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Abstract

Many natural and designed proteins are only marginally stable limiting their usefulness in 

research and applications. Recently, we described an automated structure and sequence-based 

design method, called PROSS, for optimizing protein stability and heterologous expression levels 

that has since been validated on dozens of proteins. Here, we introduce improvements to the 

method, workflow and presentation, including more accurate sequence analysis, error handling 

and automated analysis of the quality of the sequence alignment that is used in design calculations. 

PROSS2 is freely available for academic use at https://pross.weizmann.ac.il.

Introduction

The marginal stability of many natural and engineered proteins is a major bottleneck 

in using proteins in basic and applied research (Goldenzweig and Fleishman, 2018). 

In many cases, proteins require specific hosts to enable their functional expression and 

they may exhibit low production yields and low tolerance to heat or other insults, 

complicating experimental protocols and raising production costs. A variety of experimental, 

semi-rational, and computational approaches have been developed to identify mutants that 

improve protein stability, but these typically require iterative and laborious experimental 

screening (Romero and Arnold, 2009; Magliery, 2015).

To address this general problem, we recently described an automated sequence and 

structure-based design method, called PROSS, which optimizes the energy of the native 

state subject to constraints that are inferred from a multiple sequence alignment of homologs 

(Goldenzweig et al., 2016). PROSS has enabled us and many other labs to dramatically 

improve protein stability and heterologous expression levels including in proteins that defied 

state-of-the-art experimental and computational optimization methods, such as large human 

enzymes, potential therapeutics and vaccine immunogens from HIV and malaria (Georgoulia 

et al., 2020; Lambert et al., 2020; Malladi et al., 2020; Tullman et al., 2020; Warszawski et 
al., 2020; Trudeau et al., 2018; Campeotto et al., 2017; Goldsmith et al., 2017; Brazzolotto 

et al., 2017).

Methods

Based on the constructive feedback of many users, we now present improvements to the 

method’s workflow, output, and presentation:
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(1) Disabling design in active-site positions. Previously, we identified interacting positions 

by their distance from the ligand, without taking into account the positions’ orientation. This 

simplification led to the undesirable restriction of large segments of the protein, particularly 

in small proteins. Now, positions are selected according to their distance from the ligand (8 

and 5 Å for small molecules and protein chains, respectively) and their directionality (the 

ligand must be within 90° of the position’s Cα-Cβ vector), allowing more positions to be 

designed. (2) The original PROSS method suggested seven designs, typically comprising 

an increasing number of mutations relative to one another. We have found that some 

use-cases require a smaller number of mutations and others a larger one. PROSS2 adds 

two additional designs, one more conservative and one more permissive than those provided 

previously. (3) PROSS2 enables two all-atom Rosetta energy functions, talaris (O’Meara et 
al., 2015), which was used in the previous server, and the newer Rosetta energy function 

2015 (ref2015) (Park et al., 2016). Both energy functions are dominated by van der Waals 

interactions, solvation and electrostatics, and the latter improves the treatment of solvation 

and electrostatic interactions. (4) In the original PROSS algorithm, the sequence alignment 

in loop regions excluded sequences that exhibited insertions or deletions (indels) relative to 

the query as indels may alter the local backbone structure (Netzer et al., 2018). We now 

segment all secondary structure elements in the query and eliminate from the alignment 

sequences that exhibit indels relative to the query in loops, α helices, or β sheets. (5) Based 

on typical user queries and errors, the PROSS2 web interface provides detailed warnings 

and error messages, including possible solutions. (6) The new results page provides detailed 

information on the sequence analysis, including a table of all of the designed mutations, 

a sequence viewer denoting the amino acid identities at each position, and the depth of 

the sequence alignment that underlies the analysis (Figure 1). The designed-mutations table 

provides a detailed view for comparing designs. The results page includes warnings based 

on the depth and coverage of the multiple sequence alignment relative to the query, flagging 

designed mutations that may require close user inspection. A help page for the results can be 

found at https://pross.weizmann.ac.il/pross-results/. (7) PROSS2 uses the NGL viewer (Rose 

et al., 2016; Rose and Hildebrand, 2015) to present the designs and enables the rendering 

even of large proteins. (8) The downloadable results now include the files needed to run the 

last step of Rosetta combinatorial design on the user’s local computer to provide manual 

control over this step.
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Figure 1. Features from the PROSS2 results page.
(a) A tabular summary of designs. (b) An interactive NGL rendering of the designed 

mutations (green sticks and balls) relative to the query (gray). (c) Histograms depicting 

the quality of the multiple sequence alignment according to their sequence diversity and 

coverage relative to the query sequence. (d) Sequence view comparing all designs to the 

query. (e) Part of a table reporting the identities at all mutated positions across the designs.
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