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Community-wide experimental evaluation of the PROSS stability-design method

Recent years have seen dramatic improvement in protein-design methodology.

Nevertheless, most methods demand expert intervention, limiting their widespread adoption. One exception is the PROSS algorithm for improving protein stability and heterologous expression levels that has been applied to a range of challenging enzymes, receptor binding proteins and vaccine immunogens. Here, we benchmark the application of PROSS as a stand-alone tool for protein scientists with no significant experience in modeling. Twelve laboratories from the Protein Production and Purification Partnership in Europe (P4EU) professional network independently challenged the PROSS algorithm with fourteen unrelated targets without support from the PROSS developers. Up to six automatically generated designs were evaluated in each case for expression, stability, and, in some cases, protein function.

In eleven cases, the designs exhibited increased heterologous expression levels and/or thermal stability relative to the parental protein. In two prime examples, the human Stem Cell Factor (hSCF) and human Cadherin-Like Domain (CLD12) from the RET receptor, the wild type proteins were not expressible as soluble proteins in E. coli, yet the PROSS designs exhibited high expression levels in E. coli and HEK293 cells and showed improved thermal stability. This study demonstrates the strengths of community-wide efforts to probe the generality of new methods and recommends areas for future research to advance practically useful algorithms for protein science.

Introduction

The production of recombinant proteins in heterologous systems has become a routine practice [1,2]. A wide range of approaches has been developed to improve heterologous protein expression, including the development of prokaryotic and eukaryotic expression strains, co-expression with chaperones, fusion to solubility tags, and adjustment of the target protein's DNA coding sequence to the host's codon usage [START_REF] Gräslund | Protein production and purification[END_REF][START_REF] Marco | Chaperone-based procedure to increase yields of soluble recombinant proteins produced in E. coli[END_REF][START_REF] Berrow | Others, Recombinant protein expression and solubility screening in Escherichia coli: a comparative study[END_REF][START_REF] Peleg | Application of high-throughput methodologies to the expression of recombinant proteins in E. coli[END_REF][START_REF] Peleg | Resolving bottlenecks for recombinant protein expression in E. coli[END_REF][START_REF] Busso | Expression of protein complexes using multiple Escherichia coli protein co-expression systems: a benchmarking study[END_REF]. Despite these important developments, however, many proteins remain difficult to express due to their intrinsically low stability, resulting in insolubility, misfolding, aggregation and degradation. In such cases, the above strategies may result in insufficient protein expression levels or half-life [8].

Computational protein design is an exciting field that holds the promise of revolutionizing protein engineering. Specifically, design methods may provide a universal route to optimize protein expression levels and stability, thus streamlining research and applications. The design of large proteins with complex folds is still a formidable challenge though and typical workflows for designing new or improved variants of natural proteins rely on visual inspection of structures to guide mutational analysis [START_REF] Crank | VRC 317 Study Team, A proof of concept for structure-based vaccine design targeting RSV in humans[END_REF][START_REF] Tournier | An engineered PET depolymerase to break down and recycle plastic bottles[END_REF][START_REF] Wijma | Computationally designed libraries for rapid enzyme stabilization[END_REF], as well as on laborious cycles of genetic randomization and selection [START_REF] Zhao | Directed evolution converts subtilisin E into a functional equivalent of thermitase[END_REF]. Indeed, the long-standing difficulties in optimizing protein stability using purely automated methods has even led to a general pessimism that large proteins are too complex for computational methods to reliably improve [START_REF] Zhao | Directed evolution converts subtilisin E into a functional equivalent of thermitase[END_REF][START_REF] Baker | What has de novo protein design taught us about protein folding and biophysics?[END_REF]. These difficulties were usually ascribed to the low accuracy of the energy calculations [START_REF] Baker | What has de novo protein design taught us about protein folding and biophysics?[END_REF], tradeoffs between stability and activity [START_REF] Shoichet | A relationship between protein stability and protein function[END_REF] and potential misfolding due to the designed mutations [START_REF] Fleishman | Role of the biomolecular energy gap in protein design, structure, and evolution[END_REF].

To address this shortcoming of protein-design methodology, we recently developed and validated the PROSS design method [16]. PROSS combines phylogenetic analysis with Rosetta atomistic design calculations based on experimentally determined protein structures [START_REF] Goldenzweig | Automated Structure-and Sequence-Based Design of Proteins for High Bacterial Expression and Stability[END_REF][START_REF] Goldsmith | Overcoming an optimization plateau in the directed evolution of highly efficient nerve agent bioscavengers[END_REF] or homology models [START_REF] Zahradník | Flexible regions govern promiscuous binding of IL-24 to receptors IL-20R1 and IL-22R1[END_REF]. PROSS applies a two-step filtering approach: first eliminating mutations that are rare among homologs; and second, by eliminating mutations that are predicted to destabilize the native state according to Rosetta atomistic calculations. This two-step filtering defines a drastically reduced sequence space (compared to the theoretical sequence space of a large protein) which is moreover expected to comprise few mutations that impair stability or activity owing to natural selection. In the last step, PROSS combinatorially designs several multipoint variants within the filtered sequence space to optimize the native-state energy, each variant encoding up to 10% mutations relative to the parental protein (in some cases, >50 mutations compared to the parent). PROSS has shown some remarkable cases of success in improving heterologous expression levels; for instance, in several large enzymes (300-1,000 amino acids) [START_REF] Goldenzweig | Automated Structure-and Sequence-Based Design of Proteins for High Bacterial Expression and Stability[END_REF][START_REF] Goldsmith | Overcoming an optimization plateau in the directed evolution of highly efficient nerve agent bioscavengers[END_REF][START_REF] Brazzolotto | Bacterial Expression of Human Butyrylcholinesterase as a Tool for Nerve Agent Bioscavengers Development[END_REF][START_REF] Hettiaratchi | of chondroitinase ABC improves efficacy and stability[END_REF] and malaria and HIV vaccine immunogens [21,22]. PROSS variants exhibited large gains in thermal stability of 15-20℃ and orders of magnitude of improvement in heterologous expression levels while maintaining wild type activity levels. To enable its widespread adoption, PROSS was implemented as an online server (http://pross.weizmann.ac.il/) that has attracted >1,500 academic users so far and led to several publications from other groups that demonstrated substantially stabilized protein variants [START_REF] Brazzolotto | Bacterial Expression of Human Butyrylcholinesterase as a Tool for Nerve Agent Bioscavengers Development[END_REF][START_REF] Hettiaratchi | of chondroitinase ABC improves efficacy and stability[END_REF][START_REF] Lambert | Optimization of Protein Thermostability and Exploitation of Recognition Behavior to Engineer Altered Protein-DNA Recognition[END_REF][START_REF] Georgoulia | Deciphering the molecular mechanism of FLT3 resistance mutations[END_REF][START_REF] Buldun | SnoopLigase Catalyzes Peptide-Peptide Locking and Enables Solid-Phase Conjugate Isolation[END_REF]. Though these results are encouraging, they do not represent a systematic analysis of PROSS's scope, and it is likely that experiments that indicated small improvements or a deterioration in stability following design would typically not be published.

To probe PROSS's generality, we launched a community effort by 12 laboratories (Table 1) that are part of the Protein Production and Purification Partnership in Europe (P4EU) professional network (https://p4eu.org). Each lab selected 1-4 protein target(s) for protein expression for a total of 14 different targets across the benchmark. The PROSS designs were initially tested for soluble expression in E. coli, and successful designs were further analyzed for their thermal stability and activity levels. In several cases, the variants were also expressed in eukaryotic hosts, thus providing, to the best of our knowledge, a benchmark of unprecedented breadth and depth for the reliability of a protein-design method. To make the study as representative as possible of a real-world scenario, the PROSS developers (AG and SJF) were only involved in the analysis of the results and not in the choice of targets or in any of the computational design steps, unless technical errors arose.

Materials and Methods

Target proteins

Some of the proteins selected for the benchmark (Table 1) are difficult to express as soluble proteins in an E. coli host (HSD17B1, RET(CLD12), Klk6, hSCF, CDK7, UAF-1, Munc18c and Trypsin). The remaining proteins (Vps26A, PTPN3, Munc18a, hLIF, TPH1 and HER2-Nb) can be expressed as soluble proteins in E. coli and were selected to assess whether improvements in protein stability and/or in expression levels can be achieved. 

A synthetic library of humanized VHHs

A model generated by SWISS-MODEL

a The PDB entry for each target was used for PROSS stability calculations, except for HER2-Nb for which a model was generated.

PROSS stability design

Experimental or model structures of the protein targets were submitted to the PROSS web server (http://pross.weizmann.ac.il/) using the default settings. In all cases, positions proximal to ligands or active sites were specified by the users to be excluded from the design process to retain the protein's molecular activity (Supplement). Each group selected 1-6 PROSS designs for experimental analysis.

All the experimentally tested protein sequences (the parent and the PROSS designs) are listed in the Supplement.

Construct design

For the purposes of standardization, for each target expressed in E. coli, the genes encoding the wild type and the PROSS designs were codon optimized for E. coli expression by each group. DNA synthesis of most genes was performed by TWIST Bioscience (unless otherwise specified in the Supplement). Each group used its own preferred cloning approach and expression vectors. In order to have a uniform assay for high-throughput screening, all constructs, apart from the Trypsin constructs using the arabinose system, were based on a T7 promoter-operator system for transcriptional regulation. Additionally, in order to streamline and facilitate the purification process, all targets were fused to a hexahistidine tag (at the N-or Cterminus), apart from the Trypsin and hSCF constructs, which harbor a deca-and tetradeca-histidine tag at the N-terminus, respectively. Several targets contain, in addition to the histidine tag, a solubility-enhancing tag such as Sumo, GST, MBP and Trx (details are provided in the Supplement, as well as the target-specific cloning strategy).

High-throughput expression screen

Parallel high-throughput expression screens were performed for most of the PROSS designs and wild type proteins submitted by the individual groups (total of 37 constructs) following a standardized protocol [26] at AFMB, CNRS, Marseille to evaluate whether the PROSS designs would exhibit improved soluble expression compared to the wild type under different culturing conditions. Each plasmid (except for the Trypsin expression plasmids, see description below) was transformed into three E. coli strains: T7 Express (NEB), supplemented with the pLysSRARE plasmid extracted from Rosetta(DE3)pLysS (Novagen); Rosetta(DE3)pLysS (Novagen), and BL21(DE3)pLysS (Novagen) and grown in three different media. The protein soluble yields of all the constructs were determined after purification from the nine culture conditions generated per construct. Trypsin expression was performed in E. coli strain MC1061 [START_REF] Bjerga | A rapid solubilityoptimized screening procedure for recombinant subtilisins in E. coli[END_REF]. Cells were grown for 2 hours at 37 o C in 2 ml TB and LB medium in 24well plates, induced with 0.5 mM IPTG (and, in the case of Trypsin, with 0.1% Larabinose) then the sample was cooled to 17°C and cultures were grown overnight (approximately 24h of cultures in total). Cells were harvested and frozen in the lysis buffer. Expression was also assessed (except for Trypsin) in NZYTech auto-induction media (NZYTech, Lisbon, Portugal) in the same conditions (2 hours at 37°C followed by overnight culture at 17°C, harvest and freezing in lysis buffer). After thawing the pellets, cells were processed and analyzed as previously described [START_REF] Saez | High throughput quantitative expression screening and purification applied to recombinant disulfide-rich venom proteins produced in E. coli[END_REF]. The level of soluble protein in the elution fractions of the Nickel 96 purifications were quantified using a labchip GXII system (Perkin Elmer).

Protein expression, purification and analysis

Each group selected its preferred expression strain(s) and cultivation conditions.

Protein purification and subsequent analysis (stability and activity) were performed as described for each target in the Supplement.

Results

Target proteins selected for the benchmark

The 14 targets in this benchmark are mostly of eukaryotic origin, with the exception of a microbial Trypsin (Table 1). This reflects the general observation that eukaryotic proteins are more challenging for heterologous production and therefore of greater interest for stability design. Targets were selected due to known difficulties in expression in E. coli hosts, as well as to enhance the expression and stability of expressible proteins (details in Supplement). The targets include a number of different enzymes, such as HSD17B1, which is responsible for the conversion of estrone to estradiol and is thus implicated in estrogen-dependent cancers [28]; PTPN3/PTPH1, which specifically dephosphorylates the epidermal growth factor substrate 15 [START_REF] Li | Protein tyrosine phosphatase PTPN3 inhibits lung cancer cell proliferation and migration by promoting EGFR endocytic degradation[END_REF] and mitogen-activated protein kinase 12 [START_REF] Chen | Reciprocal allosteric regulation of p38γ and PTPN3 involves a PDZ domain-modulated complex formation[END_REF]; TPH1 which catalyzes the initial step in the biosynthesis of the neurotransmitter serotonin [START_REF] Swami | Updates on the biology of serotonin and tryptophan hydroxylase[END_REF]; bacterial Trypsin which is part of a commercial mixture of proteases (Pronase ® ) used for protein hydrolysis in research applications, and human Klk6, a serine protease which may play a role in Alzheimer's disease [START_REF] Prassas | Unleashing the therapeutic potential of human kallikrein-related serine proteases[END_REF]. We also selected two cytokines: hLIF which maintains cells in an undifferentiated state and hSCF which plays a role in the formation of blood and germ cells. hSCF is manufactured by Amgen (under the trade name STEMGEN ® ) for use in combination with NEUPOGEN ® for certain cancer patients undergoing transplantation [START_REF] Chin-Yee | Optimising parameters for peripheral blood leukapheresis after r-metHuG-CSF (filgrastim) and r-metHuSCF (ancestim) in patients with multiple myeloma: a temporal analysis of CD34(+) absolute counts and subsets[END_REF][START_REF] Johnsen | Priming with r-metHuSCF and filgrastim or chemotherapy and filgrastim in patients with malignant lymphomas: a randomized phase II pilot study of mobilization and engraftment[END_REF]. Proteins involved in the formation of large protein complexes were also selected, such as UAF1, which is part of the deubiquitinating enzyme heterodimeric complex USP1-UAF1 [START_REF] Yu | USP1-UAF1 deubiquitinase complex stabilizes TBK1 and enhances antiviral responses[END_REF]; The Cyclin Dependent Kinase 7 (CDK7), a subunit of the transcription/DNA repair factor TFIIH [START_REF] Kolesnikova | TFIIH: A multi-subunit complex at the crossroads of transcription and DNA repair[END_REF], is both an effector kinase which phosphorylates both RNA Polymerase II and other transcription factors and a Cdk Activating Kinase (CAK) for essential CDKs [START_REF] Fisher | Cdk7: a kinase at the core of transcription and in the crosshairs of cancer drug discovery[END_REF]; VPS26A, which is a subunit of the core 'Retromer' complex that mediates endosomal protein sorting and trafficking [START_REF] Norwood | Assembly and solution structure of the core retromer protein complex[END_REF]; and Munc18a and Munc18c which regulate SNARE-complexes that mediate vesicle fusion [START_REF] Archbold | SNARE-ing the structures of Sec1/Munc18 proteins[END_REF]. We also targeted the CLD12 fragment of the RET receptor tyrosine kinase, which comprises two extracellular cadherin-like domains. Interestingly, the folding of the extracellular domain of RET is sensitive to mutations in Hirschsprung's disease [START_REF] Jiang | RET somatic mutations are underrecognized in Hirschsprung disease[END_REF][START_REF] Tomuschat | RET gene is a major risk factor for Hirschsprung's disease: a meta-analysis[END_REF], which causes protein misfolding and retention of the receptor in the endoplasmic reticulum.

Finally, a nanobody targeting HER2 (HER2-Nb) [START_REF] Djender | Bacterial cytoplasm as an effective cell compartment for producing functional VHH-based affinity reagents and Camelidae IgG-like recombinant antibodies[END_REF] was submitted to PROSS. Since there was no available structure of the HER2-Nb, the sequence was first submitted to SWISS-model to generate a model structure [43]. In a first submission (1st), the multiple sequence alignment was generated by PROSS (as recommended for most targets). However, PROSS mutated several positions known to distinguish camelid from conventional antibodies to the amino acid identities that characterize conventional antibodies due to the very high prevalence of conventional antibodies in public sequence databases. To avoid the bias toward conventional antibodies, HER2-Nb was submitted to PROSS again (2nd) using a custom-made alignment containing only camelid antibody sequences. The 14 proteins tested in the benchmark vary in size, with lengths ranging from 122 (HER2-Nb) to 594 (Munc18a) amino acids. The proteins belong to diverse folds as indicated by the CATH database (https://www.cathdb.info) with six proteins classified as mainly β (Fig. 1, first row and HER2-Nb and RET(CLD12)), two as mainly α (hLIF and hSCF) and the remaining as either α+β or α/β. Two targets are dimeric (hSCF and HSD17B1). The diversity in size, fold and oligomeric state of the target set provide an unprecedented variety for benchmarking a protein-design method. 

Orders of magnitude increase in soluble expression in HTP screening

To obtain a uniform and quantitative analysis of protein expression across most of the tested designs, we performed a high-throughput protein solubility screen in E. coli under standardized experimental conditions. Expression was tested in three E. coli strains and three types of medium (Materials and Methods). Out of 14 targets, 10 were analyzed by HTP screening for soluble expression in E. coli (Table 2). We observed soluble expression for four of these ten (hLIF, HSD17B1, hSCF and TPH1), enabling quantification of expression levels for the wild type protein and/or at least one of the PROSS variants (Table 2 and Fig. 2). For TPH1, the most significant expression level was detected only in T7 Express (NEB) cells using TB medium, likely due to the requirement of sufficient iron supplementation. D1 variant exhibited comparable expression to the wild type, whereas two other designs exhibited slightly reduced expression (Table 2, Fig. 2 and Supplement). By contrast, for hLIF, hSCF and HSD17B1, a marked increase in the solubility of at least one PROSS design compared to the wild type protein was observed (Table 2, Fig. 2 and Supplement).

For hLIF and hSCF up to 78-and 112-fold increases in soluble expression levels were observed, respectively (corresponding to high yields of approximately 50 mg/L for both, Fig. 2). Remarkably, for HSD17B1, no soluble expression was observed for both versions of the wild type protein (both codon-optimized and wild-type DNA sequences were tested in this case), while a high level of 36.8 mg/L soluble protein was detected for the single PROSS variant tested (Table 2, Fig. 2 and Supplement). The other targets tested in HTP screening (Table 2; CDK7, RET(CLD12), UAF1, Trypsin, Klk6 and HER2-Nb-1st) showed no soluble E. coli expression for the wild type protein and the PROSS designs under all tested conditions (Table 2). We noted that the HTP solubility screen gave the best results for the E. coli strain T7 Express grown in TB or LB medium (Fig. 2), while under all other conditions expression was considerably lower and often below detection levels (Fig. 2). Thus, HTP screening showed three targets with orders of magnitude improvement in E. coli soluble expression, another exhibited no change, and six exhibited no expression in either the wild type or the PROSS designs.

Low-throughput screening

Table 2 summarizes the results of low-throughput testing of the 14 benchmark targets. Notably, low-throughput expression compares favorably to the HTP expression above, as 12 of the 14 target proteins could be solubly expressed (wild type and/or PROSS designs; Table 2), compared to only four in HTP (Fig. 2 and Table 2). Still, the patterns observed in HTP screening for the four targets which were soluble in HTP screening (TPH1, hLIF, HSD17B1 and hSCF) were similar in low-throughput experiments (Table 2). For four targets for which no soluble expression was detected in the HTP screening (KlK6, UAF1, Trypsin and HER2-Nb), soluble expression was observed in low-throughput experiments through the use of optimized experimental conditions (alternative E. coli strains or the use of solubilization tags) that were not tested in the HTP screening (Table 2). For instance, Klk6 expression in the E. coli SHuffle T7 Express strain yielded high soluble expression of two PROSS variants relative to no detectable expression of wild-type KIk6. Similarly, the T7 promoter-driven expression of Trypsin as a genetic fusion to disulfide-bond isomerase C (DsbC) in the SHuffle T7 Express strain led to soluble expression, and UAF1 expression in BL21-Codon-Plus(DE3)-RP cells with His-TRX and His-GST fusions yielded detectable expression levels of both the wild type and PROSS designs relative to no detectable expression for any construct in the HTP screening. The HER2-Nb, which showed no soluble expression in the HTP screen, showed soluble expression in BL21(DE3) co-transformed with sulfhydryl oxidase (Table 2 and Supplement). It should be noted that the HER2-Nb designs from the first submission showed less soluble expression than the wild type nanobody (Table 2, HER2-Nb, 1st), while the designs from the second submission exhibited similar yields to the wild type protein (Table 2, HER2-Nb, 2nd). Four targets that were not tested in the HTP screen (PTPN3, Munc18a, Munc18c and Vps26A) all showed significantly higher expression levels (of up to 10-fold) for several PROSS variants relative to wild type expression levels (Table 2). We note that in the HTP screen, the expression of hSCF fused to His-Sumo was monitored whereas an additional step of cleaving the fusion target was performed during the low-throughput expression study (Table 1 and Supplement), resulting in no soluble expression of the wild type protein and high solubility for design D2 (Figs. 2). CDK7 can be expressed at mg scale in baculovirus-infected insect cells [44,45] but none of the tested PROSS variants (D1, D2 and D3) yielded soluble protein in E. coli (Supplement, CDK7, Fig. 1, lanes 3 to 8). In conclusion, only two targets, RET(CLD12) and CDK7, showed no soluble expression in E. coli for both wild type and PROSS designs under all tested conditions by the individual groups (Table 2).

Taken together, the high-throughput expression screening and the efforts by the individual groups provide a compelling demonstration that both approaches are complementary. PROSS improved expression levels in the vast majority of the cases, although PROSS does not necessarily enable a "one-size-fits-all" experimental protocol. Rather, the use of specialized expression vectors, strains, and fusion constructs is, in most cases, still required to achieve high expression levels. It is also worth noting that despite the promising initial results of the abovementioned targets achieved by the individual groups, for four targets, UAF1, HER2-Nb, CDK7 and Trypsin, low expression levels and/or inconsistency in the expression results, prevented further work on the designs.

The initial scope of the benchmarking was to explore how PROSS design affects protein expression in E. coli. However, several participants further probed the expression of PROSS designs in eukaryotic systems. For HSD17B1, the single PROSS variant could be expressed solubly in E. coli, yielding 19 mg/L relative to no detectable wild type expression (Table 2 and Supplement). In an attempt to obtain even higher expression levels, the wild type HSD17B1 and the single PROSS design were expressed in HEK293 cells. Intracellular expression of the wild type protein in transiently and stably transfected HEK293 cells yielded about 2 and 7 mg/L protein, respectively. Expression of the HSD17B1 PROSS design in transiently transfected HEK293 cells resulted in 10-fold yield improvement reaching 27 mg/L. For RET(CLD12), secreted expression was demonstrated in transiently transfected HEK293 cells (Table 2 and Supplement), with an approximately 10-fold increase in the secreted expression levels for PROSS design D1 compared to the RET(CLD12) wild type construct (Table 2 and Supplement). Increased expression levels were also observed for the two additional PROSS designs D2 and D3. Thus, for two target proteins for which PROSS designs failed to improve expression in bacterial cells, it nevertheless resulted in substantial increases in eukaryotic expression yields. The number of PROSS variants that were experimentally tested and the number of mutations incorporated per variant (D1, D2, etc.). Protein sequence and mutation sites are provided in the Supplement. A few protein variants for which expression levels were low in the initial screening test (Table 2) have not been used for further purification and characterization.

b

The number of amino acids for each protein is indicated. In the case of hSCF, since the wild type failed to express as a soluble protein we used a commercially available protein with a length of 165 amino acids. For further details refer to footnotes in Tables 2 and3 and Supplement. c High-throughput screening in three E. coli strains in three media.

The individual lab assays were performed in E. coli unless stated otherwise.

e ND-Not determined.

f Each of the RET(CLD12) PROSS-variants tested harbors some additional mutations, C87R, C216S, N98Q and N199Q. These changes include 2 cysteine mutations and 2 mutations of N-linked glycosylation sites. The RET(CLD12) variant harboring these 4 changes has been expressed in CHO cells and used for structure determination (PDB 2X2U) (or details see RET(CLD12) in Supplement).

g For each of the Klk6 PROSS-variants tested, an additional variant harboring 2 extra mutations (R78G and R80Q) was tested as well. These mutations have been incorporated to prevent auto-proteolysis (for details see Klk6 in Supplement).

h For hSCF D3 variant several PROSS-suggested changes have been removed (see hSCF in Supplement). i A HER2-Nb model generated by SWISS-model was submitted to PROSS twice, in each case using a different multiple sequence alignment as input. In the first submission (1st) the alignment was generated by PROSS with default parameters as recommended for most targets. In the second run (2nd) a custom-made alignment containing only antibody sequences from the Camelidae family (i.e., VHHs) was generated and submitted as input.

Increased thermal stability in 9 out of 10 targets.

For the nine targets in which PROSS designs exhibited increased or similar expression levels compared to the wild type protein, we also tested the relative thermal stability of the newly designed proteins. Remarkably, for nine of these proteins, an increase in the thermal stability was observed for at least one PROSS design compared to the wild type protein (Table 3). The increases in thermal stability compared to the wild type protein varied from 1 o C (for Munc18c_D1) to as much as 27 o C (for PTPN3_D4). When several PROSS designs of a single target were tested, a correlation between the number of mutations and the stability was found in six cases (Vps26A, Munc18c, Munc18a, hLIF, RET(CLD12) and TPH1) (Table 3). This result suggests an additive and positive relationship between the number of designed mutations and stability gain that has not been demonstrated previously for PROSS designs. However, there are exceptions to this correlation, and in PTPN3, the design with the most mutations (D5 with 24 mutations) resulted in a slight decrease in the thermal stability (of 2 o C) compared to the PROSS design D4 with 17 mutations (Table 3). For hSCF and HSD17B1 for which a single PROSS design was tested, an increase in thermal stability of 19.5 o C and 18 o C compared to the wild type protein was observed, respectively (Table 3). Only in a single case (Klk6), a decrease in the thermal stability was observed for the two PROSS variants tested compared to the wild type protein (Table 3). It is notable that Klk6 is a very challenging protein for design since it comprises six disulfide bonds. 

Conservation of biological activity

Eight out of the 14 proteins tested in the benchmark were further analyzed for their functional activity. For 6 out of the 8 proteins tested, similar or improved activity was observed for at least one of the PROSS variants compared to the wild type activity (Table 4). Improved enzymatic activity was detected for all variants of PTPN3 and a single variant of TPH1 (Table 4). Activity levels were also maintained for the hSCF, HSD17B1, Munc18a and Munc18c proteins (Table 4). Qualitative activity data for hLIF on inhibition of embryonic stem cells differentiation indicated similar activity for the wild type and the two designs (for details see hLIF in Supplement). By contrast, in line with the results reported above that Klk6 was recalcitrant to design, reduced activity was observed for both PROSS variants of this protein (Table 4). Details on the activity assays are described in the Supplementary section. Few protein variants for which expression levels were low (CDK7, UAF1, Trypsin and HER2-Nb) in the initial screening test (Table 2) have not been used for further purification and characterization. In addition, for two proteins, RET(CLD12) and Vps26A, for which purification and stability measurements were conducted (Table 3) no activity assays were performed. TPH1 activity in RFU/s, relative fluorescence units per second. hLIF activity is not presented in Table 4 since the data are qualitative (for details see hLIF in Supplement).

Klk6 PROSS-variants tested for activity harbor two extra mutations (R78G and R80Q), which have been incorporated to prevent auto-proteolysis. & It should be noted that comparison of activity was not always performed against wild type protein purified from E. coli because some of the wild type proteins failed to express in E. coli Therefore, wild type HSD17B1 and Klk6 were expressed in HEK293 and insect cells, respectively. In addition, wild type hLIF exhibited only low levels of expression in E. coli. Therefore, for comparison of activity we used a GST-hLIF protein. Another example is the hSCF for which no soluble expression in E. coli was detected for the native wild type protein which represents the 141 residues receptor binding core and for which the protein structure was determined (Table 2 and Supplement). Therefore, activity was performed in comparison to a commercial wild type protein, consisting of 165 residues, which is a soluble form of hSCF obtained following refolding of inclusion bodies.

Discussion

The marginal stability of many proteins is perhaps the most general problem that obstructs the application of proteins in basic and applied research [START_REF] Goldenzweig | Principles of Protein Stability and Their Application in Computational Design[END_REF]. This problem has attracted intensive research over several decades resulting in a wide range of computational and experimental methods to address it [START_REF] Magliery | Protein stability: computation, sequence statistics, and new experimental methods[END_REF]. PROSS is unique among those in providing a one-step, non-iterative design solution that can be applied to any protein for which a known structure [START_REF] Goldenzweig | Principles of Protein Stability and Their Application in Computational Design[END_REF] or high-quality model [START_REF] Zahradník | Flexible regions govern promiscuous binding of IL-24 to receptors IL-20R1 and IL-22R1[END_REF] is available.

PROSS designs were shown to improve thermal stability as well as functional expression yields in many cases without disrupting molecular activity [16,17,19,21- 23,47].

The current study provides the broadest and most in-depth experimental benchmark of a stability-design method. It provides several important bottom lines: (1) PROSS can be successfully implemented by protein scientists without background in protein design, and in general, improvement is observed from screening up to six designs;

(2) Achieving high levels of functional expression usually requires tailoring the expression protocol for the target protein, as only 30% (3 out of 10) of the tested targets exhibited improved expression relative to wild type in our standardized highthroughput screen (Table 2 and Fig. 1) compared to 64% (9 out of 14) for lowthroughput screening (Table 2); (3) in 90% (9 out of 10) of the cases tested, thermal stability increased by up to 27℃ relative to the parental protein (Table 3); (4) Our findings suggest an additive and positive relationship between the number of designed mutations and the stability gain (Table 3). ( 5) In 57% of the cases (8 out of 14 cases) in which no, or some, bacterial soluble expression was observed for the wild type protein, the PROSS designs improved the amount of protein produced; [START_REF] Peleg | Resolving bottlenecks for recombinant protein expression in E. coli[END_REF] In two cases in which no improvement in bacterial expression was noted in E. coli, a substantial improvement was observed in eukaryotic expression of the designs (up to 10-fold, compared to the parent protein); and (7) For 7 out 8 targets for which activity was monitored at least one of the tested designs was unperturbeddemonstrating that tradeoffs between stability and activity can often be averted (Table 4).

Our benchmarking exercise demonstrates that marginal protein stability can be addressed, in the majority of cases, through a one-step computational method.

Historically, it was argued that the molecular complexity of proteins, the tradeoffs between stability and activity [START_REF] Shoichet | A relationship between protein stability and protein function[END_REF][START_REF] Bershtein | Robustness-epistasis link shapes the fitness landscape of a randomly drifting protein[END_REF][START_REF] Meiering | Effect of active site residues in barnase on activity and stability[END_REF] and the low accuracy of protein-design calculations [START_REF] Baker | What has de novo protein design taught us about protein folding and biophysics?[END_REF] would preclude a general method that can be universally applied to stabilize proteins [START_REF] Zhao | Directed evolution converts subtilisin E into a functional equivalent of thermitase[END_REF]. The automated application of PROSS to very different proteins suggests that on the contrary, none of the arguments above is an insurmountable challenge to design methodology [START_REF] Weinstein | Practically useful protein-design methods combining phylogenetic and atomistic calculations[END_REF]. An important methodological improvement in PROSS relative to previous design methods lies in its combination of atomistic design calculations and evolutionary-conservation analysis; the former optimize the energy of the native state, while the latter mitigate the risk of introducing mutations that may lead to a decrease in activity or foldability [START_REF] Goldenzweig | Principles of Protein Stability and Their Application in Computational Design[END_REF][START_REF] Weinstein | Practically useful protein-design methods combining phylogenetic and atomistic calculations[END_REF][START_REF] Khersonsky | Why reinvent the wheel? Building new proteins based on ready-made parts[END_REF] as those are almost certain to have been purged by natural selection. Furthermore, we recently demonstrated that this combination of evolutionary-conservation analysis and atomistic design calculations can automatically address significant challenges in another persistent problem in protein science and engineering, namely in the design of enzymes [52,53] and binders [START_REF] Netzer | Ultrahigh specificity in a network of computationally designed proteininteraction pairs[END_REF][START_REF] Warszawski | Optimizing antibody affinity and stability by the automated design of the variable lightheavy chain interfaces[END_REF] that exhibit orders of magnitude improvement in their activity.

Previous community-wide efforts have highlighted important areas for improvement in protein-design methodology [START_REF] Fleishman | Community-wide assessment of protein-interface modeling suggests improvements to design methodology[END_REF][START_REF] Moretti | Community-wide evaluation of methods for predicting the effect of mutations on protein-protein interactions[END_REF]. The current benchmark demonstrates that stability design has matured to the point where a large fraction of challenging proteins can be optimized automatically. Nevertheless, our benchmark highlights areas that may require new methods, such as maintaining the molecular activity of proteins that harbor multiple disulfide bonds and methods to improve the automated selection of the most relevant homologous sequences in very large protein families.

Finally, we conclude that to bring forth the full benefits of PROSS design, one must consider the expression host, genetic construct, fusion partners and cell culture conditions.

Figure 1 .

 1 Figure 1. Structural classification of the proteins selected for the PROSS-benchmark. The 14 proteins tested in the benchmark are structurally classified using the CATH database (https://www.cathdb.info). According to CATH, 6 of the 14 proteins are classified as mainly β (all the proteins in the first row, HER2-Nb and RET(CLD12) in the second row), two are mainly α (hLIF and hSCF) and the other six are classified as either α+β or α/β. Two targets are dimeric (hSCF and HSD17B1, one of the monomers is shown in light blue). Munc18c and Munc18a belong to the same fold family and hence only Munc18c is shown.

Figure 2 .

 2 Figure 2. HTP expression of soluble targets in E. coli. Soluble expression levels of hLIF, HSD17B1, hSCF and TPH1, are presented in mg of proteins per liter of culture (mg/L). The different colors represent the expression conditions (combination of E. coli strain and medium): Yellow-BL21(DE3) pLysS in LB medium; purple-BL21(DE3) pLysS in TB medium; light orange-BL21(DE3) pLysS in NZ medium; light green-Rosetta(DE3) pLysS in LB medium; orange-Rosetta(DE3) pLysS in TB medium; red-Rosetta(DE3) pLysS in NZ medium; dark blue-T7 express in LB medium; light blue-T7 express in TB medium; green-T7 express in NZ medium.

Table 1 . Participating labs and their PROSS stability design targets Partner Protein

 1 

				Source organism	PDB entry a
		Full Name	Abbreviation		
		Vacuolar protein	Vps26A	zebrafish	6MD5
		sorting 26A			
	Institute for	Protein tyrosine	PTPN3	human	4QUM
	Molecular	phosphatase N3			
	Bioscience, The				
	University of	Munc18c /	Munc18c	mouse	3PUK
	Queensland (Brisbane)	Munc18-3			
		Munc18a/	Munc18a	rat	3C98
		Munc18-1			
	Vienna BioCenter	human Leukemia	hLIF	human	1PVH_B,
	Core Facilities	Inhibitory Factor			2Q7N_B
	(Vienna)				
	Department of	17-β-	HSD17B1	human	1FDV
	Biochemistry,	hydroxysteroid			
	Faculty of Science,	dehydrogenase 1			
	Charles University				
	(Prague)				
	Structural Biology	Cadherin-Like	RET(CLD12)	human	2X2U
	Science Technology	Domain (1-2) of			
	Platform, Francis	RET			

Trypsin Trypsin Streptomyces griseus 1OS8 Laboratory for environmental and life sciences, University of Nova Gorica (Nova Gorica) Single-domain camelid antibody (VHH) targeting HER2 HER2-Nanobody (HER2-Nb)

  

Table 2 . PROSS designs expression levels in E. coli HTP vs. low-throughput screening Target name Number of variants and mutations a Protein length b Expression levels in HTP screening c Expression levels in low-throughput screening d

 2 

	Vps26A	5 variants	319	ND e	Improved soluble expression using
		D1 -9			BL21(DE3) for all variants, primarily for
		D2-12			D1
		D3-14			
		D4-18			
		D5-21			
	PTPN3	5 variants	282	ND e	Expression of D1 variant similar to wild
		D1-5			type, D2, D3, D4, D5 up to 10-fold
		D2-8			increase
		D3-11			
		D4-17			
		D5-24			
	Munc18c	6 variants	592	ND e	~10 fold increase for variant D3
		D1-11			
		D2-14			
		D3-20			
		D4-28			
		D5-39			
		D6-47			
	Munc18a	2 variants	594	ND e	Similar levels of expression for the
		D1-19			PROSS variants as for wild type protein
		D2-35			
	hLIF	2 variants	180	Improved	Improved soluble expression for both
		D1-5		expression for	PROSS variants
				PROSS variants.	

ND e Similar expression levels to wild type a

  

Table 3 . Comparison of protein stability

 3 

	Protein		Protein stability (Tm, o C)* &		Range of change in Tm #
		Variants	Tm	# mutations	
	Vps26A	WT	64	0	8-19 o C ↑
		D1	72	9	
		D2	75	12	
		D3	77	14	
		D4	79	18	
		D5	83	21	
	PTPN3	WT	33	0	14-27 o C ↑
		D1	47	5	
		D2	51	8	
		D3	53	11	
		D4	60	17	
		D5	58	24	
	Munc18c	WT	47	0	1-10 o C ↑
		D1	48	11	
		D2	49	14	
		D3	51	20	
		D4	53	28	
		D5	56	39	
		D6	57	47	
	Munc18a	WT	46	0	20-22 o C ↑
		D1	66	19	
		D2	68	35	
	hLIF	WT	61.5	0	7-9 o C ↑
		D1	68.5	5	
		D2	70.5	12	
	HSD17B1	WT	51.8	0	18 o C ↑
		D1	69.8	15	
	RET(CLD12)	WT	48	0	16.1-20.8 o C ↑
		D1	64.1	5	
		D2	66.3	8	
		D3	68.8	18	
	Klk6	WT	75.1	0	3.7-13.7 o C ↓
		D1	61.4	6	
		D3	71.4	16	

Table 2 )

 2 have not been further purified and characterized.& It should be noted that comparison of stability was not always performed against wild type protein purified from E. coli because some of the wild type proteins failed to express in E. coli (wild type HSD17B1 and Klk6 were expressed in HEK293 and insect cells, respectively). In addition, wild type hLIF exhibited only low levels of expression in E. coli. Therefore, for comparison of stability we used a GST-hLIF protein. Another example is the hSCF for which no soluble expression in E. coli was detected for the native wild type protein which represents the 141 residues receptor binding core and for which the protein structure was determined (Table2and Supplement). Therefore, stability was performed in comparison to a commercial wild type protein, consisting of 165 residues, which is a soluble form of hSCF obtained following refolding of inclusion bodies. Klk6 PROSS-variants tested for stability harbour two extra mutations (R78G and R80Q), which have been incorporated to prevent auto-proteolysis. Tm of PROSS variants compared to the wild type protein is indicated by an upward arrow and decrease in Tm by a downward arrow.

#

Increase in

Table 4 . Protein activity
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	Protein	Activity assay	Activity #,&	Remarks
	PTPN3	Phosphatase	WT-0.02 μmol/min/μM	Higher specific activity for all
		assay	D1-0.076 μmol/min/μM	PROSS variants
			D2-0.087 μmol/min/μM	
			D3-0088 μmol/min/μM	
			D4-0.066 μmol/min/μM	
			D5-0.082 μmol/min/μM	
	Munc18c	Binding assay WT-1.5 μM	Similar binding as for wild type
			D3-2.5 μM	
	Munc18a	Binding assay WT-5.8 nM	Activity of PROSS variants is
			D1-10 nM	maintained
			D2-7.4 nM	
	HSD17B1	Oxidation of	WT-1.52 mmol/min/mg	
		estradiol	D1-1	

.28 mmol/min/mg Wild type produced in HEK293 and PROSS variant (15 mut) in E. coli Klk6 Hydrolysis assay for serine protease WT-15.9 u/sec/mM D1-7 u/sec/mM D3-2.7 u/sec/mM Reduced activity for both PROSS variants. Wild type produced in insect cells, PROSS variants in E. coli hSCF Cell proliferation WT-EC50-0.27nM D2-EC50-0.37nM Similar activity for the wild type and D2 PROSS variant TPH1 Formation of 5-Hydroxy- tryptophan WT-8.88 RFU/s D1-9.98 RFU/s D2-0.86 RFU/s D3-2.93 RFU/s A single variant D1 (5 mut) has higher activity and two additional variants (D2 and D3) have lower activity than wild type #
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