
Subscriber access provided by Kaohsiung Medical University

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Combining structural aggregation propensity and
stability predictions to re-design protein solubility

Marcos Gil-Garcia, Manuel Baño-Polo, Nathalia Varejao, Michal Jamroz,
Aleksander Kuriata, Marta Diaz Caballero, Jara Lascorz, Bertrand Morel,

Susanna Navarro, David Reverter, Sebastian Kmiecik, and Salvador Ventura
Mol. Pharmaceutics, Just Accepted Manuscript • DOI: 10.1021/acs.molpharmaceut.8b00341 • Publication Date (Web): 23 Jul 2018

Downloaded from http://pubs.acs.org on July 25, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



1 
 

Combining structural aggregation propensity 1 

and stability predictions to re-design protein 2 

solubility 3 

 4 

Marcos Gil-Garcia1, Manuel Bañó-Polo1, Nathalia Varejão1, Michal Jamroz2, Aleksander 5 

Kuriata2, Marta Diaz-Caballero1, Jara Lascorz1, Bertrand Morel3, Susanna Navarro1, David 6 

Reverter1, Sebastian Kmiecik2 and Salvador Ventura1* 7 

 8 

1Institut de Biotecnologia i de Biomedicina and Departament de Bioquímica i Biologia 9 

Molecular; Universitat Autònoma de Barcelona; Bellaterra (Barcelona) 08193, Spain. 10 

 11 

2Biological and Chemical Research Centre, Faculty of Chemistry; University of Warsaw; 12 

Warsaw, Poland. 13 

 14 

3Departamento de Química Física e Instituto de Biotecnología, Facultad de Ciencias, 15 

Universidad de Granada, 18071 Granada, Spain. 16 

 17 

Author information 18 

Corresponding author: Salvador Ventura 19 

Tel: 93 58689 56; Fax: 93 5812011, E- mail: salvador.ventura@uab.cat 20 

 21 

Page 1 of 51

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2 
 

Table Of Contents 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

Page 2 of 51

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3 
 

Abstract 41 

The aggregation propensity of each particular protein seems to be shaped by evolution 42 

according to its natural abundance in the cell. The production and downstream processing 43 

of recombinant polypeptides implies attaining concentrations that are orders of magnitude 44 

above their natural levels, often resulting in their aggregation; a phenomenon that precludes 45 

the marketing of many globular proteins for biomedical or biotechnological applications. 46 

Therefore, there is a huge interest in methods aimed to rise proteins solubility above their 47 

natural limits. Here, we demonstrate that an updated version of our AGGRESCAN 3D 48 

structural aggregation predictor, that now takes into account protein stability, allows 49 

designing mutations at specific positions in the structure that improve the solubility of 50 

proteins without compromising their conformation. Using this approach, we have designed 51 

a highly soluble variant of the Green Fluorescent Protein (GFP) and a human single-domain 52 

VH antibody displaying significantly reduced aggregation propensity. Overall, our data 53 

indicate that the solubility of unrelated proteins can be easily tuned by in silico-designed 54 

non-destabilizing amino acid changes at their surfaces. 55 

 56 

Keywords 57 

Protein Aggregation; Protein Stability; Protein Structure; Green Fluorescent Protein; Aβ 58 

peptide; Single-domain Antibodies.  59 
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Introduction 60 

Proteins are molecules involved in a wide range of molecular functions. To perform their 61 

functions, globular proteins have to acquire a defined 3D structure, skipping misfolding and 62 

side aggregation reactions1. Protein aggregation involves the establishment of 63 

intermolecular interactions and therefore, it is exquisitely sensitive to protein 64 

concentration2. Indeed, it appears that the aggregation propensities of natural proteins 65 

correlate with their abundances in the cell3. This suggests that proteins have been shaped to 66 

remain soluble at those concentrations required to sustain function under physiological 67 

conditions, according to the “living on the edge” hypothesis4. Thus, many proteins might be 68 

only marginally soluble above their natural levels5. 69 

  70 

Despite their evident economic interest, there are challenging barriers in the production and 71 

manufacture of therapeutic protein-based drugs that preclude the arrival of many of these 72 

molecules to the market6. Among the various degradation reactions that a protein might 73 

experiment during its biotechnological production, aggregation is the most common7. This 74 

is not surprising, if we think that therapeutic applications require protein concentrations that 75 

are several orders of magnitude beyond the cellular levels. Aggregation can occur at every 76 

phase of protein-based drugs development, from recombinant expression to packaging and 77 

storage of the final product and administration8. Aggregation leads to a decrease in protein 78 

activity and might elicit an immunological response, having also regulatory implications9. 79 

Thus, pharmaceutical and biotechnological industries spend large efforts to prevent the 80 

eventual aggregation of their protein products10, in many cases using trial and error assays 81 

with different buffers, salts or additives to increase solubility. These approaches are costly 82 
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and time-consuming and the adequate conditions for increased solubility may never be 83 

found.  84 

 85 

In principle, one can modify the amino acid sequence of a globular protein in order to 86 

increase its solubility. However, this is not a straightforward task, mainly because the 87 

physicochemical properties that allow a globular protein to fold into a stable structure 88 

overlap with those triggering aggregation11. Indeed, the most aggregation-prone regions in 89 

a globular protein are usually found at the hydrophobic core, whose correct packing is a 90 

crucial determinant of native structures12. This makes difficult to decrease a protein’s 91 

aggregation propensity without impacting at the same time its stability and 92 

conformation11,13.  93 

 94 

On the one hand, mutations that decrease the thermodynamic and/or kinetic stability of a 95 

globular protein often facilitate aggregation, favoring the population of partially folded 96 

states, which expose to the solvent hydrophobic regions that are otherwise protected in the 97 

native folded conformation11,13,14. On the other hand, proteins can also aggregate from 98 

native or native-like conformations without the need of extensive destabilization and 99 

unfolding15,16, this is especially true when these polypeptides are very concentrated, as in it 100 

occurs in most protein biopharmaceutics formulations10. In these cases, the key to re-design 101 

protein solubility consists in identifying specific positions in protein structures for which 102 

mutations that uncouple aggregation from thermodynamic stability can be introduced. 103 

Novel algorithms able to analyze the aggregation propensity of folded proteins structures 104 

constitute privileged tools to identify such potential amino acids substitutions in a cost- and 105 

time-effective manner9,17,18,19. 106 
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 107 

In general, mutations at the protein surface are best tolerated that residue changes in the 108 

protein interior20 and, accordingly, surface residues evolve faster than core ones21. Surface 109 

mutations are more frequent because of their weaker destabilizing effects22. In addition, in 110 

folded globular proteins, the solubility is strongly influenced by the identity of surface 111 

residues23. Thus, the identification of point mutations that decrease surface aggregation 112 

propensity without destabilizing the overall protein structure appears as a promising avenue 113 

to optimize protein solubility. We have recently developed AGGRESCAN 3D (A3D) a 114 

structure-based aggregation prediction tool that seems optimal to implement such an 115 

approach, since it already predicts the aggregation properties of globular protein surfaces18. 116 

Here, we coupled these predictions with calculations of protein stability changes upon 117 

mutation by incorporating stability predictions using the FoldX empirical force field24 in 118 

the A3D pipeline. The value of this combined prediction scheme is experimentally 119 

demonstrated by re-designing the solubility of two unrelated protein folds of 120 

biotechnological interest.   121 

 122 

  123 
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Experimental Section 124 

In silico analysis 125 

A3D predictions and virtual mutations were made with the algorithm default parameters: 126 

static mode and a distance of aggregation analysis of 10 Å.  The “Total Score” value results 127 

from the sum of the A3D scores of all individual residues; The “Average score”, results 128 

from normalizing the “Total Score” relative to the number of total amino acids in the 129 

protein25. For both scores, the more negative the value, the higher the solubility. We used as 130 

inputs the folding reporter GFP (fr-GFP) X-ray structure (PDB: 2B3Q) and a 3D model 131 

generated with SwissModel26 (based on PDB: 5I19) in the case of the DP47 antibody. The 132 

impact of mutations on protein stability was initially analyzed using the FoldX force field24. 133 

Protein structures and their surfaces were represented with Pymol (DeLano Scientific 134 

LLC). Prediction of protein stability was implemented in A3D web server18 and it is 135 

automatically invoked when user introduces mutation(s). A3D calculates stability for the 136 

input and mutated structure (using FoldX24) and report the energy difference between the 137 

input and mutated protein in kcal/mol. Therefore, negative and positive values indicate 138 

stabilization and destabilization respectively, with respect to the input structure. The report 139 

appears under the 'Project details" tab of the A3D web server18 (see example output in 140 

Figure S9). 141 

 142 

Protein engineering, expression and purification 143 

fr-GFP27 and Aβ42-GFP28 were cloned in pET21a and pET28a vectors (Addgene, USA), 144 

respectively. Mutations were introduced using the Quickchange mutagenesis kit 145 

(Stratagene,USA). E. coli BL21 (DE3) competent cells were transformed with the 146 

correspondent plasmids. 147 
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DP47 VH antibody29 was cloned in pET12a (Novagen, USA), mutagenesis performed as 148 

above, and E. coli BL21-Gold competent cells (Stratagene, USA) were transformed with 149 

correspondent plasmids. 150 

For the production of fr-GFP and Aβ42-GFP and their variants, transformed E. coli BL21 151 

(DE3) cells were grown aerobically in LB medium supplemented with 50 µg/mL 152 

kanamycin and 100 µg/mL ampicillin, respectively. Protein expression was induced with 1 153 

mM IPTG and cells grown at 25 oC for 12 h. For protein purification, cells expressing fr-154 

GFP, GFP/KKK and GFP/DDD were harvested by centrifugation (13,000 rpm for 15 min). 155 

After cell lysis by sonication and fractionation, the soluble fraction was collected and 156 

injected in a HistrapTM FF 5 ml column (GE Healthcare, USA) using an ÄKTA (GE 157 

Healthcare, USA). The proteins were re-purified by size-exclusion chromatography in a 158 

HiLoadTM 26/600 SuperdexTM 75 pg column (GE Healthcare, USA) and Native Buffer (50 159 

mM Tris, 100 mM NaCl pH 8.4) was used as a mobile phase. The purity of the proteins 160 

was checked by 15 % SDS-PAGE. 161 

Antibody fragments were expressed using a periplasmic expression system in E. coli BL21-162 

Gold at 30 oC in 2XTY medium supplemented with 100 µg/mL ampicillin and tetracycline. 163 

Protein expression was induced with 1 mM IPTG for 48 h at 30 oC. Filtered supernatant 164 

was added to protein A resin column (GE Healthcare, USA). The proteins were eluted with 165 

PBS pH 3.2 and neutralized with PBS pH 9.0 to a pH of 7.4. The purity of the proteins was 166 

checked by 18 % SDS-PAGE. 167 

 168 

GFP fluorescence 169 

Excitation and emission spectra of fr-GFP, GFP/KKK and GFP/DDD were analyzed in a 170 

Jasco FP-8200 fluorescence spectrofluorometer (Jasco Corporation, Japan) using 0.5 171 
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mg/mL of protein in Native Buffer at pH 8. Three spectra were accumulated at 25 oC, with 172 

slit widths of 5 nm, a 0.5 nm interval and 1000 nm/min scan rate. Emission spectra was 173 

obtained recording emission between 500-600 nm. Excitation spectra was obtained exciting 174 

in a 450-600 nm range. Fluorescence of fr-GFP and GFP/KKK purified proteins was 175 

recorded using excitation and emission wavelengths of 485 nm and 515 nm, respectively. 176 

For thermal denaturation, GFP fluorescence was recorded in a range of 25 oC to 90 oC with 177 

an increasing heat rate of 1 oC/min, slit widths of 5 nm, 0.5 nm interval and 1000 nm/min 178 

scan rate. Proteins at 10 µM were excited at 485 nm and emission recorded at 515 nm each 179 

0.5 oC. 180 

For chemical denaturation, fr-GFP, GFP/KKK and GFP/DDD proteins were mixed with 181 

increasing concentrations of guanidinium hydrochloride, from 0 to 6 M, keeping a constant 182 

protein concentration of 10 µM. Samples were left to stand for 48 h at 25 oC in order to 183 

equilibrate. Then, fluorescence was analyzed exciting at 485 nm and recording emission in 184 

a 500-600 nm range, with a bandwidth of 1 nm. Experiments were performed in duplicates. 185 

For refolding kinetics, protein samples at 0.5 mg/mL in Native Buffer pH 8 were unfolded 186 

at 95 oC for 5 min and allowed to refold at 25 oC for 30 min. The recovery of GFP 187 

fluorescence was monitored exciting at 485 nm and recording the emission fluorescence at 188 

515 nm every 5 seconds during 30 min.  189 

For analyzing the dependence of the fluorescence emission on the pH, fr-GFP, GFP/KKK 190 

and GFP/DDD proteins were diluted in different buffers ranging from pH 2 to pH 13, at a 191 

final protein concentration of 10 µM and incubated for 2 h. Experiments were performed in 192 

duplicate. 193 

 194 

 195 
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 In vivo GFP fluorescence 196 

Induced E. coli cells expressing the Aβ42-GFP variants were harvested by centrifugation, 197 

washed with phosphate-buffered saline (PBS buffer pH 7.0) and adjusted to an OD of 0.2. 198 

GFP fluorescence of intact cells was measured on a Jasco FP-8200 fluorescence 199 

spectrofluorometer (Jasco Corporation, Japan), with slit widths of 5 nm, a 0.5 nm interval 200 

and 1000 nm/min scan rate, exciting the sample at 485 nm and recording the average of 201 

three accumulated emission spectra from 500 to 600 nm. Experiments were performed in 202 

triplicates. 203 

 204 

Fluorescence microscopy 205 

Induced Aβ42-GFP variants cultures were centrifuged, washed in PBS buffer, and 10 µL of 206 

cells were deposited on top of microscopy glass slides. Images were obtained in a Leica 207 

fluorescence microscope (Leica Microsystems, Germany) under UV light with a filter for 208 

GFP excitation (450-500 nm) and an emission filter (515-560 nm). 209 

 210 

Immunoblotting  211 

10 µL of fractioned cell extracts of Aβ42-GFP were loaded on a 15 % SDS-PAGE gel 212 

containing 0.1 % SDS. Proteins were transferred to a polyvinilidene difluoride membrane 213 

(PVDF) (MerckMillipore, Germany) with a Mini Trans-Blot Cell (Bio-Rad, USA) using 214 

Transfer Buffer (0.5 M Tris, 0.04 M glycine, 0.04 % SDS, 20 % methanol) at 100 V for 1 215 

h. Membranes were blocked in blocking solution (0.05 M Tris-HCl, pH 7.6, 0.15 NaCl, 0.1 216 

% Tween 20, 5 % milk) ON and incubated with 1:1000 anti-GFP antibody (Roche, 217 

Switzerland). Blot was then incubated with 1:2000 dilution of goat anti-mouse IgG 218 
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conjugated with peroxidase for 1 h at room temperature. Detection was carried out using an 219 

enhanced chemiluminescence (ECL) SuperSignal kit (Pierce Protein Biology, USA). 220 

 221 

Flow cytometry analysis 222 

Flow cytometry was performed using a BD FACSCanto flow cytometer (BD 223 

Biosciences,USA) software equipped with 488 nm and 635 nm lasers. Cells were first gated 224 

(P1) for forward scatter (FSC) and side scatter (SCC), both set on logarithmic 225 

amplification. A threshold was adjusted on FSC to reduce electronic background noise. 226 

Cells in P1 were then re-gated (P2) for FITC-channel to acquire GFP emission with a 227 

530/30 nm band pass filter. A total of 20,000 events were acquired. Non-induced cells were 228 

used as a GFP signal controls. Data were collected with the FACSDiva Software (BD 229 

Biosciences, USA) and data analysis was performed with the FlowJo software. 230 

Experiments were made in triplicates. 231 

 232 

Protein crystallization and X-ray structure determination 233 

GFP/KKK was crystallized in MRC2 commercial crystallization plates at 18 °C, using the 234 

sitting drop vapour diffusion method; mixing 300 nL of protein (22.5 mg/mL) with 300 nL 235 

of precipitant (0.1 M MMT buffer, 25 % PEG 1500, pH 4.0) (PACT permier HT-96, 236 

Molecular Dimensions), which was allowed to equilibrate against a well containing 50 µl of 237 

precipitant. Single crystals appeared after two weeks. Crystals were cryo-protected in 238 

reservoir buffer containing 10% glycerol and flash-frozen in liquid nitrogen prior to 239 

diffraction analysis. 240 

Diffraction data were collected from cryo-cooled crystals (100 K) on ALBA synchrotron 241 

(BL13-XALOC beamline), Barcelona, Spain30. 242 

Page 11 of 51

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12 
 

Data were integrated and merged using XDS31 and scaled, reduced and further analyzed 243 

using CCP432. The structure of GFP/KKK was determined from the X-ray data by 244 

molecular replacement using the wtGFP crystal structure (PDB: 1GFL) as a starting model 245 

with phaser.phenix. Refinements and model rebuilding of GFP/KKK crystal structure were 246 

performed using PHENIX33 and Coot34. All structure figures were generated using PyMOL 247 

(DeLano Scientific LLC). The data-collection and refinement statistics are summarized in 248 

the Table S1. The atomic coordinates and structure factors for GFP/KKK structure have 249 

been deposited in the Protein Data Bank (PDB entry 6FWW). 250 

 251 

Circular dichroism spectroscopy 252 

Thermal denaturation experiments, were performed using a JASCO J-715 253 

spectropolarimeter (Jasco Corporation, Japan) equipped with a Peltier system for 254 

temperature control. The protein concentration was 10 µM in PBS pH 7.4. The CD signal at 255 

at 202 nm was recorded from 25 oC to 90 oC, with a heating rate of 1 oC/min. Far-UV 256 

spectra were recorded before and after heating. Five accumulations were averaged for each 257 

sample. 258 

 259 

Light scattering 260 

Aggregation kinetics of GFP and DP47 variants were followed on a Jasco FP-8200 261 

fluorescence spectrofluorometer (Jasco Corporation, Japan) by exciting at 330 nm and 262 

recording orthogonal light scattering signal in a 320-340 nm range, with slit widths of 5 263 

nm, a 0.5 nm interval and 1000 nm/min scan rate. 264 

For temperature induced aggregation, 0.5 mg/mL GFP and GFP/KKK in Native Buffer, pH 265 

8 were incubated at 80 oC. Measurements were made every 10 min during 70 min. 266 
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For chemical induced aggregation, 0.5 mg/mL GFP and GFP/KKK were incubated in the 267 

presence of 40 % TFE at 25 oC. The signal was acquired every 10 min for a total of 90 min 268 

in the same conditions as above. 269 

DP47 and DP47/KKK aggregation kinetics were analyzed at 37 oC with an agitation of 300 270 

rpm for 72 h. The protein concentration was 10 µM in PBS at pH 7.4.  271 

 272 

Intrinsic tryptophan fluorescence 273 

Tryptophan intrinsic fluorescence of DP47 and DP47/KKK was analyzed at 25 oC in a 274 

Jasco FP8200 spectrofluorometer (Jasco Corporation, Japan). Three averaged spectra were 275 

accumulated using an excitation wavelength of 280 nm and recording the emission from 276 

300 to 400 nm with slit widths of 5 nm, 0.5 nm interval and 1000 nm/min scan rate. 277 

 278 

Electrophoretic mobility assay 279 

The EMSA reaction with (FITC)-labeled 50b random ssDNA was prepared with a constant 280 

DNA concentration of 0.2 µM, and various concentrations of purified protein in binding 281 

buffer (10 mM HEPES–KOH pH 7.5, 2 mM 2-ME). After 30 min incubation at 30 °C and 282 

addition of 10% (v/v) glycerol, free DNA and DNA–protein mixtures were resolved by 283 

electrophoresis for 90 min at 10 V, on 0.5% (w/v) TAE-agarose gels at 4°C. Gels with 284 

FITC labeled short ssDNA were detected directly on a Versadoc system (BioRad) with 285 

excitation at 488 nm. 286 

 287 

 288 
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Size-Exclusion Chromatography 289 

500 µl of protein solution of fr-GFP and GFP/KKK at 10 µM  in Native Buffer pH 8.0 were 290 

loaded onto a SuperdexTM 75 10/300 GL (GE Healthcare, USA) column coupled to an 291 

ÄKTA-Fast Protein Liquid Chromatography device (GE Healthcare, USA), previously 292 

equilibrated with Native Buffer pH 8. Protein elution was monitored by following 293 

absorbance at 280 nm. 294 

 295 

Differential Scanning Calorimetry (DSC) 296 

Samples were dialyzed in 20 mM phosphate buffer, 100 mM NaCl pH 7.95. Samples 297 

concentrations were adjusted to 15 µM. Experiments were carried out on a VP-DSC 298 

capillary-cell microcalorimeter from MicroCal (Malvern Panalytical Ltd, UK) at a scan rate 299 

of 120 °C/h from 5 ºC to 105 ºC. Calorimetric cells (operating volume 0.134 ml) were kept 300 

under pressure (60 psi) to prevent sample degassing. Several buffer-buffer baselines were 301 

obtained before each protein run to ascertain proper equilibration of the instrument. 302 

Reheating showed that the unfolding process is irreversible.  303 

 304 

 305 

 306 

 307 

  308 
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Results 309 

A3D description 310 

The A3D algorithm uses the protein 3D structure as an input, which is subsequently 311 

energetically minimized using the FoldX force field24. Then, an aggregation propensity 312 

score is calculated for all the spheres with a 10 Å radius in the protein structure. The 313 

variables that contribute to the A3D score are (i) the experimentally-derived individual 314 

amino acid aggregation propensities35, (ii) the surface area exposure of the amino acids in 315 

the sphere and (iii) the effective distance between adjacent residues and the central amino 316 

acid in the sphere. Therefore, the A3D score is structurally corrected and, in contrast to 317 

sequence-based aggregation predictors, provides information on the structural aggregation 318 

propensity (STAP) of globular proteins in their functional folded states18. 319 

 320 

Rational design of an aggregation-resistant GFP 321 

We initiated our re-design exercise trying to generate a more soluble variant of an already 322 

folding-optimized GFP version: the 'folding reporter' GFP (fr-GFP)27, a folding-enhanced 323 

GFP containing the 'cycle-3' mutations36 and the 'enhanced GFP' (EGFP) mutations37 324 

(Figure 1A and 1B). The 'cycle-3' mutations F99S, M153T, and V163A reduced the 325 

hydrophobicity of the protein, rendering it significantly more resistant to aggregation than 326 

the wild type GFP38, whereas the EGFP mutations F64L and S65T modify the 327 

chromophore for simple absorption spectrum and strong fluorescence39. fr-GFP was the 328 

variant on top of which superfolder-GFP was evolved upon four rounds of DNA shuffling 329 

and paneling40.  330 

The structure of fr-GFP (PDB: 2B3Q) was analyzed using the A3D algorithm. Only three 331 

aggregation-prone residues were identified in the fr-GFP A3D profile: V11, Y39 and L221 332 
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(Figure 1C). In order, to obtain a more soluble version of fr-GFP, we exploited the so-333 

called aggregation gatekeeper residues. They correspond to either charged amino acids 334 

(Asp, Glu, Arg or Lys) or Pro, all shown to contribute to modulate the aggregation 335 

properties of natural proteins3,41,42. The three fr-GFP aggregation-prone residues were 336 

virtually and individually mutated by gatekeepers and the theoretical most soluble variants 337 

selected according to their Average and A3D Total scores. Mutations to Asp or Lys were 338 

top ranked. Accordingly, variants containing one, two or the three aggregation-prone 339 

residues mutated either to Asp or to Lys were analyzed with A3D. Predictions indicated 340 

that the successive introduction of charged residues at the fr-GFP surface would potentially 341 

abrogate the presence of aggregation-prone exposed patches and accordingly decrease the 342 

STAP of the re-designed proteins (Table 1 and Figure 2). 343 

 344 
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Figure 1. Sequence, structure and aggregation profile of GFP. A) Amino acid sequence of fr-GFP. Residues shared 345 

with Cycle-3 and EGFP variants are indicated in green and blue, respectively. B) 3D structure of fr-GFP (PDB: 2B3Q). C) 346 

Aggregation profile of fr-GFP according to A3D. In A) and B) predicted aggregation-prone residues are indicated in red, 347 

in C) they are circled. 348 

 349 

Even when a particular residue substitution at the protein surface is predicted to increase 350 

the protein solubility, this positive effect might be canceled in case the mutation impacts 351 

the thermodynamic stability, since it would facilitate protein fluctuations and the exposure 352 

of aggregation-prone regions previously protected in the structure43. This might render the 353 

mutant variant even more aggregation-prone than the original protein. We calculated the 354 

impact of the designed mutations on fr-GFP stability using the FoldX force field24. FoldX is 355 

among the most popular stability predictors and was already implemented in the original 356 

version of A3D to minimize the input PDB files. Despite computational predictions of 357 

stability changes upon mutation are still far from being perfect, FoldX has been described 358 

as an accurate stability predictor44 with a low prediction bias45. Moreover, FoldX has been 359 

already used to explore the connection between protein stability and aggregation3,46. 360 

Mutations to Asp where predicted to be destabilizing (∆∆G > 1 kcal/mol), whereas 361 

mutations to Lys where predicted to be neutral (0.5 > ∆∆G > -0.5 kcal/mol). This provided 362 

us a unique opportunity to evaluate the interplay between predicted STAP and stability in 363 

determining fr-GFP solubility and, more generally, on the eventual benefit of incorporating 364 

stability predictions in our A3D pipeline. 365 
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Table 1. A3D and FoldX analysis of fr-GFP and its variants. More negative average and total A3D scores indicate 366 

higher solubility. Negative and positive ∆∆G values correspond to over- and de-stabilizing mutations, respectively. 367 

 368 

 369 

 370 
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Figure 2. A3D structural predictions for fr-GFP and its variants. 3D Structures of fr-GFP and its mutational variants 371 

structures. The protein surface is colored according to A3D score in a gradient from blue (high-predicted solubility) to 372 

white (negligible impact on protein aggregation) to red (high-predicted aggregation propensity). 373 

 374 

 Designed lysine mutations increase Aβ42-GFP solubility upon overexpression 375 

The already optimized folding and solubility properties of fr-GFP27 make the selection of a 376 

more robust variant a challenging exercise. We reasoned that this can be achieved by fusing 377 

the above six designed mutants with an N-terminal aggregation-prone bait that would favor 378 

the aggregation of the fusion protein. To this aim we used a fusion of the amyloidogenic Aβ 379 

Alzheimer’s peptide (Aβ42) with fr-GFP (Aβ42-GFP) or its variants. We have used this 380 

kind of fusion extensively to analyze the impact of Aβ42 mutations on aggregation-381 

propensity28, toxicity47 or cellular aging48, by mutating specific residues in the Aβ42 382 

moiety, while leaving intact the GFP domain. Independently of the Aβ42 mutation, Aβ42-383 

GFP was shown to accumulate always in the insoluble fraction as inclusion bodies28. 384 

However, the presence of active GFP in such aggregates differed significantly, displaying a 385 

high correlation with the intrinsic aggregation propensity of the Aβ42 mutants49. This is 386 

due to the existence of an in vivo kinetic competition between the attainment of the GFP 387 

functional structure and the aggregation of the fusion protein, directed by the Aβ moiety50; 388 

highly aggregation-prone Aβ variants resulting in low fluorescence and the other way 389 

around. 390 

 391 

In this work, we proceeded in the opposite way, testing if mutations in the GFP domain can 392 

somehow counteract the high aggregation-propensity of wild-type Aβ42. In this system, it 393 

is expected that the more soluble fr-GFP variants would result in higher levels of active 394 
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GFP upon intracellular over-expression, by decreasing the overall aggregation rate of the 395 

protein fusion. Therefore, we measured the GFP fluorescence of intact cells over-396 

expressing Aβ42 fused to fr-GFP (Aβ42-GFP) as well as to our six fr-GFP variants using 397 

spectrofluorimetry. As shown in Figure 3A, a single Lys mutation at position 11 (Aβ42-398 

GFP/K) did not suffice to increase significantly GFP emission, relative to cells expressing 399 

the original fusion, despite it was predicted to be the individual Lys mutation with the 400 

largest impact on protein solubility. However, the introduction of two and three Lys point 401 

mutations in fr-GFP (Aβ42-GFP/KK and Aβ42-GFP/KKK) promoted a significant increase 402 

in the fluorescence emitted by the respective cells (Figure 3A). The need for several 403 

simultaneous mutations to attain a significant solubilizing effect has been evidenced in 404 

different computer-assisted protein solubility re-design exercises 3,17,42,51. Cells expressing 405 

Aβ42-GFP/KKK were three-fold more fluorescent than those expressing Aβ42-GFP. We 406 

also assayed the GFP fluorescence of the different cell populations using flow cytometry 407 

(FC) (Figure 3C). The ability of FC to analyze a large number of cells (20.000 408 

cells/sample) averages experimental variability and provides more quantitative results47. 409 

The analysis showed that, independently of the considered variant, a large majority of the 410 

cells were somehow fluorescent, indicating that they were expressing the correspondent 411 

protein fusions (data not shown). The mean fluorescence values obtained for the different 412 

variants were in excellent agreement with those obtained by spectrofluorimetry, confirming 413 

that cells expressing Aβ42-GFP/KKK were three times more fluorescent than the ones 414 

expressing the original fusion.  415 

Page 20 of 51

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



21 
 

 416 

Figure 3. GFP fluorescence of intact cells expressing Aβ42-GFP variants. A) Quantification of the fluorescence 417 

emission of different lysine variants in E. coli cells measured by fluorescence spectroscopy. B) Quantification of the 418 

fluorescence emission of different aspartic acid variants in E. coli cells measured by fluorescence spectroscopy. C) 419 

Histogram of Aβ42-GFP variants showing the average value of fluorescence intensity as detected by flow cytometry. All 420 

experiments correspond to triplicates and the statistical values were obtained using an Unpaired T-student test. 421 

Statistically significant values as compared with Aβ42-GFP are indicated:  p-value < 0,001 (***). Error bars correspond to 422 

SEM. 423 

 424 
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The distribution of the recombinant protein fusions between the soluble and insoluble 425 

cellular fractions was analyzed by western blotting (Figure 4A). As previously reported48,49 426 

all Aβ42-GFP resided in the insoluble fraction, as it was the case for Aβ42-GFP/K. In 427 

contrast, despite a majority of Aβ42-GFP/KK and Aβ42-GFP/KKK fusions were still 428 

located in the insoluble fraction, increasing amounts of soluble protein were detected for 429 

these two variants. It is worth to emphasize here that, in our previous studies, we only 430 

observed the Aβ42-GFP fusion in the soluble fraction when at least two highly disruptive 431 

mutations where introduced in the Aβ42 moiety47. 432 

 433 

Finally, we used fluorescence microscopy to identify the cellular location of the detected 434 

GFP emission in E.coli cells. As expected, the cells become more fluorescent as the number 435 

of Lys in fr-GFP increased (Figure 4B). In good agreement with fractionation analysis, the 436 

fluorescence was confined mainly in inclusion bodies at the poles of the cells. The high 437 

fluorescence of Aβ42-GFP/KKK inclusions indicates that the higher solubility of this fr-438 

GFP variant competes the aggregation of the Aβ42 peptide, allowing a higher amount of 439 

fluorophore formation before the intracellular aggregation occurs. 440 

 441 

Interestingly enough, despite A3D STAP predictions for Asp variants were, on the overall, 442 

equivalent to those obtained for the Lys counterparts (Table 1 and Figure 2), both 443 

spectrofluorimetry and FC data indicated that bacterial cells expressing Aβ42-GFP/D, 444 

Aβ42-GFP/DD and Aβ42-GFP/DDD fusion proteins displayed fluorescence intensities 445 

equivalent to that of non-induced cultures and thus, significantly lower than induced Aβ42-446 

GFP (Figure 3B and 3C), even if they were expressed at similar levels than the original 447 

fusion (Figure S1). This highlighted the important role played by protein stability on 448 

Page 22 of 51

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



23 
 

effective protein solubility and advised us on the convenience of incorporating stability in 449 

our A3D prediction scheme. 450 

 451 

Figure 4. Cellular distribution of Aβ42-GFP fusions. A) Western blot of Aβ42-GFP in the total (T), soluble (S) and 452 

insoluble (I) fractions of E. coli cells. B) Visualization of GFP fluorescence in intact E. coli cells expressing Aβ42-GFP 453 

(Top, left), Aβ42-GFP/K (Top, right), Aβ42-GFP/KK (Bottom, left) and Aβ42-GFP/KKK (Bottom, right). 454 

 455 
GFP/KKK is folded and stable 456 

Once in cell analysis suggested GFP/KKK being the more soluble among the generated 457 

variants, we wanted to asses first that, once purified, it was well-folded and stable. To this 458 

aim the mutant GFP domain alone was His-tagged, recombinantly produced and purified 459 
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using affinity and size exclusion chromatography. The same procedure was used for the 460 

original fr-GFP protein. We also produced and purified GFP/DDD in order to assess if, as 461 

predicted by FoldX, this variant was destabilized relative to both GFP/KKK and fr-GFP. 462 

Both GFP/DDD and Aβ42-GFP/DDD exhibited anomalous electrophoretic mobility 463 

(Figures S1 and S2), a property already described for other proteins in which mutations to 464 

acidic residues have been introduced52.  465 

The fluorescence emission spectra of fr-GFP, GFP/KKK and GFP/DDD were 466 

superimposable (Figure 5A). The fluorescence excitation of GFP/KKK and GFP/DDD 467 

were slightly blue-shifted relative to fr-GFP, an effect that was also observed for 468 

superfolder GFP40. At pH 8.0, the emission fluorescence intensities of GFP/KKK and 469 

GFP/DDD at 515 nm were 91 % and 87 % of that exhibited by fr-GFP, respectively. 470 

 471 

In order to confirm that the introduced mutations did not impact significantly protein 472 

stability, as predicted, fr-GFP and GFP/KKK were submitted to thermal and chemical 473 

denaturation. The thermal stability of the proteins was analyzed at pH 8.0 by monitoring the 474 

changes in GFP fluorescence emission. We obtained cooperative, superimposable 475 

denaturation curves with Tm = 81.72 ± 0.17 oC and Tm = 81.47± 0.16 oC, for fr-GFP and 476 

GFP/KKK, respectively (Figure 5B). As predicted by FoldX, the two variants displayed a 477 

higher Tm than GFP/DDD, with a Tm = 76.06 ± 0.10 oC (Figure 5B). The heat 478 

denaturation of all the variants in these conditions was irreversible, which precluded 479 

calculation of the thermodynamic constants. To confirm that fr-GFP and GFP/KKK differ 480 

from GFP/DDD in terms of thermal stability, we performed thermal denaturation assays for 481 

the three variants in the presence of increasing concentrations of guanidinium 482 

hydrochloride (GuHCl) (Figure S3). As it can be deduced from the calculated Tms in the 483 
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different conditions (Figure 5D) fr-GFP and GFP/KKK display similar stability, both being 484 

more stable than GFP/DDD, for which the denaturation curve in the presence of 2.4 M 485 

GuHCl was not longer cooperative. To validate that fr-GFP and GFP/KKK have similar 486 

thermal stability we used differential scanning calorimetry (DSC) (Figure S4). We 487 

calculated Tm = 84.6 ± 0.1 oC and Tm = 84.0 ± 0.1 oC for fr-GFP and GFP/KKK, 488 

respectively. For GFPs the calculated Tms depend significantly on the scan rates53 this 489 

would explain the difference between the Tms obtained for both variants in fluorimetry and 490 

DSC analysis. In any case, all the results converge to indicate that, in contrast to 491 

GFP/DDD, GFP/KKK is very similar to fr-GFP in terms of thermal stability. 492 

 493 

The resistance against chemical denaturation with guanidinium hydrochloride (GuHCl) was 494 

also monitored by recording the changes in GFP fluorescence in the presence of increasing 495 

concentrations of denaturant after equilibration for 48 h. The obtained curves were 496 

cooperative and displayed a midpoint of denaturation of 3.19 ± 0.06 M, 3.08 ± 0.08 M and 497 

2.56 ± 0.10 M (Figure 5C). It is worth to note that the conditions of the assay are of 498 

pseudo-equilibrium, since the equilibrium of GFP is not attained even after several weeks54 499 

and that the reaction is not reversible due to the hysteresis caused by the denaturation of the 500 

chromophore during the unfolding reaction55, both factors impeding the calculation of 501 

thermodynamic parameters. 502 

Overall, as predicted, in GFP/KKK the introduced mutations did not compromise GFP 503 

function or stability, whereas the GFP/DDD variant is significantly less stable. 504 

 505 

Finally, we calculated the dependence of the chromophore fluorescence on the pH for the 506 

three variants (Figure S5). The three proteins remained inactive below pH 5.0. fr-GFP and 507 
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GFP/DDD exhibited a very similar profile, displaying maximum fluorescence emission at 508 

pH 9.0. GFP/KKK is more fluorescent at alkaline pH, reaching a maximum at pH 11.0. 509 

Upon incubation a pH 12.0 and above all the proteins become inactive. 510 

 511 

 512 

Figure 5. Spectral properties and stability of fr-GFP, GFP/KKK and GFP/DDD. A) Normalized excitation and 513 

emission spectra of different GFP variants. B) Thermal unfolding curves followed by GFP fluorescence from 25
 oC to 90 514 

oC with an increasing rate of 1 o C/min. C) Chemical denaturation of variants at 10 µM with increasing concentrations of 515 

GuHCl. Samples were equilibrated during 48 h. D) Melting Temperature values in the presence of increasing GuHCl 516 

concentrations. Experiments were performed in duplicates. Error bars correspond to SEM. 517 

 518 

 519 

 520 

 521 
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GFP/KKK is highly resistant to aggregation 522 

In order to confirm that the increased solubility of the Aβ42-GFP/KKK inside cells, relative 523 

to Aβ42-GFP, can be assigned to a more soluble GFP moiety, we compared the aggregation 524 

properties of purified GFP/KKK and fr-GFP.  525 

 526 

First, we monitored the kinetics of aggregation for the two variants by following the 527 

increase in light scattering when the proteins were heated at 80 oC. The aggregation rate 528 

was significantly lower for the re-designed protein (k1= 0.017 ± 0.005 min-1) than for fr-529 

GFP (k1= 0.030 ± 0.009 min-1), as well as the scattering at the end of the reaction (Figure 530 

6A). Next, we tested the proteins resistance to aggregation in the presence of 40 % of TFE, 531 

a strongly denaturing condition, known to promote the aggregation of β-sheet rich 532 

proteins23,56. We recorded the light scattering signal at different time points after addition of 533 

the co-solvent. As shown in Figure 6B, fr-GFP already started to aggregate after 10 min, 534 

whereas for GFP/KKK the detection of the initial aggregates occurred only after 50 min, 535 

exhibiting lower scattering intensity than the original protein at any analyzed time point. 536 

 537 

Finally, we analyzed the ability of both proteins to refold into the native state upon thermal 538 

denaturation. fr-GFP and GFP/KKK were incubated at 95 oC for 5 min and allowed to 539 

refold at 25 oC, the recovery of GFP fluorescence along time was monitored (Figure 6C). 540 

The refolding reactions were adjusted to double-exponential functions (R ≥ 0.99).  541 

GFP/KKK folds more than 3-fold faster (k1= 0.175 ± 0.004 min-1) than fr-GFP (k1= 0.045 ± 542 

0.001 min-1). In addition, GFP/KKK recovers two times more fluorescence than fr-GFP at 543 

the end of the reaction.  544 
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Overall, the data in this section demonstrates how the combined prediction of STAP and 545 

stability allowed us to design a GFP variant with significantly improved solubility and 546 

folding properties by mutating only three residues at the protein surface. This result is 547 

remarkable if we take into account that fr-GFP was already designed to have optimal 548 

properties as a reporter of protein folding. 549 

 550 

Figure 6.  Comparison of the aggregation properties of fr-GFP and GFP/KKK. A) Evolution of the light scattering 551 

signal upon incubation at 80 oC. B) Evolution of the light scattering signal upon incubation in 40 % TFE. Both 552 

experiments were performed in duplicates. C) Refolding kinetics of both proteins at 25 oC after thermal unfolding at 95 553 
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oC, as measured by monitoring the recovery of GFP fluorescence emission. All the experiments were performed at 0.5 554 

mg/mL concentration in Native Buffer pH 8.0 and in duplicates. Error bars correspond to SEM. 555 

 556 

X-ray structure of GFP/KKK  557 

To investigate if the inserted mutations in GFP/KKK impact the 3D structure of GFP, we 558 

solved the crystal structure of this mutant at 1.13 Å resolution (PDB: 6FWW). The side 559 

chains of the newly introduced Lys residues are well-defined in the electron density maps, 560 

all being exposed to the solvent (Figure 7A). The chromophore formed from residues T65-561 

Y66-G67 (annotated as CRO in the PDB file) is correctly formed and buried in the middle 562 

of the central helix (Figure 7A and 7B). The Cα backbone trace of wild-type GFP (1GFL) 563 

and GFP/KKK could be superimposed with a root mean square deviation (r.m.s.d.) of 0.52 564 

Å (Figure 7C), which is comparable to the r.m.s.d. of 0.50 Å between the fr-GFP and 565 

GFP/KKK. Thus, as expected, the three-surface mutations did not change the overall GFP 566 

fold, indeed no evident structural rearrangements were observed around the mutated 567 

regions (Figure 7D). An analysis of the GFP/KKK structure with A3D confirms that, in 568 

contrast to fr-GFP, this variant lacks any surface exposed aggregation-prone region 569 

(Figures 7E and 7F).  570 

 571 

Although purified fr-GFP and GFP/KKK proteins were monomeric (Figure S6), it has been 572 

reported that fr-GFP crystallizes as an antiparallel dimer (PDB:2B3Q) similar to other 573 

reported GFP crystal structures, likely because GFP has certain tendency to dimerize in 574 

solution40. In contrast GFP/KKK crystallizes as a monomer. Using the dimeric structure of 575 

fr-GFP, we generated a model of a GFP/KKK dimer. The L221K residue of each monomer 576 

protrudes into the symmetry-related monomer facing the equivalent L221K residue, 577 
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potentially generating repulsion and hindering dimerization (Figure S7).  Calculation of the 578 

impact of this single mutation on the stability of the dimeric interface with FoldX24 579 

confirms that it is highly disruptive (∆∆G = 4.96 kcal/mol). We find out that, Lippincott-580 

Schwartz and co-workers introduced exactly the same single mutation in GFP to generate a 581 

variant that could not dimerize57,58. This effect might contribute to the higher solubility of 582 

this re-engineered variant. In addition, in the crystal structure of GFP/KKK the side chains 583 

of the other two mutated residues, Lys 11 and Lys 39, are at less than 5 Å distance (Table 584 

S2), resulting in a local clustering of positive charges, which will likely cause electrostatic 585 

repulsion between GFP/KKK molecules. 586 

It has been shown that a positively supercharged version of GFP binds strongly to nucleic 587 

acids, which compromises its use in a cellular context59. Electrophoretic mobility shift 588 

assays showed that increasing concentrations of fr-GFP or GFP/KKK did not reduce the 589 

mobility of a random FITC-labeled 50 base long ssDNA in the native agarose gel even 590 

when the protein concentration exceeds 50 molar times over DNA (Figure S8). This result 591 

indicates that the insertion of the three mutated Lys is not sufficient to promote the binding 592 

of GFP/KKK to DNA. 593 

 594 
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 595 

 Figure 7. 3D structure and A3D structural prediction of GFP/KKK. A) Crystal structure of GFP/KKK (PDB: 596 

6FWW) mutant showing the differential map (2mFo-Fc contoured at 1.2σ) surrounding the mutated lysine residues 11, 39 597 

and 221 and the fluorescent cromophore which are depicted in mesh and stick. B) Surface representation of the 598 

superposed GFP structures showing the perfect overlay of the fluorescent chromophore (blue and green sticks for wtGFP 599 

and GFP/KKK mutant, respectively). C) Superposition of wtGFP (blue, PDB: 1GFL) and GFP/KKK (green) monomers. 600 

The overall rmsd for the 226 superposed Cα atoms is 0.52 Å with 96.9 % identity. D) Zoom of GFP/KKK structure 601 

around the mutated lysines. E-F) A3D of GFP/KKK and fr-GFP crystal structures, respectively. The protein surface is 602 

colored according to A3D score in a gradient from blue (high-predicted solubility) to white (negligible impact on protein 603 

aggregation) to red (high-predicted aggregation propensity).   604 

 605 
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 Incorporating stability predictions in A3D 606 

The above-described data clearly indicated the convenience of skipping the experimental 607 

validation of mutations that despite optimizing STAP impact negatively protein stability. 608 

To this aim, we implemented the FoldX empirical force field24 in A3D web server for 609 

automated protein stability calculations if a user introduces any mutation(s) (see “In silico 610 

analysis” in Experimental Section). An example of the output is presented in Figure S9B. 611 

We wanted to prevent A3D users from producing re-designed proteins that ultimately will 612 

aggregate at the same or higher levels than the original protein only because they are 613 

destabilized. Therefore, we took a conservative criterion for structural integrity, in which a 614 

mutation resulting in a ∆∆G ≥ 1 kcal/mol is considered disruptive. Indeed, all fr-GFP Asp 615 

mutants overpass this destabilization limit. Accordingly, a warning message is now 616 

displayed in the “Project details” screen of A3D when sequence changes are predicted to 617 

destabilize the protein ≥ 1 kcal/mol (Figure S9C). 618 

 619 

 Rational design of a VH antibody with increased aggregation resistance 620 

We decided to test the novel version of A3D in the re-design of a therapeutically relevant 621 

scaffold. There is a trend in the industry toward the use of small antibody formats for 622 

imaging and tumor targeting purposes. They include human single chain fragments (scFv) 623 

and human single domain antibodies29. However, the biophysical properties of these human 624 

proteins are poor, and their aggregation propensity is even higher than the one of complete 625 

antibodies, due to the lack of inter-domain stabilization. Here we tried to improve the 626 

solubility of a Variable Heavy (VH) segment of the human antibody germline (DP47)29. 627 

DP47 VH is a monomer consisting of 3 α-helices, 10 β-strands, 1 disulfide bond and 3 628 
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complementarity-determining regions (CDRs) essential for antigen binding (Figure 8A 629 

and 8B). DP47 VH was selected because the evolution of more soluble variants of this 630 

specific antibody has been previously addressed using phage display29. In this work, CDR3 631 

was excluded from mutation to limit effects on antigen binding. Despite 6 mutations that 632 

increased the solubility of the molecule were identified, all them were clustered at CDR1, 633 

while mutations at other positions had little effect60. This was expected, because CDRs tend 634 

to be sticky, in order to recognize antigens. Nevertheless, mutations at CDRs can 635 

compromise significantly binding and, accordingly, they are not a preferred strategy to 636 

generate more soluble antibody variants.  637 

 638 

Here, we aimed at generating a DP47 variant with increased aggregation resistance without 639 

changing any of its CDRs residues. No structure is available for wild-type DP47 and the 640 

version with mutated CDRs was crystallized as a domain-swapped dimer (PDB: 3UPC)29. 641 

Therefore, no suitable DP47 monomeric structure was available for direct A3D analysis. 642 

Accordingly, we created a homology model on top of sequentially related available 643 

structures (PDB:5I19) using Swiss-Model25. This model has a GMQE (Global Model 644 

Quality Estimation) of 0.99 and a QMEAN Z-score of 0.6 (Figure 8B). As expected, A3D 645 

predicted a high aggregation propensity for the three DP47 CDRs. Apart from them, only 646 

three other residues where predicted as aggregation-prone, Leu3 and Leu9 at the N-647 

terminus and Leu109 at the C-terminus (Figure 8C). These residues were virtually mutated 648 

by the different gatekeeper residues using the new A3D algorithm and again a triple Lys 649 

mutant (DP47/KKK) appeared as the version that best combined predicted solubility and 650 

stability (Table 2, Figure 9), whereas an equivalent DP47/DDD version was again 651 

predicted to be destabilized (Table S3). 652 
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 653 

Figure 8. Sequence, structure and aggregation profile of DP47. A) Amino acid sequence of DP47. B) 3D structure of 654 

DP47 model obtained from SwissModel. C) Aggregation profile of DP47 model according to A3D. In A) and B) 655 

predicted aggregation-prone residues are indicated in red and CDR residues in blue, in C) they are circled and underlined, 656 

respectively.  657 

 658 

Table 2. A3D analysis of DP47 and its variants. More negative average and total A3D scores indicate higher solubility. 659 

Negative ∆∆G values correspond to over-stabilizing mutations. 660 

 661 
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 662 

Figure 9. A3D structural predictions for DP47 and its variant. 3D Structures of DP47 (left) and its mutational variant 663 

structure (right). A) The protein surface is colored according to A3D score in a gradient from blue (high-predicted 664 

solubility) to white (negligible impact on protein aggregation) to red (high-predicted aggregation propensity). B) Ribbon 665 

representation of the two models indicating the wild-type Leu residues in red and the mutated Lys residues in blue.  666 

 667 

DP47/KKK is folded and stable 668 

Wild-type DP47 and DP47/KKK were recombinantly expressed in E. coli, and purified to 669 

homogeneity from the extracellular medium by affinity on a protein A column. Then we 670 

compared the biophysical properties of both single-domain antibodies.  671 

The circular dichroism (CD) spectra of both proteins showed the characteristic β-sheet 672 

minimum at 218 nm and overlapped, indicating that they essentially shared the same 673 

secondary structure content (Figure 10A). DP47 contains three Trp residues at positions 674 

34, 45 and 104 being W34 inside the structure and W45 and W104 exposed to the solvent. 675 
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Its intrinsic fluorescence spectra in the folded state exhibits a maximum at 345.5 nm. The 676 

Trp intrinsic fluorescence spectra of DP47/KKK shows the same intensity than that of 677 

DP47, although the maximum is slightly red-shifted (maximum at 346.5 nm) (Figure 10B), 678 

suggesting that despite the two antibodies share a similar globular tertiary structure, they 679 

can exhibit certain local conformational differences. 680 

 681 

Finally, in order to confirm that, as predicted, the introduced mutations did not impact 682 

significantly the antibody stability (predicted ∆∆G= -0.43 kcal/mol), DP47 and DP47/KKK 683 

were submitted to thermal denaturation. The thermal stability of the proteins was analyzed 684 

by monitoring the changes in CD signal at 202 nm. Both proteins unfolded cooperatively, 685 

displaying a very similar Tm of 60.0 ± 0.1 oC and 60.4 ± 0.1 oC for DP47 and DP47/KKK, 686 

respectively (Figure 10C). The reaction was not reversible and thermodynamic constants 687 

could not be calculated. 688 
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 689 

Figure 10. Biophysical characterization of DP47 variants. A) Far-UV CD spectra with a minimum value at 218 nm. B) 690 

Tryptophan intrinsic fluorescence. C) Thermal unfolding curves followed by Far-UV from 25
 oC to 90 oC with a heating 691 

rate of 1 oC/min. The experiments were performed at 10 µM protein in PBS pH 7.4. 692 

 693 
 694 

DP47/KKK displays increased aggregation resistance 695 

To address if, as intended, the three Leu to Lys mutations increased the resistance of the 696 

antibody against aggregation in close to physiological conditions, DP47 and DP47/KKK 697 
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were incubated in PBS at pH 7.4. and 37 oC for 3 days and we monitored the changes in 698 

light scattering. Figure 11 illustrates how the scattering of DP47 solution steadily increases 699 

with time reaching a maximum after two days. In contrast, the scattering of the DP47/KKK 700 

solution remains constant and is lower than that of the wild-type protein at any time point. 701 

Despite the final scattering signal attained in these conditions is low, compared with the 702 

one obtained after heat denaturation, the differences between proteins are statistically 703 

significant, indicating that the re-design has succeeded in reducing the inherent high 704 

aggregation propensity of this particular antibody. 705 

 706 

Figure 11. Comparison of the aggregation properties of DP47 variants. The two antibodies were incubated at 37 oC 707 

with an agitation of 300 rpm for 72 h. The protein concentration was 10 µM in PBS at pH 7.4. The light scattering signal 708 

was recorded along time. Statistical values were obtained using an Unpaired T-student test. Statistically significant values 709 

are indicated: p-value < 0,01 (**). Error bars correspond to SEM.  710 
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Discussion 711 

Protein aggregation remains a major factor limiting the biotechnological and therapeutic 712 

use of many proteins10. When globular proteins are employed for such applications, they 713 

should remain soluble and active in artificial conditions for which they have not been 714 

optimized by evolutionary selection. Therefore, it is not surprising that they tend to 715 

aggregate, since they are expressed and manufactured at concentrations that are far beyond 716 

their natural limits and stored for periods of time that are much longer than their cellular 717 

lifetimes, both factors favoring the establishment of intermolecular interactions that can 718 

nucleate the aggregation reaction, especially in the absence of the protective mechanisms 719 

provided in vivo by the protein quality surveillance machinery. This implies that the use of 720 

proteins above their cellular concentrations would require certain sequential adaptations; 721 

however, it is not known which the margin of improvement is, if any, for such an 722 

approach61. 723 

 724 

Protein aggregation not only affects protein production, but also downstream processes like 725 

purification, storage, administration and activity10. In this context, effective computational 726 

approaches able to rank protein therapeutics according to their solubility and improve this 727 

particular property upstream in the industrial pipeline hold the promise to result in 728 

significant savings in time and money, since, in principle, they can sift the properties of 729 

hundreds to thousands protein variants before performing any experiment.  730 

 731 

Re-designing globular proteins to reduce their natural aggregation propensity is, however, 732 

not an easy task, since the more potent aggregation-promoting regions lie at the 733 

hydrophobic core and it turns difficult to mutate them without disrupting the protein 734 
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structure and function3. Because mutations at the surface are, in general, less disruptive, an 735 

alternative is to mutate those exposed residues that contribute significantly to the 736 

aggregation properties of globular structures. The identification of such amino acid required 737 

a novel generation of aggregation-prediction algorithms that work on top of protein 738 

structures and not on protein sequences. SAP, CamSol and A3D are examples of these kind 739 

of programs9,17,18. An important feature of these computational tools is that they allow to 740 

detect aggregating regions that are relevant only in the native state. These regions are 741 

generally formed by residues that, despite being scattered in the sequence, come together in 742 

the structure upon folding to form an aggregation-prone surface. Indeed, the three 743 

aggregation-prone residues predicted by A3D and mutated here in both fr-GFP and DP47 744 

lie in the same face of the protein, despite some of them are N- and others C-terminal in the 745 

respective sequences. Nevertheless, in their present versions, none of these programs takes 746 

into account protein stability and thus they do not allow assessing the impact of the 747 

designed mutations in the protein structural integrity. This is an important issue, because 748 

mutations that impact negatively the thermodynamic and/or kinetic stability would likely 749 

facilitate aggregation, increasing the exposure of hydrophobic regions to the solvent, 750 

irrespective of whether they are predicted to increase or decrease the protein surface 751 

aggregation propensity in the native state. In fact, all these programs predict the fr-GFP Lys 752 

and Asp mutational series to be similarly solubilizing, whereas, in contrast, our results 753 

indicate that this is not the case. This stresses the advantage of integrating protein stability 754 

predictions in A3D, since it allows to discard from further experimental validation 755 

potentially destabilized or not-folding protein variants.  756 

 757 
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Solubis is a recent program that combines aggregation and stability predictions with 758 

remarkable success3,19,42. However, in contrast to A3D it looks for contiguous aggregation-759 

prone residues in the sequence and not in the structure, implementing the TANGO 760 

sequential prediction algorithm61. It aims to introduce solubilizing mutations in the middle 761 

of these sequence stretches without disturbing the protein structure. V11 and Y39 residues 762 

in fr-GFP do not lie inside an aggregation-prone region (APR) according to TANGO. L221 763 

maps in a C-terminal APR, but TANGO predicts that its mutation to Lys would increase 764 

the aggregation potential of the sequence (Figure S10). Therefore, the gain in solubility 765 

observed for GFP/KKK cannot be predicted by Solubis. In the case of DP47 only Leu109 766 

lies in a TANGO-predicted APR, comprising residues 107-GTLVTV-112 (Figure S10), 767 

illustrating again how, despite in certain cases sequential and structural aggregation-prone 768 

regions might overlap, this is not generally the case. Thus, the new version of A3D 769 

incorporates features that are not combined in any pre-existent algorithm.  770 

 771 

Our data demonstrate that there is room to increase the solubility of globular proteins by 772 

introducing a small number of mutations that reduce the STAP while preserving the 773 

structure. GFP/KKK is clearly more-aggregation resistant than the folding reporter version 774 

of the fluorescent protein27, being able to provide intracellular solubility to the highly 775 

aggregation-prone Aβ42 peptide. GFP/KKK only shares with superfolder-GFP a mutation 776 

at position 39 (Y39N), indicating that experimental direct evolution and computational re-777 

design can arrive to different solutions in order to optimize protein solubility. This is best 778 

illustrated in the case of antibodies, whereas the overlap between the regions responsible 779 

for epitope binding and those accounting for their aggregation potential critically 780 

compromise their redesign. In fact, for DP47, phage display screening could only identify 781 
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solubilizing mutations mapping in the CDRs, without any other surface exposed residue 782 

impacting aggregation29. In contrast, A3D detected three of these residues, whose mutation 783 

to Lys effectively increased the antibody aggregation-resistance, allowing to avoid the 784 

modification of amino acids involved in antigen recognition.  785 

 786 

As in our designs, the aggregation of several proteins has been shown to be reduced by 787 

introducing charged residues3,42,60. It has been argued that this effect results from an 788 

increase in colloidal stability by increasing the net charge of the protein and therefore that it 789 

is rather unspecific62. However, the introduction of three Lys residues in fr-GFP reduces the 790 

net charge of the protein from -7 to -4, whereas in the non-functional GFP/DDD variant the 791 

net charge increases to -10. This suggests that, in our study, the observed impact in 792 

solubility result from structural gatekeeping and preservation of the protein conformation, 793 

and not from the mere change in the physicochemical characteristics of the protein 794 

sequence. 795 

Overall, we developed an improved prediction tool (accessible at 796 

http://biocomp.chem.uw.edu.pl/A3D/) that should allow to re-design solubility through 797 

protein engineering without impacting the native structure, stability of the target protein. 798 

Despite the functionality of the re-designed human antibody should be still confirmed, with 799 

an increasing number of protein-based therapeutics under development63, this algorithm 800 

might become a powerful tool to assist the design of well folded and soluble versions of 801 

these drugs and might compete or at least complement experimental screening efforts.   802 

 803 

 804 

 805 
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