/KKK the side chains
of the other two mutated residues, Lys 11 and Lys 39, are at less than 5 A distance (Table
S2), resulting in a local clustering of positive charges, which will likely cause electrostatic
repulsion between GFP/KKK molecules.

It has been shown that a positively supercharged version of GFP binds strongly to nucleic
acids, which compromises its use in a cellular context™. Electrophoretic mobility shift
assays showed that increasing concentrations of fr-GFP or GFP/KKK did not reduce the
mobility of a random FITC-labeled 50 base long ssDNA in the native agarose gel even
when the protein concentration exceeds 50 molar times over DNA (Figure S8). This result

indicates that the insertion of the three mutated Lys is not sufficient to promote the binding

of GFP/KKK to DNA.
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Figure 7. 3D structure and A3D structural prediction of GFP/KKK. A) Crystal structure of GFP/KKK (PDB:
6FWW) mutant showing the differential map (2mFo-Fc contoured at 1.26) surrounding the mutated lysine residues 11, 39
and 221 and the fluorescent cromophore which are depicted in mesh and stick. B) Surface representation of the
superposed GFP structures showing the perfect overlay of the fluorescent chromophore (blue and green sticks for wtGFP
and GFP/KKK mutant, respectively). C) Superposition of wtGFP (blue, PDB: 1GFL) and GFP/KKK (green) monomers.
The overall rmsd for the 226 superposed Ca atoms is 0.52 A with 96.9 % identity. D) Zoom of GFP/KKK structure
around the mutated lysines. E-F) A3D of GFP/KKK and fr-GFP crystal structures, respectively. The protein surface is
colored according to A3D score in a gradient from blue (high-predicted solubility) to white (negligible impact on protein

aggregation) to red (high-predicted aggregation propensity).
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Incorporating stability predictions in A3D
The above-described data clearly indicated the convenience of skipping the experimental
validation of mutations that despite optimizing STAP impact negatively protein stability.
To this aim, we implemented the FoldX empirical force field®* in A3D web server for
automated protein stability calculations if a user introduces any mutation(s) (see “In silico
analysis” in Experimental Section). An example of the output is presented in Figure S9B.
We wanted to prevent A3D users from producing re-designed proteins that ultimately will
aggregate at the same or higher levels than the original protein only because they are
destabilized. Therefore, we took a conservative criterion for structural integrity, in which a
mutation resulting in a AAG > 1 kcal/mol is considered disruptive. Indeed, all fr-GFP Asp
mutants overpass this destabilization limit. Accordingly, a warning message is now
displayed in the “Project details” screen of A3D when sequence changes are predicted to

destabilize the protein > 1 kcal/mol (Figure S9C).

Rational design of a VH antibody with increased aggregation resistance
We decided to test the novel version of A3D in the re-design of a therapeutically relevant
scaffold. There is a trend in the industry toward the use of small antibody formats for
imaging and tumor targeting purposes. They include human single chain fragments (scFv)
and human single domain antibodies®’. However, the biophysical properties of these human
proteins are poor, and their aggregation propensity is even higher than the one of complete
antibodies, due to the lack of inter-domain stabilization. Here we tried to improve the
solubility of a Variable Heavy (VH) segment of the human antibody germline (DP47)%.

DP47 VH is a monomer consisting of 3 a-helices, 10 B-strands, 1 disulfide bond and 3
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complementarity-determining regions (CDRs) essential for antigen binding (Figure 8A
and 8B). DP47 VH was selected because the evolution of more soluble variants of this
specific antibody has been previously addressed using phage display*’. In this work, CDR3
was excluded from mutation to limit effects on antigen binding. Despite 6 mutations that
increased the solubility of the molecule were identified, all them were clustered at CDRI,
while mutations at other positions had little effect®”. This was expected, because CDRs tend
to be sticky, in order to recognize antigens. Nevertheless, mutations at CDRs can
compromise significantly binding and, accordingly, they are not a preferred strategy to

generate more soluble antibody variants.

Here, we aimed at generating a DP47 variant with increased aggregation resistance without
changing any of its CDRs residues. No structure is available for wild-type DP47 and the
version with mutated CDRs was crystallized as a domain-swapped dimer (PDB: 3UPC)”.
Therefore, no suitable DP47 monomeric structure was available for direct A3D analysis.
Accordingly, we created a homology model on top of sequentially related available
structures (PDB:5119) using Swiss-Model”. This model has a GMQE (Global Model
Quality Estimation) of 0.99 and a QMEAN Z-score of 0.6 (Figure 8B). As expected, A3D
predicted a high aggregation propensity for the three DP47 CDRs. Apart from them, only
three other residues where predicted as aggregation-prone, Leu3 and Leu9 at the N-
terminus and Leul09 at the C-terminus (Figure 8C). These residues were virtually mutated
by the different gatekeeper residues using the new A3D algorithm and again a triple Lys
mutant (DP47/KKK) appeared as the version that best combined predicted solubility and
stability (Table 2, Figure 9), whereas an equivalent DP47/DDD version was again

predicted to be destabilized (Table S3).
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Figure 8. Sequence, structure and aggregation profile of DP47. A) Amino acid sequence of DP47. B) 3D structure of
DP47 model obtained from SwissModel. C) Aggregation profile of DP47 model according to A3D. In A) and B)
predicted aggregation-prone residues are indicated in red and CDR residues in blue, in C) they are circled and underlined,

respectively.

Table 2. A3D analysis of DP47 and its variants. More negative average and total A3D scores indicate higher solubility.

Negative AAG values correspond to over-stabilizing mutations.

DP47 PROTEIN AVERAGE SCORE TOTAL SCORE AAG (keal/mol)
DP47 -0.48 -54.248 -
DP47/K -0.6021 -68.0402 -0.5196
DP47/KK -0.6993 -79.0154 -0.014
DP47/KKK -0.758 -85.681 -0.427
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Figure 9. A3D structural predictions for DP47 and its variant. 3D Structures of DP47 (left) and its mutational variant
structure (right). A) The protein surface is colored according to A3D score in a gradient from blue (high-predicted
solubility) to white (negligible impact on protein aggregation) to red (high-predicted aggregation propensity). B) Ribbon

representation of the two models indicating the wild-type Leu residues in red and the mutated Lys residues in blue.

DP47/KKK is folded and stable
Wild-type DP47 and DP47/KKK were recombinantly expressed in E. coli, and purified to
homogeneity from the extracellular medium by affinity on a protein A column. Then we
compared the biophysical properties of both single-domain antibodies.
The circular dichroism (CD) spectra of both proteins showed the characteristic B-sheet
minimum at 218 nm and overlapped, indicating that they essentially shared the same
secondary structure content (Figure 10A). DP47 contains three Trp residues at positions

34, 45 and 104 being W34 inside the structure and W45 and W104 exposed to the solvent.
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Its intrinsic fluorescence spectra in the folded state exhibits a maximum at 345.5 nm. The
Trp intrinsic fluorescence spectra of DP47/KKK shows the same intensity than that of
DP47, although the maximum is slightly red-shifted (maximum at 346.5 nm) (Figure 10B),
suggesting that despite the two antibodies share a similar globular tertiary structure, they

can exhibit certain local conformational differences.

Finally, in order to confirm that, as predicted, the introduced mutations did not impact
significantly the antibody stability (predicted AAG=-0.43 kcal/mol), DP47 and DP47/KKK
were submitted to thermal denaturation. The thermal stability of the proteins was analyzed
by monitoring the changes in CD signal at 202 nm. Both proteins unfolded cooperatively,
displaying a very similar Tm of 60.0 + 0.1 °C and 60.4 + 0.1 °C for DP47 and DP47/KKK,
respectively (Figure 10C). The reaction was not reversible and thermodynamic constants

could not be calculated.
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Figure 10. Biophysical characterization of DP47 variants. A) Far-UV CD spectra with a minimum value at 218 nm. B)
Tryptophan intrinsic fluorescence. C) Thermal unfolding curves followed by Far-UV from 25 °C to 90 °C with a heating

rate of 1 °C/min. The experiments were performed at 10 uM protein in PBS pH 7.4.

DP47/KKK displays increased aggregation resistance
To address if, as intended, the three Leu to Lys mutations increased the resistance of the

antibody against aggregation in close to physiological conditions, DP47 and DP47/KKK
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were incubated in PBS at pH 7.4. and 37 °C for 3 days and we monitored the changes in
light scattering. Figure 11 illustrates how the scattering of DP47 solution steadily increases
with time reaching a maximum after two days. In contrast, the scattering of the DP47/KKK
solution remains constant and is lower than that of the wild-type protein at any time point.
Despite the final scattering signal attained in these conditions is low, compared with the
one obtained after heat denaturation, the differences between proteins are statistically
significant, indicating that the re-design has succeeded in reducing the inherent high

aggregation propensity of this particular antibody.

*% *%

C T mE DP47
- B DP47/KKK

(o]
o
T

(o2}
o
T

400-

200+

Scattering Intensity (a.u.)

o
|

0 3 5 7 24 30 48 72
Time (h)

Figure 11. Comparison of the aggregation properties of DP47 variants. The two antibodies were incubated at 37 °C
with an agitation of 300 rpm for 72 h. The protein concentration was 10 uM in PBS at pH 7.4. The light scattering signal
was recorded along time. Statistical values were obtained using an Unpaired 7-student test. Statistically significant values

are indicated: p-value < 0,01 (**). Error bars correspond to SEM.
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Discussion
Protein aggregation remains a major factor limiting the biotechnological and therapeutic
use of many proteins'®. When globular proteins are employed for such applications, they
should remain soluble and active in artificial conditions for which they have not been
optimized by evolutionary selection. Therefore, it is not surprising that they tend to
aggregate, since they are expressed and manufactured at concentrations that are far beyond
their natural limits and stored for periods of time that are much longer than their cellular
lifetimes, both factors favoring the establishment of intermolecular interactions that can
nucleate the aggregation reaction, especially in the absence of the protective mechanisms
provided in vivo by the protein quality surveillance machinery. This implies that the use of
proteins above their cellular concentrations would require certain sequential adaptations;
however, it is not known which the margin of improvement is, if any, for such an

approach®’.

Protein aggregation not only affects protein production, but also downstream processes like
purification, storage, administration and activity'’. In this context, effective computational
approaches able to rank protein therapeutics according to their solubility and improve this
particular property upstream in the industrial pipeline hold the promise to result in
significant savings in time and money, since, in principle, they can sift the properties of

hundreds to thousands protein variants before performing any experiment.

Re-designing globular proteins to reduce their natural aggregation propensity is, however,
not an easy task, since the more potent aggregation-promoting regions lie at the

hydrophobic core and it turns difficult to mutate them without disrupting the protein
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structure and function®. Because mutations at the surface are, in general, less disruptive, an
alternative is to mutate those exposed residues that contribute significantly to the
aggregation properties of globular structures. The identification of such amino acid required
a novel generation of aggregation-prediction algorithms that work on top of protein
structures and not on protein sequences. SAP, CamSol and A3D are examples of these kind
of programs”'”'®. An important feature of these computational tools is that they allow to
detect aggregating regions that are relevant only in the native state. These regions are
generally formed by residues that, despite being scattered in the sequence, come together in
the structure upon folding to form an aggregation-prone surface. Indeed, the three
aggregation-prone residues predicted by A3D and mutated here in both fr-GFP and DP47
lie in the same face of the protein, despite some of them are N- and others C-terminal in the
respective sequences. Nevertheless, in their present versions, none of these programs takes
into account protein stability and thus they do not allow assessing the impact of the
designed mutations in the protein structural integrity. This is an important issue, because
mutations that impact negatively the thermodynamic and/or kinetic stability would likely
facilitate aggregation, increasing the exposure of hydrophobic regions to the solvent,
irrespective of whether they are predicted to increase or decrease the protein surface
aggregation propensity in the native state. In fact, all these programs predict the fr-GFP Lys
and Asp mutational series to be similarly solubilizing, whereas, in contrast, our results
indicate that this is not the case. This stresses the advantage of integrating protein stability
predictions in A3D, since it allows to discard from further experimental validation

potentially destabilized or not-folding protein variants.
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Solubis is a recent program that combines aggregation and stability predictions with

3,19,42
remarkable success™ ™

. However, in contrast to A3D it looks for contiguous aggregation-
prone residues in the sequence and not in the structure, implementing the TANGO
sequential prediction algorithm®'. It aims to introduce solubilizing mutations in the middle
of these sequence stretches without disturbing the protein structure. V11 and Y39 residues
in fr-GFP do not lie inside an aggregation-prone region (APR) according to TANGO. L221
maps in a C-terminal APR, but TANGO predicts that its mutation to Lys would increase
the aggregation potential of the sequence (Figure S10). Therefore, the gain in solubility
observed for GFP/KKK cannot be predicted by Solubis. In the case of DP47 only Leul(09
lies in a TANGO-predicted APR, comprising residues 107-GTLVTV-112 (Figure S10),
illustrating again how, despite in certain cases sequential and structural aggregation-prone

regions might overlap, this is not generally the case. Thus, the new version of A3D

incorporates features that are not combined in any pre-existent algorithm.

Our data demonstrate that there is room to increase the solubility of globular proteins by
introducing a small number of mutations that reduce the STAP while preserving the
structure. GFP/KKK is clearly more-aggregation resistant than the folding reporter version
of the fluorescent protein’’, being able to provide intracellular solubility to the highly
aggregation-prone AP42 peptide. GFP/KKK only shares with superfolder-GFP a mutation
at position 39 (Y39N), indicating that experimental direct evolution and computational re-
design can arrive to different solutions in order to optimize protein solubility. This is best
illustrated in the case of antibodies, whereas the overlap between the regions responsible
for epitope binding and those accounting for their aggregation potential critically

compromise their redesign. In fact, for DP47, phage display screening could only identify
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solubilizing mutations mapping in the CDRs, without any other surface exposed residue
impacting aggregation®. In contrast, A3D detected three of these residues, whose mutation
to Lys effectively increased the antibody aggregation-resistance, allowing to avoid the

modification of amino acids involved in antigen recognition.

As in our designs, the aggregation of several proteins has been shown to be reduced by

. : L 342,60
introducing charged residues™™”

. It has been argued that this effect results from an
increase in colloidal stability by increasing the net charge of the protein and therefore that it
is rather unspecific®®. However, the introduction of three Lys residues in fr-GFP reduces the
net charge of the protein from -7 to -4, whereas in the non-functional GFP/DDD variant the
net charge increases to -10. This suggests that, in our study, the observed impact in
solubility result from structural gatekeeping and preservation of the protein conformation,
and not from the mere change in the physicochemical characteristics of the protein
sequence.

Overal, we  developed an  improved prediction tool (accessible at
http://biocomp.chem.uw.edu.pl/A3D/) that should allow to re-design solubility through
protein engineering without impacting the native structure, stability of the target protein.
Despite the functionality of the re-designed human antibody should be still confirmed, with
an increasing number of protein-based therapeutics under development®, this algorithm

might become a powerful tool to assist the design of well folded and soluble versions of

these drugs and might compete or at least complement experimental screening efforts.
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and TANGO predictions for fr-GFP, DP47 and KKK mutants. This material is available
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