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ABSTRACT

This dissertation focuses on quantifying protein folding stability determinants and

presenting initial experiments that can guide the development of a novel assay that

identifies cell-penetrating miniproteins.

First, despite over a century of scholarship on protein folding stability, applying

this knowledge to design proteins computationally remains limited. Usually, protein

designers generate many protein structures, ranging from dozens to thousands, but

only a fraction of them will successfully express in E. coli and remain soluble in solution.

This suggests that we still lack a fuller understanding of the determinants of protein

folding stability and incorporating this knowledge into the protein design process.

Addressing this challenge could increase the success rate in designing stable proteins

for various therapeutic and biomedical applications, such as creating new binders and

biosensors.

To better understand the determinants of protein folding stability, I used a

miniprotein (ɑββɑ topology, 43-residues) that was previously difficult to design as a

model system. By combining computational protein design, high-throughput

experimentation, and machine learning, I designed stable ɑββɑ miniproteins with

greater success than in previous work. Then, I quantified how individual biophysical

forces uniquely contribute to folding stability and propose a “recipe” for designing future

iterations of stable ɑββɑ miniproteins.

The second focus of this dissertation is to provide preliminary work that can

guide the creation of a novel high-throughput screen for cell-penetrating miniproteins.
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Many protein-protein interactions that are implicated in disease occur in the cell cytosol,

but many small molecule drugs (currently the most common class of pharmaceutical

drug) are not always effective. This is because small molecules require a deep binding

pocket in a protein to bind, but this is not a characteristic feature of protein-protein

interfaces.

An alternative to small molecule drugs is a protein-based therapeutic, but

proteins do not readily cross the cell plasma membrane given the hydrophilic surfaces

of proteins and the nonpolar lipid bilayer of the cell plasma membrane. Only a few

proteins with cell-penetrating capabilities have been characterized (e.g. histone

proteins, PTEN, zinc-finger 5.3), but this nonetheless lends credence to the hypothesis

that there exists determinants for cell-penetration. Thus, a high-throughput screen could

help identify cell-penetrating proteins from which we could discover general design rules

for cell-penetration.

Here, I show that combining intein splicing, synthetic transcription factors, and

reporter gene activation in mammalian cells can signal the presence of a

protein-of-interest in the cell cytosol. I propose that this system can serve as the

foundation for the design of a “reporter” cell, which expresses a fluorescent protein only

if a cell-penetrating protein has entered the cell cytosol. This “reporter” cell, in

conjunction with a “secretor” cell, can serve as two core components in a

high-throughput droplet microfluidic screen for detecting novel cell-penetrating

miniproteins. I will describe in the final chapter possible directions for making this assay

a reality.
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CHAPTER 1: Introduction

1.1 Motivation

The study of identifying and measuring the biophysical determinants of protein

folding stability has a long history. Almost a century ago, simple protein denaturation

and digestion studies on individual proteins, such as albumin and hemoglobin, led to

identifying the importance of nonpolar residues and hydrogen bonding in holding

proteins in their native conformations.1,2 Since then, our understanding of these two

biophysical forces have been refined,3–8 and additional determinants for protein folding

stability have been studied, such as helix capping, surface charges, loops, salt-bridges,

and electrostatics.9–14

With this knowledge, many groups over the past few decades have sought to

design proteins from scratch (de novo) to evaluate our understanding of protein stability

and build novel proteins for various biomedical and biotechnological applications.15–17

Both endeavors are synergistic – a more accurate understanding of the determinants of

protein folding stability informs how to better design novel protein structures with

user-defined functions; and building new proteins can reveal gaps in our understanding,

especially when they fail to fold and function.

Despite advances in protein design efforts, there are two challenges that are the

focus of this dissertation. First, many protein designs fail to fold as designed. They are

often insoluble or form oligomers when expressed in vitro,15 which suggests that we do

not fully understand the determinants of protein folding stability or are unable to

incorporate this knowledge into the design process. Overcoming this limitation could

https://www.zotero.org/google-docs/?HvXyuW
https://www.zotero.org/google-docs/?OkO18q
https://www.zotero.org/google-docs/?DB224D
https://www.zotero.org/google-docs/?F7ilFl
https://www.zotero.org/google-docs/?wPDTy8
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enable the design of stable protein therapeutics and protein-based medical diagnostics.

Second, there is very little published work 18,19 on designing de novo proteins that can

cross cellular membranes because current experimental methods have limitations. This

is a promising area of research because identifying general biophysical principles

(“design rules”) for cell-penetration could enable us to design a new class of

cell-penetrating protein drugs.

This chapter first provides historical and modern contexts to the challenges that

protein designers have faced in generating computational protein models that fold as

designed. I introduce how predictive modeling, empirical re-weighting of an energy

function used to evaluate computational protein models, and a high-throughput protease

stability assay can be used to better understand the determinants of protein folding

stability. Ultimately, the goal is to improve the success rate in making stable protein

designs.

The second portion of this chapter discusses the promise of cell-penetrating

miniproteins (CPMPs) as a potential new class of therapeutic drug as well as current

limitations in assaying for cell-penetration. Before we can begin designing

cell-penetrating miniproteins, however, we need an experimental assay that can screen

for such proteins. Here, I propose how a novel approach of combining split-inteins with

a synthetic transcription factor could be used to identify CPMPs.

1.2 Analyzing protein folding stability determinants using protein design

The challenge of designing stable proteins using Rosetta

Some of the earliest protein designs were made in the 1980s. They were simple

folds like α-helical coiled coils and β-sheets whose amino acid sequences were

https://www.zotero.org/google-docs/?p9TZIC
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manually selected and chemically synthesized.20,21 Today, a wide range protein designs

(e.g. binders,22–24 biosensors,25,26 bioswitches,27,28 enzymes,29–31 and assemblies 32–34)

have been made computationally using programs like Rosetta that automate many

aspects of the design process, such as assembling the backbone, designing the

sequence, and calculating the structure’s energy using an energy function.35,36 In

addition, high-throughput experimental testing is now possible as thousands of design

sequences can be genetically encoded, expressed in vitro, and identified by

next-generation sequencing.37

Despite these advances, the challenge of designing proteins that fold and remain

folded as designed is largely still with us today. One of the earliest designs in 1984, a

β-bellin, was soluble and showed well-resolved 2-D nuclear magnetic resonance (NMR)

spectra only after nine iterative attempts of design and testing.21 Over the past decade,

the success rate (i.e. designs that fold as designed by biophysical characterization / all

designs tested) of protein design efforts in vitro varied, irrespective of the scale of the

experiment – 9% (1 successful / 11 tested) for a βαββαβ protein,38 11% (2/19) for a

β-sheet protein,39 18% (15/83) for an αα-repeat protein,40 and 25% (5/54) for three small

folds.41

To generate more stable proteins, one could computationally sample more

configurations of a design’s backbone and sequence to increase the pool of structures

with lower calculated energies. However, this would take more time and require more

computing resources.15,42 Even if a protein designer succeeds in generating more stable

structures, the success rate may not necessarily increase.

https://www.zotero.org/google-docs/?dF0JeR
https://www.zotero.org/google-docs/?DFKP9s
https://www.zotero.org/google-docs/?jeU6Xy
https://www.zotero.org/google-docs/?LySsVb
https://www.zotero.org/google-docs/?RwhDrN
https://www.zotero.org/google-docs/?jaVFJw
https://www.zotero.org/google-docs/?hmQHNx
https://www.zotero.org/google-docs/?MwWXZv
https://www.zotero.org/google-docs/?ZxEwWs
https://www.zotero.org/google-docs/?gaIt6X
https://www.zotero.org/google-docs/?dRoL9q
https://www.zotero.org/google-docs/?gVsNCB
https://www.zotero.org/google-docs/?nwQVIC
https://www.zotero.org/google-docs/?Bbl99F
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Machine learning and re-weighting the energy function

Two approaches that could improve the success rate for designing stable

proteins are building predictive models and optimizing the weighted terms of the

Rosetta energy function used for evaluating protein structures.

First, machine learning models have recently been developed to predict changes

in protein folding stability and thermal stability due to mutation, but they include dozens

to hundreds of features that make it difficult to interpret the model.43–46 Simple

physics-based models, however, are more interpretable and have been shown to

explain mutational effects on binding energy 47 and stability.48 What has been unexplored

is utilizing large-scale protein folding stability data to build an interpretable

low-resolution physical model that can quantitatively explain how each feature

contributes to a protein’s folding stability. This could enable protein designers to better

understand how specific determinants play a role in the stability of a protein structure.

Then, they can select which features to add or remove in order to design stable proteins

for various applications.

Second, re-weighting the terms of the Rosetta energy function using large-scale

data has been shown to improve the identification of small molecules that disrupt

protein-protein interactions 49 and predict the effect of coordinated water molecules at

protein interfaces.50 However, it has not yet been demonstrated whether optimizing the

function's weights based on large-scale folding stability data can lead to generating

stable miniproteins with a higher success rate. Because previous research has shown

that one can successfully re-weight the energy function for a specific task, it may be

possible to do so with designing stable miniproteins.

https://www.zotero.org/google-docs/?t6mA2Z
https://www.zotero.org/google-docs/?OQNV46
https://www.zotero.org/google-docs/?aIMix3
https://www.zotero.org/google-docs/?9YWiwW
https://www.zotero.org/google-docs/?w05Cth
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αββα miniprotein as a model system

To test these two hypotheses, it is important to select a protein that could be

used as a model system and has low folding stability so that we can study and improve

it. Additionally, the ability to test for folding stability in a high-throughput manner is also

crucial because this will allow us to generate large datasets that can be used to build

interpretable models and optimize the Rosetta energy function.

We recently combined computational protein design with a high-throughput

protease stability assay to test the folding stability of thousands of miniproteins

(43-residues) bearing one of four folds.37 Individual members in a miniprotein library

were displayed on the surface of yeast, tagged with a fluorophore, and simultaneously

subjected to varying concentrations of protease (trypsin or chymotrypsin). Yeast cells

were sorted by flow cytometry, and the frequencies of each miniprotein were identified

by next-generation sequencing. This high-throughput and massively parallel assay

allowed us to quantify EC50 protease values and calculate a “stability score” for each

miniprotein.

There are several strengths to this method over other approaches that measures

folding stability, such as calorimetry, UV-absorbance, and X-ray scattering.51 First, the

massively parallel approach reduces experimental bias, and the high-throughput nature

of the assay enables us to analyze biophysical features related to stability with statistical

significance. In addition, the diversity of miniprotein sequences in each library allows us

to devise general principles.

Surprisingly, it was difficult to design stable miniproteins with an αββα fold. When

using the protease stability assay, the success rate was 0% in the first round of design

https://www.zotero.org/google-docs/?EUhGcR
https://www.zotero.org/google-docs/?gLrdtv
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and test, and 2% by the fourth round.37 αββα miniproteins, therefore, seemed to be a

good model system to study folding stability because there was something about this

topology that we did not understand. As “de novo design provides a rigorous test of our

understanding of protein structure,”42 Chapter 2 of this dissertation builds on this

previous work by designing, testing, and evaluating a fifth and sixth round of new αββα

miniproteins that are more stable than previous rounds. This provided us with

large-scale data from which we could analyze determinants of folding stability.

1.3 Towards developing a method to identify cell-penetrating miniproteins

Need for cell-penetrating protein therapeutics

One application for de novo protein design is to confer them a function that can

meet unsolved needs, specifically the ability to penetrate the cell plasma membrane and

target cytosolic proteins.

Currently, over 85% of the human proteome is undruggable because 80% of all

FDA-approved drugs are small molecules, which are designed to target well-defined

binding pockets of proteins.52 However, many proteins function through protein-protein

interactions (PPIs), which are challenging to target using small molecules because PPIs

occur between shallow interfaces.53 A growing class of protein therapeutics like

antibodies,54 antibody mimetics,55 stapled peptides,56 and miniproteins23 are promising

alternatives as they can fold into a rigid conformation and bind to a protein target and

small enough to be thoroughly characterized.53 However, most of these proof-of-concept

and FDA-approved protein therapeutics mainly target extracellular proteins or

https://www.zotero.org/google-docs/?5GsB3S
https://www.zotero.org/google-docs/?knW5y9
https://www.zotero.org/google-docs/?lU4T7f
https://www.zotero.org/google-docs/?qjEJJp
https://www.zotero.org/google-docs/?gD2sKi
https://www.zotero.org/google-docs/?oBZCrc
https://www.zotero.org/google-docs/?9Kkkqk
https://www.zotero.org/google-docs/?vfsUN8
https://www.zotero.org/google-docs/?ACwacz
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cell-surface receptors due to their inability to cross cellular membranes, escape

endosomes, and enter the cytosol, where many disease-implicated proteins exist.57

There are a few examples of eukaryotic and engineered proteins that are

reported to cross the cell plasma membrane, such as histone proteins,58 the

phosphatase PTEN,59 and the engineered ZF5.3.60 But, this is the exception rather than

the rule because the hydrophilic surfaces of proteins readily do not pass through the

nonpolar lipid bilayer that comprise cellular membranes.

Cell-penetrating peptides (CPPs) have long been reported to cross cell

membranes, but they are unstable and degrade in the presence of extracellular and

intracellular proteases.61 To overcome this limitation, CPPs are often linked to a protein

or peptide (often referred to as “cargo”) so that the CPP delivers the cargo across the

plasma membrane.62 However, this lowers the rate and efficiency of cell penetration (up

to 4-8 fold),63,64 and covalently-attached CPPs can alter the bioactivity of the cargo

protein.61 Alternative vehicles for delivery, such as gold nanoparticles, quantum dots,

and carbon nanotubes also have limitations, namely requiring chemical modification,

poor delivery, and low biocompatibility, respectively.61

Towards designing novel cell-penetrating miniproteins

A new approach is to develop cell-penetrating miniproteins (CPMPs) whose

single small domain (< 10 kDa) has all of the sequence and structure requirements for

cell-penetration, endosomal escape, and target binding. Such a miniprotein has the

potential to overcome the limitations of CPP-conjugated proteins or other delivery

systems. First, the engineered ZF5.3 (3.5 kDa) has been shown to efficiently escape

https://www.zotero.org/google-docs/?xbZzqg
https://www.zotero.org/google-docs/?w7oJp8
https://www.zotero.org/google-docs/?WORexJ
https://www.zotero.org/google-docs/?jDBnOI
https://www.zotero.org/google-docs/?iNYzyF
https://www.zotero.org/google-docs/?1DJ2eS
https://www.zotero.org/google-docs/?jMvodP
https://www.zotero.org/google-docs/?xqum1N
https://www.zotero.org/google-docs/?9QE96O
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endosomes and enter the cytosol,60,64 suggesting that there may be a “goldilocks” range

for size — larger than a CPP so that it can fold into a rigid structure and be resistant to

proteolysis, but small enough to cross cell membranes. Second, a purine nucleoside

phosphorylase with a CPP-motif grafted onto its solvent-facing loop was demonstrated

to enter the cell cytosol without affecting its function.65,66 This suggests that conjugating

a protein to a CPP may not be necessary. Instead, it may be possible for a single

protein fold to have both functional and cell-penetrating capabilities.

However, another engineered CPMP, aPP5.3, showed very little ability to enter

the cell cytosol, despite a similar structure and the same number of arginine mutations

as ZF5.3.60,67 This suggests that our understanding of the determinants for

cell-penetration is limited. What is needed is large-scale design, testing, and analysis of

protein structures and sequences that could reveal general principles for

cell-penetration.

Towards building a novel assay that can screen for cell-penetrating miniproteins

Currently, there is no high-throughput screen for CPMPs. When we look to in

vitro CPP studies, the scale of experimentation is low to medium-throughput in scale,

ranging from two peptides19 to a library of 128 peptides.68 To test for cell-penetration,

CPPs are often tagged or linked to a dye, peptide, or chemical so that one can identify

and measure a fluorescence intensity or a phenotypic readout.69 However, these

methods have limitations. Solely relying on fluorescent dyes with cell-fixation or

split-fluorescent tags that reconstitute a fluorescent protein require microscopy analysis,

which can lead to artificial intensity signals.19,70,71 In addition, incorporating compounds,

https://www.zotero.org/google-docs/?oJAQmj
https://www.zotero.org/google-docs/?GrlTtc
https://www.zotero.org/google-docs/?IHmAhw
https://www.zotero.org/google-docs/?qLcqp8
https://www.zotero.org/google-docs/?PPsX5t
https://www.zotero.org/google-docs/?dfrWGu
https://www.zotero.org/google-docs/?FnzaaT
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such as chloroalkane or azide, into CPPs so that they bind to cytosolic HaloTag and

lead to a fluorescent or luminescent readout 68,72,73 can result in false negatives as the

compound can potentially be degraded.69

A proposed alternative is to build a “reporter” cell line that activates a fluorescent

protein only when a CPMP enters the cytosol via an intein-mediated splicing reaction.

Split-inteins are protein fragments that spontaneously undergo a trans-splicing reaction,

resulting in the reconstitution of the inteins and the ligation of the exteins (regions

flanking the inteins).74 In this new system, a candidate CPMP is fused to a small intein

fragment, and a synthetic transcription factor that drives the gene transcription of a

fluorescent protein is fused to the complementary intein fragment. In addition, the

transcription factor and its linked intein are sequestered away from the nucleus by being

bound to a transmembrane domain (TMD). Only if the CPMP enters the cytosol, the

trans-splicing reaction between the two split-inteins will occur, thereby releasing the

transcription factor and initiating the transcription of a gene encoding a fluorescent

protein. A recent study demonstrated that split-inteins can be combined with synthetic

transcription factors to regulate gene expression,75 and one report electroporated the

split-intein VidaL into mammalian cells to release a histone protein tethered to a TMD.76

However, there is currently no study that has combined split-inteins and synthetic

transcription factors to test for CPMPs.

There are several advantages for building this kind of reporter system. First, any

fluorescence is a true signal for cell-penetration as all components are orthogonal to the

cell, and all are necessary for gene expression to occur. Second, gene expression as a

readout enables the identification of low-efficiency CPMPs because the reporter cell can

https://www.zotero.org/google-docs/?Px0VLT
https://www.zotero.org/google-docs/?AVekda
https://www.zotero.org/google-docs/?uBeH3k
https://www.zotero.org/google-docs/?OBBOpm
https://www.zotero.org/google-docs/?yzrrhj
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amplify weak signals. This will allow us to identify biophysical properties that correlate

with weak cell-penetration and the subsequent opportunity to improve those CPMPs.

Third, this assay can be generalizable to any CPMP candidate as long as it is tagged to

an intein. Finally, it could be possible for this system to be scaled to screen thousands

of CPMP candidates using droplet microfluidics. A recent study demonstrated that

cytokines could be screened by passing droplets of co-encapsulated single “secretor”

yeast cells and single “reporter” mammalian cells through a microfluidic device.77

However, this approach has not yet been applied to screen for CPMPs, and thus this

presents an opportunity to build a new technology. Chapter 3 of this dissertation

provides initial experiments demonstrating that combining the synthetic transcription

factor ZF1-VP6475,78 with the split-intein VidaL76 could be used towards building a

reporter cell. Finally, Chapter 4 describes future directions for optimizing the reporter cell

and creating a secretor cell.

https://www.zotero.org/google-docs/?l1fG4Z
https://www.zotero.org/google-docs/?ixs3ut
https://www.zotero.org/google-docs/?a7WylY
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CHAPTER 2: Dissecting the stability determinants of a
challenging de novo protein fold using massively parallel design

and experimentation

The text of Chapter 2 is a reprint of the material from:

Kim, T.E. et al. Dissecting the stability determinants of a challenging de novo
protein fold using massively parallel design and experimentation. Proceedings of
the National Academy of Sciences. 119 (41), e2122676119. 2022

2.1 Abstract

Designing entirely new protein structures remains challenging because we do not

fully understand the biophysical determinants of folding stability. Yet some protein folds

are easier to design than others. Previous work identified the 43-residue ɑββɑ fold as

especially challenging: the best designs had only a 2% success rate, compared to

39-87% success for other simple folds.37 This suggested the ɑββɑ fold would be a

useful model system for gaining a deeper understanding of folding stability determinants

and for testing new protein design methods. Here, we designed over ten thousand new

ɑββɑ proteins and found over three thousand of them to fold into stable structures using

a high-throughput protease-based assay. Nuclear magnetic resonance,

hydrogen-deuterium exchange, circular dichroism, deep mutational scanning, and

scrambled sequence control experiments indicated that our stable designs fold into their

designed ɑββɑ structures with exceptional stability for their small size. Our large dataset

enabled us to quantify the influence of universal stability determinants including

https://www.zotero.org/google-docs/?blClEP
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nonpolar burial, helix capping, and buried unsatisfied polar atoms, as well as stability

determinants unique to the ɑββɑ topology. Our work demonstrates how large-scale

design and test cycles can solve challenging design problems while illuminating the

biophysical determinants of folding.

2.2 Introduction

Improving our understanding of the determinants of protein stability 3,79,80 would

accelerate biological, biomedical, and biotechnology research. In particular,

computational models of protein stability are commonly used for a range of applications,

including protein design,15,81,82 stabilizing naturally occurring proteins,83,84 and predicting

the effects of point mutants.85–87 However, all of these models have important limitations.

For example, most computationally designed proteins made by experts fail to fold and

function.23,88,24 Non-experts avoid computational design techniques because they are not

reliable. These challenges stem from our incomplete understanding of the biophysical

determinants of folding stability and from the difficulty of encoding these determinants

into computational models for practical applications.

Recently, we introduced a high-throughput approach to study protein folding

stability that is particularly helpful for improving computational modeling and design. In

our approach, we designed thousands of de novo proteins and measured their folding

stabilities using a yeast display-based proteolysis assay coupled to next-generation

sequencing.37 Several new studies have applied our methodology 89–91 as it has several

advantages. First, measuring folding stability for thousands of proteins makes it possible

to statistically quantify biophysical features that contribute to stability. Second,

https://www.zotero.org/google-docs/?x7Vzzg
https://www.zotero.org/google-docs/?qFF5iW
https://www.zotero.org/google-docs/?7XuQ5n
https://www.zotero.org/google-docs/?4QNhW2
https://www.zotero.org/google-docs/?aAnbvw
https://www.zotero.org/google-docs/?JW1oz7
https://www.zotero.org/google-docs/?C0gJD2
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examining diverse sequences makes it easier to derive principles that are not specific to

a particular protein context. Finally, assaying computationally designed proteins focuses

the experimentation on the regions of sequence and structural space that are predicted

to be low energy according to a particular computational model, which is especially

useful for improving that model.

We previously used this approach to increase the success rate (i.e. fraction of

designs that form stable, folded structures) of de novo miniprotein designs from 6% to

47%.37 Three different protein topologies could be designed very robustly (39-87%

success), but a fourth topology (ɑββɑ, 43 residues) proved very challenging. Only 2% of

ɑββɑ designs folded into stable structures despite the simplicity of the structure and four

repeated efforts to improve the design procedure (Fig. 1A). This suggested that our

design procedure and stability model were missing something fundamental about the

ɑββɑ topology, and that this particular fold could be a useful model system for building a

deeper understanding of folding stability. Here, we investigated this by asking two main

questions. First, how can we improve our design procedure to obtain a large number of

stable ɑββɑ proteins for further analysis? Notably, there are no naturally occurring

examples of the 43-residue ɑββɑ fold for us to learn from, although this architecture is

similar to the unusual 55-residue ɑββɑ fold of the gpW protein from bacteriophage

lambda.92 Second, how do the biophysical and topological features of different ɑββɑ

designs combine to determine each protein’s folding stability? We investigated these

questions by designing and experimentally testing over ten thousand new ɑββɑ

miniproteins using our high-throughput approach. We also examined whether the

https://www.zotero.org/google-docs/?AohHUg
https://www.zotero.org/google-docs/?WCgM5W
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structure prediction model AlphaFold 2 93 could be applied to differentiate stable and

unstable designs.

Fig. 1. Design strategy for generating and testing αββα miniproteins. (A) Previously, we
performed four iterative design-test-analysis cycles to generate stable αββα miniprotein designs,
but only achieved a 2% success rate.37 (B) Here, we designed thousands of new αββα
miniproteins using Rosetta (6,000 designs in Round 5 and 5,307 designs in Round 6) and
experimentally tested them for their folding stability using a combined yeast display and
protease sensitivity assay. (C) We then performed computational analysis to identify and
understand the relative importance of key stability determinants (e.g. hydrophobic contacts,
helix capping, loop patterning, local sequence-structure agreement, and net charge).

https://www.zotero.org/google-docs/?vXMTLb
https://www.zotero.org/google-docs/?8XXzvc
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2.3 Designing αββα miniproteins using a restricted design strategy

We first computationally designed thousands of new αββα miniproteins (“Round

5”) based on lessons learned from our previous four rounds of design.37 All designs

were based on a single protein architecture 94 that previously led to the greatest number

of stable designs (Fig. S1A). This architecture restricted our new αββα miniproteins to

14-residue α-helices, 3-residue β-strands, and a specific loop structure (Fig. 1B). In

addition, we ensured our designs met strict criteria for buried nonpolar surface area,

Rosetta energy, and predicted secondary structure (Fig. S1B). Finally, we required the

middle loop to have a hydrophobic residue, required solvent-facing residues on the

β-strands to be polar or charged, set a minimum threshold for the total number of

hydrophobic residues, and eliminated Gly, Thr, and Val in helices (Fig. S1C-D) (see

Methods). We hypothesized these restrictions would increase the success of our new

designs because these constraints would enforce the overall αββα topology and build a

larger hydrophobic core. However, this would reduce the potential sequence and

structural diversity.

Based on this “restricted” design strategy, we generated 28,000 αββα

miniproteins using an improved version of the Rosetta score function. This score

function was previously parameterized to correlate with our earlier high-throughput data

on miniprotein folding stability.95 In addition, we used an improved sequence sampling

procedure that minimizes over-compaction and produces more native-like protein cores

containing bulky residues.96 Our final set of 6,000 αββα designs were chosen by ranking

the predicted stabilities of all 28,000 αββα designs using a linear regression model

trained on previous large-scale αββα stability data.37 Because this regression model

https://www.zotero.org/google-docs/?Kg13mw
https://www.zotero.org/google-docs/?wuSkou
https://www.zotero.org/google-docs/?L04rPW
https://www.zotero.org/google-docs/?kQGkvl
https://www.zotero.org/google-docs/?JE06GD
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included a low number of stable designs (60/2830), we used this model for the practical

task of selecting designs, but we did not expect reliable performance. After we ranked

our designs, we eliminated designs that were more than 31/43 residues identical to a

higher-ranking design. Within our final set of 6,000 designs, the median backbone

RMSD between any two designs was 2 Å (Fig. S2) and the median sequence identity

was 35% (Fig. S3). Each design based on this restricted strategy is named

HEEH_TK_rd5_####, where HEEH indicates the pattern of α-helices (H) and β-strands

(E), TK indicates the designer (author TEK), rd5 indicates these designs follow our four

previous efforts,37 and #### is the design number.

2.4 Biophysical characterization of αββα miniproteins using a restricted design

strategy

We measured the folding stabilities of our newly designed αββα miniproteins

using the high-throughput protease sensitivity assay introduced previously (Fig. 1B).37

Briefly, all sequences were synthesized as DNA oligonucleotides in a pooled library. We

then used S. cerevisiae to express and display our sequences on their cell surface,

along with a c-terminal myc tag. Next, we subjected the yeast cells to varying

concentrations of trypsin and chymotrypsin (tested separately) (Fig. S5A-B) and

fluorescently labeled the cells displaying protease-resistant sequences. Finally, we

sorted the fluorescently labeled cells by flow cytometry and identified the

protease-resistant sequences by deep sequencing (Fig. 1B). Out of the 6,000 designs,

only 5,662 designs had sufficient sequencing counts to precisely determine their

protease sensitivity, and we used this set of 5,662 designs for our analysis. As

https://www.zotero.org/google-docs/?9LZuhH
https://www.zotero.org/google-docs/?d5efwP
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previously, we assigned each design a “stability score”, defined as the difference

between that sequence’s observed protease sensitivity and the predicted sensitivity of

that sequence in its unfolded state. Each one-unit increase in stability score indicates a

10-fold higher amount of protease required to cleave that sequence under assay

conditions, compared with the predicted protease concentration required to cleave that

sequence in its unfolded state.37 To conservatively identify stable designs, each design’s

overall stability score is the minimum of the stability scores observed separately with

trypsin and chymotrypsin. We previously observed that sequences of scrambled amino

acids (not designed sequences) rarely have stability scores above 1, and so we classify

designs as stable when their stability score exceeds 1.

Our set of 5,662 designs had an average stability score of 0.81, and we classified

38% of these designs as stable (stability score > 1, Fig. 2A). The stable set had a

median pairwise sequence identity of 37% (Fig. S3). This greatly exceeded our previous

success rate of 2% (Fig. 1A).37 We also included control sequences in our library whose

residue compositions matched our αββα designs, but with the ordering of the residues

scrambled in a specific manner: polar residues remained polar, nonpolar residues

remained nonpolar, and proline and glycine residues remained in their identical

positions. In contrast to our designs, almost all scrambled sequences had stability

scores < 1 with an average stability score of -0.86 (Fig. 2A). This suggests that the

protease resistance observed for a subset of designs can be attributed to the folding

stability of their designed structures, rather than generic properties of their sequences

such as residue composition or patterning. In addition, stability scores measured using

trypsin and chymotrypsin were correlated with each other despite the differing

https://www.zotero.org/google-docs/?lDqnOB
https://www.zotero.org/google-docs/?vT15Wu
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specificities of the proteases (Fig. S5A-B). This further indicates that our measured

stability scores reflect folding stability rather than protease-specific factors.

We next sought to verify that stable αββα miniproteins folded as designed using

several orthogonal approaches. First, we selected six stable αββα designs with varying

hydrophobicity values 97 and individually purified them from E. coli (Fig. 3A; Table S1) for

circular dichroism (CD) and thermal denaturation. Protein purification by size-exclusion

chromatography revealed that three of the six miniproteins (HEEH_TK_rd5_0420,

HEEH_TK_rd5_0614, and HEEH_TK_rd5_0958) predominantly eluted at the expected

molecular weight of a monomer, whereas the other three showed both monomeric and

dimeric peaks (Fig. 3B).

CD spectra exhibited helical secondary structure and reversible folding after

heating to 95°C (Fig. 3C), but the initial 25°C and cooled 25°C return measurements for

HEEH_TK_rd5_0341 and HEEH_TK_rd5_3711 were not superimposable, possibly due

to aggregation that altered the signal intensity. None of the designs showed a clear

melting transition, although designs HEEH_TK_rd5_0958 and HEEH_TK_rd5_3711 lost

much of their helical character at 95°C. In contrast, design HEEH_TK_rd5_0420 was

minimally perturbed during melting (Fig. 3D), indicating extreme thermostability.

Next, to spot-check the accuracy of our designed structures, we solved the

structures of HEEH_TK_rd5_0958 and HEEH_TK_rd5_0341 by nuclear magnetic

resonance (NMR). For HEEH_TK_rd5_0958, the average backbone root-mean-squared

deviation (RMSD) of the design model compared to all 20 structures in the NMR

ensemble was 1.26 Å (Fig. 3F). For HEEH_TK_rd5_0341, both monomers in the

dimeric structure were also very close to the designed monomeric model: the average

https://www.zotero.org/google-docs/?J7Xru6
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backbone RMSD of the design model compared to all 40 structures in the NMR

ensemble was 1.65 Å (Fig. 3H). The structure was symmetrical so only one HSQC peak

was visible for each residue, although 15N NMR relaxation measurements were

consistent with the dimeric state. The two monomers come together near the β-hairpin

and designed N- an C-termini, burying hydrophobic residues in that region (Fig. 3I).

To analyze the structural differences between the design models and NMR

structures, we quantified the number of contacts a residue in the design model gained

or lost in the NMR model (Fig. S6). Most of the residues gained or lost zero or one

contact, indicating the close structural similarity between the design model and NMR

ensemble. For HEEH_TK_rd5_0341, the protein was designed to form a monomer. So,

residues at the dimeric interface (the N- and C-termini and the hairpin turn) all gained

new contacts, changing the environments of these residues (Fig. S6A). However, as

shown by the overall RMSD, these changes did not affect the overall structure of each

monomeric subunit.

We also examined the local stability of designs HEEH_TK_rd5_0958 and

HEEH_TK_rd5_0341 by hydrogen deuterium exchange (HDX) NMR. The HDX opening

free energies revealed differences in local stability in different regions of the topology

(Figs. 3G, 3J). The most stable secondary structure was Helix 2 for both miniproteins,

with opening energies around 4 kcal/mol at 15°C (compared to ~2-3 kcal/mol in Helix 1).

The central β-hairpin was the least stable structure in HEEH_TK_rd5_0341 (Fig. 3J).

Four residues in this hairpin (I21, G23, I24, and V26) form intramolecular hydrogen

bonds that should protect those amides from exchange (Fig. S7A) but three of these

residues exchanged too quickly in HEEH_TK_rd5_0341 to be measured by NMR. In
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contrast, three of the four hairpin residues that form intramolecular hydrogen bonds in

HEEH_TK_rd5_0958 had measurable protection from exchange (Fig. 3G, Fig. S7B) and

were similarly stable to Helix 1. Overall, the hierarchy of stabilities between Helix 2,

Helix 1, and the central β-hairpin suggests the folding energy landscape is not fully

cooperative.

The highest opening energy in the monomeric HEEH_TK_rd5_0958 was 4.5

kcal/mol, observed at I35 (Figs. 3J, 3G). This highest opening energy typically indicates

the global stability of the protein,98 making HEEH_TK_rd5_0958 almost 2 kcal/mol more

stable than the previous highest stability observed for a designed αββα structure.37

However, this higher stability was observed at a lower temperature (15°C instead of

25°C in ref. (35)) and in the presence of D2O, which typically stabilizes proteins.

https://www.zotero.org/google-docs/?KwI4LO
https://www.zotero.org/google-docs/?O41eEr
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Fig. 2. Experimental testing and analysis of αββα stability determinants from a restricted
design strategy. (A) The stability score distributions of designed αββα miniproteins (blue),
scrambled sequences (gray) and previously published αββα miniproteins (red);37 the vertical line
at stability score = 1 denotes the threshold above which we consider a design to be stable.
(B-G) The relation between Individual protein features and stability score. For Rosetta energy,
lower values indicate favorable energies, and for local sequence-structure propensity, higher
values indicate favorable propensity. Black lines show moving averages; red lines show fits to
quadratic (F) and linear (G) models. (H) A ten-feature linear regression model was built using
normalized data, and the experimental stability scores are compared to the model’s predicted
stability scores. (I) The magnitudes of the coefficients from the model based on their importance
in the dataset (left) and their biophysical strength (right). Error bars indicate 95% confidence
intervals from bootstrapping.

https://www.zotero.org/google-docs/?u4Subc
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2.5 Stability determinants of αββα designs from a restricted design strategy

We next investigated which design features correlated with folding stability. To

this end, we computed over a thousand structural and sequence-based metrics for each

design and analyzed whether particular metrics correlated with stability. Several of the

strongest individual correlations are shown in Fig. 2. Designs were generally more

stable if their Rosetta energy scores were lower (Fig. 2B) and had more hydrophobic

residues and hydrophobic sidechain contacts (Fig. 2C-D). Hydrophobic residue count

correlated more strongly with stability than Rosetta energy. Stability also increased if a

design’s sequence was highly compatible with its local backbone structure (see

Methods and Fig. 2E). Finally, increased net charge destabilized our designs, although

the optimal net charge was slightly negative (Fig. 2F-G). This stability change was

approximately linear with the square of the net charge, as expected.99

We also explored whether specific residues could individually have large

influences on the stabilities of the designs. Because all designs are based on an

identical architecture, each position in the sequence shares an identical structural role in

all designs. Using the binomial test, we identified positions where specific amino acid

identities had large and significant changes on the success rates of the designs (Fig.

S8). Two positions near the N- and C-termini stood out as particularly important.

Positions 2 and 39 are near the tips of each helix and contact each other in space (Fig.

S8D). Across the design set, leucine residues at these positions increased the success

rate of the designs by 25-39%, whereas other residues such as glutamate and

tryptophan decreased the success rate by similar amounts. These differences in

success rates were highly significant (adjusted p-value < 10-18) (Fig. S8C). The

https://www.zotero.org/google-docs/?6KOvpQ
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importance of these residues suggests that termini of the helices play an especially

important role in the overall stability of designed αββα miniproteins.

To further examine individual residue contributions to stability, we performed

deep mutational scanning analyses (Fig. S9) on the six αββα designs whose structures

we verified by CD (Fig. 3C). Using our protease sensitivity assay (Fig. S5C-D), we

measured the folding stability changes for all single mutants of each design (Fig. S9).

Four of the six mutational scans showed many destabilizing mutations from replacing

nonpolar residues in both the helices and the strands. A fifth design

(HEEH_TK_rd5_0420) showed a similar pattern, but the helical residues seemed less

sensitive to mutations than the strands. The high stability score of HEEH_TK_rd5_0420

(at the peak of our assay's dynamic range) may have limited us from resolving the

stability effects of other mutations in the helices (Fig. S9C). The sixth design

(HEEH_TK_rd5_0018) showed many destabilizing substitutions at nonpolar sites in the

helices, but only a small number could be observed in the β-hairpin, suggesting the

hairpin may be less structured in this design (Fig. S9A). Overall, the positions that were

most sensitive to mutations (change in stability < 1) were found in the buried

hydrophobic core (Figs. S10-11), and in particular large hydrophobic residues (Fig.

S11). In contrast, hydrophobic residues, as well as polar and charged residues, that

were more solvent exposed in the design models were less sensitive to mutation (Fig.

S11). The specific sequence-stability relationships shown in the mutational scanning

data suggest that the designs fold into specific structures. Furthermore, the consistency

between a nonpolar residue’s burial in the designed models and its sensitivity to
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mutation (Fig. S11) provides support that the stable designs fold into their designed

structures.

Charged and polar residues also contributed to folding stability, although they

were less important than buried hydrophobic residues. The top three polar positions that

were most sensitive to mutation (average change in stability < -0.5) were positions 15

(end of first helix), 28 (helix-capping position) and 31 (start of second helix that forms

hydrogen bonding with the backbone) (Fig. 3E, Fig. S12). These positions indicate the

importance of polar interactions toward stabilizing our designs and also support that the

designs fold into their specific designed structures.

However, our mutational data also revealed some unexpectedly stable mutants

(Fig. S9). For example, we expected that mutants to G23 would be highly destabilizing

because G23 should be critical for forming the central β-hairpin. However, in four of the

six designs, mutants to G23 could actually increase folding stability (Fig. S9B-D, F). To

investigate this, we predicted the structures of all mutant sequences using AlphaFold

2.93 Although most mutants were predicted to have similar structures to the original

design, some predictions (including mutants of G23) suggest the possibility of

alternative, compact structures (Fig. S13).

https://www.zotero.org/google-docs/?M41SSK


38

Fig. 3. Biophysical characterization of αββα miniproteins made using a restricted design
strategy. (A) The stability scores of all αββα miniproteins made using a restricted design
strategy are plotted by their hydrophobicity values.99 We selected six miniproteins (red dots) with
varying hydrophobicity and (B) purified them by size-exclusion chromatography; vertical lines
indicate expected dimeric and monomeric forms of the miniprotein based on a calibration curve
(see Methods). (C) Far-ultraviolet circular dichroism spectra are shown at 25°C (black), 95°C
(red), and 25°C after melting (blue). (D) Thermal denaturation was measured at 220 nm at every
1°C from 25°C to 95°C. (E) Design models highlight positions that are most tolerant (teal) or
least tolerant (yellow) to mutations. Key residues that stabilize the protein are shown in stick
representation. Each miniprotein’s color scale is different to highlight the relative stabilizing or
destabilizing effects within each protein; see Fig. S5 for complete data. (F) Comparison of
HEEH_TK_rd5_0958 Rosetta design model, NMR ensemble, and AlphaFold 2-predicted
structures; overlay of the Rosetta design model (gray) and NMR ensemble (rainbow). (G)
Opening energies determined by hydrogen-deuterium exchange for HEEH_TK_rd5_0958.
Observed measurements are colored red-yellow on a cartoon model and plotted in blue. For
residues that exchanged too quickly to measure, the upper limit of ΔGopen is plotted in red. (H)
Comparison of HEEH_TK_rd5_0341 Rosetta design model, NMR ensemble, and AlphaFold
2-predicted structures; overlay of the Rosetta design model (gray) and NMR ensemble
(rainbow). (I) NMR dimer structure shown in two different perspectives. (J) Opening energies
determined by hydrogen-deuterium exchange for HEEH_TK_rd5_0341. Observed
measurements are colored red-yellow on a cartoon model and plotted in blue. For residues that
exchanged too quickly to measure, the upper limit of ΔGopen is plotted in red.

https://www.zotero.org/google-docs/?PquJKC
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2.6 Modeling relative contributions of biophysical determinants on folding

stability

Our previous analysis identified individual determinants of stability without

considering how various features relate to each other. Hence, we next analyzed which

protein features were the most important contributors to stability and how they

compared to each other. Instead of prioritizing predictive accuracy, we used linear

regression to build a parsimonious, interpretable, low-resolution model. Our moderately

accurate model (r = 0.64, r2 = 0.41; Fig. 2H, Table S3) included ten features chosen for

either their large individual contributions to stability or their biophysical interest. Adding

all 25 additional Rosetta energy terms provides only a minimal improvement to this

low-resolution model (Table S4).

To analyze the strengths of the different features, we compared the different

coefficients both in terms of their importance within our dataset (e.g. the impact of a one

standard deviation change in each term, Fig. 2I left) and in terms of their biophysical

strength (e.g. the impact of one additional residue, contact, charge, etc., Fig. 2I right).

By representing the features in these two ways, we were able to observe how each

feature contributes to a design’s stability while holding all other features constant.

Relative to the variance in the features, the count of large nonpolar residues is the

largest contributor to folding stability (Fig. 2I). Additional biophysical determinants

known to stabilize globular proteins,3,9,100,101 such as contacts between adjacent nonpolar

residues and Ser/Thr helix capping, contribute to folding stability as well (Fig. 2I).

However, our model also points to the stabilizing role of nonpolar residues at the design

ends, which is a feature specific to the αββα topology (Fig. 2I). Whereas previous

https://www.zotero.org/google-docs/?jXnqKd
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studies on the relative importance of stability determinants were based on assays that

changed one feature on individual proteins,6,7 our large-scale testing enabled us to

analyze over a thousand protein features on several thousand proteins in parallel. This,

in turn, allowed us to develop a model that offers criteria for designing even more stable

αββα miniproteins.

2.7 Designing αββα miniproteins using a diversity-oriented design strategy

Our restricted-design strategy (Round 5) focused on improving the success rate

of designing stable αββα miniproteins but at the cost of reducing their structural

diversity. Because we were now able to successfully generate stable αββα designs, we

next investigated whether we could loosen the design restrictions that we had imposed,

increase the diversity of our αββα miniproteins, and identify additional determinants of

stability. Hence, we designed a new round of “diversity-oriented” (Round 6) αββα

miniproteins based on fourteen different protein architectures instead of one. This

allowed designs to have a greater variety of helix, β-strand, and loop lengths, while

keeping the overall size of the protein to 43 residues (Fig. 1B). In addition, we did not

impose residue restrictions on β-strands or in the middle loop and permitted a greater

number of hydrophobic residues.

Importantly, we used our Round 5 stability data to directly re-weight the Rosetta

energy function. Using ridge regression, we adjusted the weights on the Rosetta energy

terms to create the best correlation with our measured Round 5 αββα stabilities, while

regularizing the regression to penalize large deviations from the original weights. With

this approach, we created three new energy functions labeled “Minor,” “Medium,” and

https://www.zotero.org/google-docs/?e7S6wB
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“Heavy” based on how much the weights deviated from the original weights. We used

these three energy functions (and the original weights) to design our Round 6 designs

(Fig. S14).

We generated ~ 20,000 designs and chose our final set of over five thousand

αββα designs for experimental testing by identifying designs that had the greatest

structural diversity, varied sequence identity (no closer than 28/43 residues), and an

αββα topology as determined by the computer program PSIPRED (33). Notably, we

prioritized structural diversity (Fig. S2) in our final selection instead of prioritizing the

expected success rate. The median sequence identity across all pairs of sequences

was 28% (42% if only nonpolar residues are considered) (Fig. S3). However, the

diversity in amino acid composition (overall and nonpolar only) is lower than several

known protein domains of similar sizes (Fig. S4). Each design is named

HEEH_KT_rd6_####, in which KT indicates the designer (author K.T.), rd6 indicates

these designs constitute a new “Round 6” following the previous rounds of αββα design,

and #### is a design number.
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Fig. 4. Experimental testing and analysis of αββα stability determinants from a
diversity-oriented design strategy. (A) Stability score distribution of αββα miniproteins (green)
and scrambled sequences (gray). (B) As in A, filtered to eliminate designed and scrambled
sequences that may fold into non-designed structures; see text and Fig. S7. The vertical line at
stability score = 1 denotes the threshold above which we consider a design to be stable. (C-D)
Stability scores and success frequencies of designs made with differently-weighted Rosetta
energy functions; “Heavy” indicates the largest amount of reweighting. (E) Rosetta scores (using
the unmodified score function) of designs made using different weighting; the more positive
scores of the designs from the re-weighted energy functions indicate these designs are less
favorable according to the default energy function. (F) Stability contribution of the most common
loop patterns (using ABEGO notation) and β-strand lengths based on a linear regression model.
(G) The most common unique structure combinations (loop pattern, β-strand and helix lengths)
are listed (left) followed by the distribution of observed stability scores (middle, with the
expected stability from the linear regression model as a yellow dot). At right, the fraction of
stable designs for each unique structure. All error bars indicate 95% confidence intervals from
bootstrapping.
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2.8 Stability determinants of αββα designs based on diversity-oriented design

strategy

We tested the stabilities of our “diversity-oriented” αββα miniproteins (and

matching scrambled sequences) using the high-throughput protease sensitivity assay.37

Surprisingly, 12% of our scrambled sequences had stability scores above 1, compared

to 2% or fewer in previous rounds (Fig. 4A). We further found that scrambled sequences

were most likely to be stable when they were very hydrophobic and when their

sequences had high helical propensity as determined by DSSP102,103 (Fig. S15). This

suggested that designed sequences might also be stabilized by these properties alone,

even if they did not fold into their designed structures. To remove these potential “false

positive” designs from our analysis, we restricted our analysis to designs with a lower

nonpolar residue count and lower helical propensity (Fig. S15). Restricting our analysis

in this way removed 25% of our total designs, while lowering the fraction of stable

scrambles from 12% to 6% (Fig. 4B). The overall fraction of stable designs was 26% -

still substantially above the “success rate” of the scrambled sequences (Fig. 4B).

We then analyzed the impact of differently weighted Rosetta energy functions on

folding stability. On average, designs made using the reweighted energy functions had

higher stability than designs made with the default energy function (Fig. 4C-D).

However, some regularization (restraining the weights near their original values) was

critical to successful re-weighting: the “Heavy” energy function, where the changes to

the weights were the largest, performed much more poorly than the energy functions

with “Minor” and “Moderate” changes to the weights (Fig. 4C-D). The success of the

re-weighted energy functions suggests that empirical re-weighting could be an efficient

https://www.zotero.org/google-docs/?AKBAsb
https://www.zotero.org/google-docs/?D2lQ7r
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practical tool for protein design in situations where large-scale data is available for a

specific task. The designs created by the re-weighted energy functions would not have

been favored under our previous design procedure, with larger changes to the weights

leading to designs that appear less and less favorable according to the default energy

function (Fig. 4E). These re-weighted “Minor” and “Moderate” energy functions also

showed better correlation with previously published stabilities for other miniprotein

topologies compared to the default score function (Table S5).

Next, we investigated how topological features (loop, β-strand, helix) of the

designs affect folding stability. We selected the seven most common loop structures

found in our designs (represented using ABEGO notation) (36) and the three most

common β-strand lengths as inputs to another linear regression model (Fig. S16, Fig.

4F). The explanatory strength of this model is weak (95% conf. int. from bootstrapping,

mean r = 0.167 , mean R2 = 0.028). This is due to the simplicity of the model and

because the topology-only model excludes critical stability determinants such as

hydrophobic residue count. Despite these shortcomings, this model still enables us to

examine the relative importance of different topological components. The largest

structural contributors to stability are the lengths of β-strands and helices, with shorter

β-strands (and corresponding longer helices) as the most favorable topological

parameter (β-strand and helix lengths are inversely related because all designs have a

fixed length of 43 residues) (Fig. 4F). Secondarily, particular structures in loops 2 and 3

influenced folding stability as well. A loop structure of GBB in the first loop, GG in the

second loop, and AB in the third loop increases the stability of a design more than other

loop structures (Fig. 4F).
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Based on this topology-focused model, we would expect αββα miniproteins with

a GBB-GG-AB loop patterning, β-strands that are 4 residues long, and helices that are

14-residues long to be more stable on average than αββα miniproteins with any other

loop, strand, and helix combination (Fig. 4F). Although designs with a β-strand length of

4 residues were not common in our dataset, a very similar design structure

(GBB-GG-AB with a β-strand length of 3 residues) had the highest average stability

score and the highest success rate in our dataset (Fig. 4G), which is in agreement with

a previous study on loop patterning and stability.104 In fact, this design pattern is the

protein architecture that we used to generate all the Round 5 αββα miniproteins (Fig.

S1A). However, the high success of this architecture in Round 6 may be due to using

re-weighted energy functions that were optimized based on Round 5 designs with this

specific architecture. Nonetheless, when we subset our Round 6 designs to identify

αββα miniproteins with a GBB-GG-AB loop pattern and features that we previously

determined to promote stability, these designs are diverse in their sequence identity and

highly stable (81% successful) (Fig. 5). This provides a “recipe” for designing new stable

αββα miniproteins in the future.

https://www.zotero.org/google-docs/?4yTH9q
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Fig 5. A recipe for building diverse high-stability αββα designs. (A) Designs made from a
diversity-oriented strategy are grouped into subsets based on five features that we identified to
be important for stability (Fig. 2I, Fig. 4F). (B) The number of designs that comprise each
subset; (C) the mean sequence identity between any two designs in each subset; (D) the
fraction of successful designs in each subset, with error bars indicating 95% confidence
intervals from bootstrapping. Ideal designs (those with the parameters of Subset 5) are 80%
successful with under 40% sequence identity between pairs of designs.
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2.9 Predicting stable de novo αββα miniproteins by AlphaFold 2

When we designed and tested αββα miniproteins for their folding stability,

AlphaFold 2 was not yet available. With its recent release,93 we wondered whether

AlphaFold 2 could discriminate between stable and unstable miniproteins. We explored

this possibility even though AlphaFold 2 is intended for structure prediction and not

stability prediction. Out of the ~5,600 and ~4,000 restricted and diversity-oriented

designs, respectively, we found that 78% of the former and 20% of the latter had at least

one predicted structure within 2Å RMSD to the designed model. These predictions

were equally in agreement with design models regardless of whether a design was

experimentally unstable, moderately stable, or stable, indicating that AlphaFold 2 did not

discriminate stable from unstable designs (Fig. S17). We also examined whether the

Rosetta energy scores of the AlphaFold 2-predicted models were better correlated with

experimental stability scores than the scores of the original design models. The

AlphaFold 2-predicted models did not improve the correlation with experiment for the

Round 5 design set, but provided a small improvement for Round 6 (Fig. S18A-D).

Neither RMSD nor AlphaFold 2’s average confidence measure (pLDDT) showed much

ability to enrich for stable designs (Fig. S18E), indicating that AlphaFold 2 is currently

unable to determine the folding stability of these designed miniproteins.

2.10 Discussion

Understanding the biophysical determinants that enable proteins to fold and

remain stable is important in protein design, drug development, and other areas. Here,

we examined the stability determinants of the αββα miniprotein fold, which was

https://www.zotero.org/google-docs/?PTIgYc
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previously identified as unusually challenging to design.37 We took advantage of an

improved Rosetta design protocol 95,96 to design over ten thousand αββα miniproteins

using both restrictive and diversity-oriented design strategies. Our two design strategies

led to over three thousand new stable designs (~2,100 restricted and ~1,000

diversity-oriented designs) and a much higher success rate (38%, Fig. 2A) than the 2%

success previously reported.37 Our designed proteins also had a much higher success

rate than control sequences with identical residue composition and polar-nonpolar

patterning. This suggests that their stability was conferred by their designed

three-dimensional structures. Supporting this, NMR structures of two designs closely

matched the designed models (below 2 Å backbone RMSD, Fig. 3), circular dichroism

spectra of six designs were consistent with the designed structures (Fig. 3C), and deep

mutational scanning analysis of 5/6 designs showed specific sequence-stability

relationships that were consistent with the designed structures. However, the lower

resolution of circular dichroism and mutational scanning cannot directly demonstrate the

atomic accuracy of the designs.

Our large dataset of stable designs enabled us to quantify determinants of

stability for the previously-challenging αββα fold (Figs. 2I, 4F-G). Most of the stability

determinants were common across globular proteins,3,9,100,104,6 and similar to those

previously observed in large-scale de novo design experiments.37 We also identified that

designing hydrophobic residues near the termini was especially important for the αββα

miniprotein fold (Fig. 2I). Our design success rate improved substantially when we used

our large dataset to re-weight the Rosetta energy function specifically for αββα design

(Fig. 4C-E). These observations largely explain the low success of previously designed

https://www.zotero.org/google-docs/?bLoP4k
https://www.zotero.org/google-docs/?fF3Lsm
https://www.zotero.org/google-docs/?19MZvK
https://www.zotero.org/google-docs/?e6VOjk
https://www.zotero.org/google-docs/?hvXsHx
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αββα proteins: previous designs frequently employed non-optimal loop patterns, helix

capping residues, and residues near the design termini, and typically had 13-16

nonpolar residues rather than the 17-20 used here (Fig. S1). Notably, the total number

of nonpolar residues in each design is influenced by the design energy function and by

parameters that restrict the amino acids that are sampled at each position according to

the solvent accessibility of that position.37,38 These restrictions are manually tuned to

balance stability and solubility, as well as to reduce the search space of sequences.

Designing proteins with too few nonpolar residues can thus be considered a failure of

manual tuning as well as a failure of the design energy function.

Our study has several notable limitations. First, some fraction of “stable” designs

are likely stable for non-designed reasons, such as folding into an alternative structure,

forming a compact “molten” state, or aggregating on the surface of yeast. In our

diversity-oriented set, 6% of our scrambled sequences met our stability threshold,

compared with 25% of designs (Fig. 4B). Naively, this suggests that one in five stable

designs could be stable for non-designed reasons. In addition, three of the six designs

based on the restrictive protocol exhibited some oligomeric species when purified from

E. coli (Fig. 3B), suggesting designs might be stabilized by intermolecular interactions.

Because our regression analysis assumes that each design’s stability (or lack thereof) is

due to its designed monomeric structure, our analysis will be unreliable if non-designed

structures or interactions played an important role in our observed stabilities. Still, our

regression analysis was able to identify specific three-dimensional features as

stabilizing or destabilizing, such as buried unsatisfied polar atoms and attractive or

repulsive ion pairs (Fig. 2I).

https://www.zotero.org/google-docs/?LyVh0N
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Secondly, our findings regarding the determinants of stability are limited to the

specific context we examined: αββα miniproteins designed by a particular computational

procedure. The samples of designs that we tested were not random: they were

designed to be high stability and showed variation across some dimensions but not

others. If a biophysical property (such as backbone torsional strain or higher polarity)

varied only minimally across our design set, we would not be able to identify the

contribution of that feature to stability. An alternative design procedure might also

generate structures in a different region of “property space,” permitting high stability

designs that are different from the recipe described in Fig. 5. Constructing a fully

general model of folding stability will ultimately require a broad sampling of sequences,

structures, and biophysical properties. Our work here investigating a specific design

space suggests that this should be possible.

Despite these limitations, our study demonstrates how large-scale experimental

testing can be applied to solve a challenging design problem and to quantify the

biophysical features that influence design stability. In contrast to other studies that use

mutagenesis to study determinants of folding stability,105–108 our method examines the

strengths of different biophysical features across thousands of different protein contexts,

although these contexts are all related by the αββα fold and design procedure.

Simplified low-resolution models like our linear regression are valuable for building

biophysical intuition about the strengths of different interactions 109,110 as well as for

guiding the construction of high-resolution models like the Rosetta energy function,

which is also an additive model.111 Our stable αββα designs (and our recipe for

https://www.zotero.org/google-docs/?tV3Acm
https://www.zotero.org/google-docs/?XN3PAs
https://www.zotero.org/google-docs/?EtTmzx
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generating more) may also be valuable scaffolds for engineering binding functionality for

therapeutic, diagnostic, and synthetic biology applications.23,112,113

2.11 Materials and Methods

Computational protein design

We designed αββα miniproteins using Rosetta based on our previous work.37

Briefly, we used fragment assembly to build backbones according to protein

architectures specified in a blueprint file,94 as in37,38. For the restricted design strategy

(Round 5), we chose the protein architecture that previously led to generating the

greatest number of stable (defined only here as stability score ≥ 0.8) αββα miniproteins

(Fig. S1A). This architecture restricted the αββα miniprotein structure to have two

helices that are 14-residues long, two β-strands that are 3-residues long, and three

loops with an ABEGO pattern of GBB, GG, and AB, respectively. We also applied

several design constraints. We forced the first residue in the middle loop (position 22) to

be nonpolar (AFILMVWY), the solvent-facing residues in the β-strands (positions 20 and

25) to be polar or charged (QNSTDEHKR), and any helical positions were prevented

from being designed as Gly, Thr, or Val as they are known to destabilize helix formation

(51–53). We also required all designs to possess at least 15 hydrophobic residues

(AFILMVWY) and no more than 21 hydrophobic residues. Finally, we filtered out

designs with low Rosetta total energy scores or low buried nonpolar surface area (Fig.

S1B-D).

Sequence design was performed using the Rosetta protocol FastDesign,96 the

beta_nov16_protease version of the full-atom energy function, and a recently-improved

https://www.zotero.org/google-docs/?r0bYHr
https://www.zotero.org/google-docs/?nw6tq9
https://www.zotero.org/google-docs/?cmqr7g
https://www.zotero.org/google-docs/?BalOXB
https://www.zotero.org/google-docs/?8eiIzy
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sampling method designed to prevent over-compaction.50 In order to select αββα

miniproteins for experimental testing, we ranked each αββα design by their predicted

stability scores, which was determined by a Lasso regression model that we built using

previous αββα miniprotein structural metrics and experimental stability scores.37 Based

on this ranking, we selected the top ~5,600 designs with a threshold of 67% sequence

identity for experimental testing.

Round 6 designs were designed as above with several changes. First, we utilized

15 different protein architectures. Moreover, we removed the hydrophobic restriction in

the middle loop, were more permissive on non-helical residues (GDNST) inside the

helices, and allowed hydrophobic residues to appear on the protein surface. We further

specified a penalty for a protein’s net charge outside the range of -5 or 3. Upon

generating ~20,000 αββα designs, we took several steps to select over 7,000 designs

for experimental testing. We first built Lasso and XGBoost regression models (54) using

experimental data from Round 5 to identify ~3,000 designs with significantly different

predictions between the two models (predicted stability scores were at least 0.25 scores

away from the best-fit line between the models). We next independently performed

principal component analysis to identify ~9,000 designs that were most distant from

each other. From the combined ~12,000 αββα designs, we selected ~7,400 designs for

experimental testing whose sequence identity was no closer than 66% to any other

design.

Although all ~7,400 designs were experimentally tested, we determined

afterwards that many of these structures either diverged away from the αββα topology

during design or were not predicted to fold into an αββα structure by Rosetta’s ab initio

https://www.zotero.org/google-docs/?SvDxYV
https://www.zotero.org/google-docs/?d8PWgb
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algorithm. We further found that scrambled sequences could form secondary structure

according to psipred.114 To focus our analysis on designed αββα structures, we restricted

our analysis to ~5,300 designs meeting these criteria: distance between the C-terminus

to the middle loop < 22Å, distance between the N- and C-termini < 20Å, β-strand

lengths according to DSSP ≤5 residues, loop lengths ≤ 5 residues, and unbroken αββα

secondary structural elements according to DSSP.102,103

Energy function re-weighting

The Rosetta energy function is a weighted sum of individual, independent score

terms.111 To test whether our experimental data could directly optimize the energy

function for αββα miniprotein design, we sought to re-weight these terms in Round 6 to

produce the best correlation with our experimentally measured stability scores from

Round 5. In re-weighting, we also sought to bias our new weights to be as close to the

original weights as possible by using ridge regression.115 However, because the L2

regularization in ridge regression biases coefficients to be near zero, we used ridge

regression to identify optimal perturbations to our original weights, rather than directly

optimizing the weights themselves. To determine the appropriate perturbations, we first

regressed our set of experimentally measured stability scores against the original

Rosetta (computational) total scores of the designs. We then used the residuals from

this regression (i.e. the error in the prediction of experimental stability score) as the

target values for our ridge regression. We used scikit-learn’s implementation of Ridge

regression115 to determine new weights on the 25 unweighted Rosetta score terms that

best fit the residuals of the first regression (Fig. S7). The coefficients in this second

https://www.zotero.org/google-docs/?TCc2Mf
https://www.zotero.org/google-docs/?4KeCuY
https://www.zotero.org/google-docs/?k1Z0nK
https://www.zotero.org/google-docs/?goIZAy
https://www.zotero.org/google-docs/?Qe7FRE
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regression are effectively perturbations to the original Rosetta weights that minimize the

error in predicting experimental stability scores (subject to the regularization constraint).

After performing ridge regression, the new score function weights were determined

based on the formula:

NewWeighti = OriginalWeighti * (1 + Coefficienti)

where NewWeighti is the new weight on score term i, OriginalWeighti is the original

weight for term i in the beta_nov16_protease energy function, and Coefficienti is the

coefficient on score term i in the ridge regression.

We tested three new weight sets (“Minor,” “Medium”, and “Heavy”) in addition to the

default weights. These new weight sets were determined using three different

regularization strengths in the ridge regression and are named based on the magnitude

of the change. The “Minor” set used regularization strength alpha=200,000; “Moderate”

used alpha=20,000, and “Heavy” used alpha=0.1. “Heavy” corresponds to the value of

alpha from a cross-validated ridge regression using scikit-learn’s RidgeCV method.115 In

all weight sets, the score term fa_intra_rep_xover4 was maintained at its default value

to avoid favoring extended structures. These weight sets are all provided in the

supporting information.

Miniprotein library generation

https://www.zotero.org/google-docs/?zhUSiQ
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We reverse translated the residue sequences and optimized the codons (based

on E. coli codon frequencies) of all αββα miniproteins that we selected for experimental

testing using DNAworks 2.0.116 We also included scrambled sequences (while

preserving locations of P and G residues as well as nonpolar/polar patterning) for each

corresponding αββα sequence (following 117). Both oligo libraries (Round 5, and Round 6

+ mutational scanning) were purchased from Agilent.

Yeast display and protease stability assay

DNA amplification, yeast display proteolysis, sorting, and next-generation

sequencing were all performed by research contract to the University of Washington

BioFab 118 according to the protocol of 37. Yeast display was performed using a display

vector with improved protease resistance.96

Computing stability scores

We calculated a “stability score” for each design based on a probabilistic model

described previously.37 The model determines the EC50 (the protease concentration at

which half of the yeast cells pass selection during flow cytometry) for each design. The

difference between the experimental EC50 in the folded state and predicted EC50 in the

unfolded state (based on the identical model from 37) is what we call a “stability score.”

The overall stability score for each sequence is the minimum of the independent stability

scores measured by trypsin and chymotrypsin. As previously,37 data were filtered based

on the confidence interval of the EC50 estimate: only sequences where the 95%

confidence interval was smaller than 2.0 (meaning the equivalent of two selection

https://www.zotero.org/google-docs/?RyHyxu
https://www.zotero.org/google-docs/?7imrOu
https://www.zotero.org/google-docs/?cemPTT
https://www.zotero.org/google-docs/?1qSFZO
https://www.zotero.org/google-docs/?TsTeRT
https://www.zotero.org/google-docs/?GKHHQr
https://www.zotero.org/google-docs/?VkZlP7
https://www.zotero.org/google-docs/?Rk5PzD
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rounds, or 9x protease concentration) were retained for analysis. However, the

mutational scanning data were not filtered based on the EC50 confidence interval;

however, only 6/4650 (0.1%) sequences had low confidence stability estimates.

Computing metrics and Regression modeling

The Rosetta models used for computing structural features were the lowest

energy structures from at least 1,000 ab initio trajectories and 200 relax trajectories

starting from the design models. Rosetta design models were scored using the Rosetta

score function, and we computed structural and biophysical features pertaining to

secondary structure, dipeptides, hydrophobicity, hydrogen-bonding, and fragment

quality using the score_monomeric_designs package

(https://github.com/Haddox/score_monomeric_designs).

For regression modeling, we performed linear regression by bootstrapping

(sampling with replacement 1000 times) using Python scikit learn 115 and selected the

95% confidence interval for each variable’s coefficient for analysis. For the restricted

design strategy, we first used stepwise linear regression to identify eight features (large

nonpolar count, nonpolar residue-residue contacts, local sequence-structure propensity,

Ser/Thr at helix caps, Glu-Arg residue-residue contacts, nonpolar residue at design

ends (which we define as positions 1, 2, 42, and 43 of the 43-residue-long protein

structure), Glu-Glu residue-residue contacts, and increased net charge) that increased

the correlation coefficient between predicted and experienced stability scores. We also

selected two features (favorable net charge at helix ends and buried unsatisfied polar

atoms) to determine their relative contributions to stability. For the diversity-oriented

https://github.com/Haddox/score_monomeric_designs
https://www.zotero.org/google-docs/?rGwlGI


57

topology-focused linear regression model, we selected the seven most common loop

patterns and the three most common β-strand lengths found in our dataset as inputs to

a linear regression model.

Calculation of local sequence-structure agreement

The compatibility of each protein sequence with its local backbone structure (Fig. 2E)

was computed using the abego_res_profile method from.37

Protein expression and purification

We purchased six αββα designs whose nucleotide sequences were optimized for

E. coli expression and encoded in the pET-28a(+) vector (that contains an N-terminal

His-tag and thrombin cleavage) from Twist Bioscience. The plasmid vectors were

transformed in BL21(DE3) competent cells (Invitrogen or Sigma Aldrich) and grown

overnight in a starter culture of 50 mL LB media (Fisher Bioreagents) and 50 µg/mL

kanamycin at 37°C while shaking at 225 rpm. 16-18 hrs later, we inoculated 500 mL of

LB media and 50 µg/mL kanamycin with 10 mL of the starter culture and allowed the

competent cells to grow until OD600 ~0.6-0.8.

In preparation for NMR analysis, we transformed one αββα design encoded in

pET-28a(+) into BL21(DE3) competent cells (Sigma Aldrich) and grown in an LB media

starter culture (as stated above). After 16-18 hrs, we pelleted the cells by centrifugation,

replaced the LB media with M9 media (40 mM Na2HPO4, 8.5 mM NaCl, 20 mM

KH2PO4, 60 mM d-Biotin, 55 mM Thiamine, 0.1 mM CaCl2, 0.01 mM ZnSO4, 2 mM

MgSO4, 50 ug/mL kanamycin) that included 15 mM 15NH4Cl and 10 mM 13C glucose

https://www.zotero.org/google-docs/?mLitr8


58

(Cambridge Isotopes) and resuspended the pellet. We then inoculated 500 mL of LB

media with M9 media (including 15 mM 15NH4Cl, 10 mM 13C glucose and 50 µg/mL

kanamycin) with 10 mL of the resuspended starter culture and allowed the competent

cells to grow until OD600 ~0.6-0.8.

Afterwards, for both labeled labeled and unlabeled competent cells, we induced

protein expression by adding a final concentration of 500 mM Isopropyl

β-D-1-thiogalactopyranoside (IPTG) (Fisher Bioreagents) to the LB media and allowing

the cells to grow overnight at 15°C while shaking at 225 rpm. We then harvested the

cells by centrifugation at 4°C and lysed the cells in 30 mL of lysis buffer (20 mM Tris,

500 mM NaCl, 30mM imidazole, 0.25% CHAPS, 1mM PMSF, pH 8.0), which included

60 mg of chicken lysozyme (Sigma), 1.5 µL of benzonase nuclease (Sigma Millipore),

and 1 tablet of Pierce protease Inhibitor EDTA-free (ThermoFisher) followed by

sonication (QSonica SL-18).

Next, we separated insoluble bacterial material by centrifugation (10,000 x g for

30 min) and purified the αββα miniproteins by immobilized metal-affinity

chromatography (IMAC), which involved transferring the supernatant onto Econo-pac

columns (Bio-Rad) that were previously prepared with Ni-NTA (Qiagen), washing the

column with 15 mL Wash Buffer (20 mM Tris, 500 mM NaCl, 30 mM imidazole, 0.25%

CHAPS, 5% glycerol, pH 8.0), and eluting the samples in 10 mL of Elution Buffer (20

mM Tris, 300 mM NaCl, 500 mM imidazole, 5% glycerol, pH 8.0). We initially verified the

size and purification of the miniproteins by SDS-PAGE electrophoresis and Coomassie

stain gel analysis. Then, we concentrated them by a centrifugal filtration system

(Amicon Ultracel-15 or Amicon Ultra-0.5).
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We further purified both labeled and unlabeled miniproteins by size-exclusion

chromatography (Bio-Rad NGC Chromatography System) using a Superdex 75 10/300

GL column (GE Healthcare) and eluted in PBS buffer. A mixture of proteins with known

molecular weights (BSA, Ovalbumin, Ribonuclease A, Aprotinin, and Vitamin B12) were

also separated by SEC to determine a calibration curve, which was used to designate

expected miniprotein monomeric and dimeric fractions (see Fig. 3B). Miniprotein size

and purification were verified first by Coomassie stain gel analysis and then by mass

spectrometry (Synapt G2 Si, Waters).

Circular dichroism

Far-ultraviolet circular dichroism measurements were performed on six αββα

designs (HEEH_rd5_0018, HEEH_rd5_0341, HEEH_rd5_0420, HEEH_rd5_0614,

HEEH_rd5_0958, and HEEH_rd5_3711) using a Jasco J-815 spectrophotometer. All

analysis was performed on the unmodified expression constructs including a 21-residue

N-terminal linker (MGSSHHHHHHSSGLVPRGSHM). We measured the concentration

samples with a Qubit 4 Fluorometer (Invitrogen) and diluted them to a final

concentration of ~0.1-0.4 mg/mL in PBS buffer. Wavelength scan measurements were

made using a 1 mm path-length cuvette from 195 to 260 nm at 25°C and 95°C. We also

measured temperature melts at 220 nm for every 1°C from 25°C to 95°C. For

temperature melt analysis, we smoothed the data with a Savitsky-Golay filter of

polyorder = 3.

Nuclear Magnetic Resonance
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NMR spectra for HEEH_TK_rd5_0341 and HEEH_TK_rd5_0958 structure

calculations were acquired at 288 K, on Bruker spectrometers operating at 600 or 800

MHz, equipped with TCI cryoprobes with the protein buffered in 20 mM sodium

phosphate (pH 7.5, 150 mM NaCl) at concentrations of ~ 0.5 to 1.0 mM. Resonance

assignments were determined for 15N/13C-labeled protein using FMCGUI 119 based on

a standard suite of 3D triple and double-resonance NMR experiments collected as

described previously.120 All 3D spectra were acquired with non-uniform sampling in the

indirect dimensions and were reconstructed by the multi-dimensional decomposition

software qMDD,121 interfaced with NMRPipe.122 Peak picking was performed manually

using NMRFAM-Sparky.123 Torsion angle restraints were derived from TALOS+.124

Automated NOE assignments and structure calculations were performed using CYANA

2.1.125 However, for HEEH_TK_rd5_0341 NOEs identified manually with high

confidence, that were not consistent with a monomeric structure, were added as initial

restraints for dimeric structure calculation. The best 20 of 100 CYANA-calculated

structures were refined with CNSSOLVE126 by performing a short restrained molecular

dynamics simulation in explicit solvent.127 The final 20 refined structures comprise the

NMR ensemble. Structure quality scores were performed using Procheck 128 and the

PSVS server.129 Longitudinal (T1) and transverse (T2) 15N relaxation rates were

determined for the constructs at 288 K (at 600 MHz)130 using the integrated signal from

the structured amide regions (>8.5 ppm) of 1D 15N-edited spectra, fitted to an

exponential decay as a function of delay times. Rotational correlation times (τc) were

estimated based on T1-T2 ratios131 ​​and hydrodynamic radii (rH) calculated using the

Stokes-Einstein equation.

https://www.zotero.org/google-docs/?cRlIPG
https://www.zotero.org/google-docs/?pz58K2
https://www.zotero.org/google-docs/?qf6YFs
https://www.zotero.org/google-docs/?ld1VZE
https://www.zotero.org/google-docs/?nAtOMU
https://www.zotero.org/google-docs/?8Te3lv
https://www.zotero.org/google-docs/?B0Fnva
https://www.zotero.org/google-docs/?JtjNqj
https://www.zotero.org/google-docs/?PvSnqM
https://www.zotero.org/google-docs/?tyub8W
https://www.zotero.org/google-docs/?m7lJMw
https://www.zotero.org/google-docs/?hW6oKk
https://www.zotero.org/google-docs/?wLmFRn
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Hydrogen-deuterium exchange and analysis

NH/D amide exchange rates were determined for HEEH_TK_rd5_0341 and

HEEH_TK_rd5_0958 (including the 21aa N-terminal linker

MGSSHHHHHHSSGLVPRGSHM) by performing an exchange series at 288 K (at 600

MHz), by monitoring the decay rate of amide peak intensities in 1H-15N HSQC spectra

collected over the course of 24 hrs. HEEH_TK_rd5_0958 dissolved in MES buffer at ~

500 µM (pH 5.8, 150 mM NaCl) was lyophilized, and exchange was initiated by

solubilizing in an equal volume of D2O; each HSQC time point was acquired in ~ 5

minutes. For HEEH_TK_rd5_0341, exchange was initiated by mixing phosphate

buffered protein (at ~ 1.0 mM, pH 7.5) with D2O at a ratio of 1:19, and each HSQC time

point was acquired in ~ 16 minutes. The first time points for the series were started ~ 5

minutes following the initiation of exchange. Peak intensities were fitted to a single

exponential decay (with an offset due to the presence of residual 5% H2O for

HEEH_TK_rd5_0341). Opening free energies were calculated from these rates as

previously described.114,132,133 For residues where exchange was too fast to quantify, we

calculated an “upper limit” ΔGopen based on an exchange rate of 0.1 min-1 (the fastest

quantifiable rate was 0.066 min-1).

AlphaFold analysis

All αββα miniprotein structures were predicted from their primary sequences

using AlphaFold 293 without using multiple sequence alignment (MSA) information

because αββα miniproteins have low similarity to natural proteins. Five models were

https://www.zotero.org/google-docs/?u6J0n9
https://www.zotero.org/google-docs/?eo9w3p
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generated for each sequence and the lowest RMSD model to the designed structure

was used for the analysis in Figs. S13, S17, and S18.

Analysis of residue composition difference

The residue composition of all Round 5 and 6 were compared by taking all

possible combinations of protein pairs, and first identifying the total number of unique

residues for each protein. Then, we took the absolute difference for each unique

residue, taking the sum of all absolute differences, and then dividing the sum by the

total number of residues being compared. Other protein domains were compared, LysM

(https://pfam.xfam.org/family/LysM), PASTA (https://pfam.xfam.org/family/PF03793),

and Cold Shock (https://pfam.xfam.org/family/CSD).

Analysis of structural agreement among Rosetta design, AlphaFold, and NMR models

Different models were aligned to each other using PyMOL. To analyze the RMSD

between the Rosetta design model and AlphaFold model, both structures were aligned

(super structure1, structure & name n+c+ca+o). To analyze the RMSD between the

Rosetta design model (or AlphaFold model) with the NMR ensemble, all twenty states of

the NMR ensemble were aligned to each other, and the design model (or AlphaFold

model) was added to the NMR pdb file as the 21st state. Then, RMSD values for all

NMR states to the design model (or AlphaFold model) were determined (intra_fit

structure////n+c+ca+o, 21), and the average RMSD determined (Fig 3F, H).

https://pfam.xfam.org/family/CSD
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CHAPTER 3: Towards developing a reporter cell to identify
cell-penetrating miniproteins

3.1 Abstract

Cell-penetrating miniproteins (CPMPs) could become a new class of drugs as

they would be better suited than small molecule drugs to target protein-protein

interactions (PPIs). However, many PPIs occur in the cell cytosol, and proteins typically

are unable to cross cell plasma and endosomal membranes. Cell-penetrating peptides

(CPPs) have been well studied, but their small size, susceptibility for degradation, and

low-efficient delivery make them non-ideal therapeutic candidates. Cell-penetrating

proteins can address the limitations of CPPs, but only a few have been characterized.

Thus, this limits our understanding of the biophysical features that enable

cell-penetration. High-throughput screens and large quantitative data would enable us

to formulate such general biophysical determinants, but no high-throughput assays

currently exist.

Here, we present initial experiments that can guide future tests to successfully

develop a high-throughput screen. We use the split-intein, VidaL, and the synthetic

transcription factor, ZF1-VP64, to investigate whether the presence of a test miniprotein

can be detected by a “reporter” mammalian cell. Our results by fluorescent microscopy

suggest that ZF1-VP64 can successfully activate the gene expression of a fluorescent

protein in the presence of the test miniprotein.



64

3.2 Introduction

There is an estimated 645,000 PPIs that occur in human cells.134 Aberrations to

these interactions due to mutations can lead to a wide range of diseases, such as

cancer,135,136 neurodegeneration,137 cardiovascular disease,138 and various metabolic

diseases.139

Therapeutically targeting cytosolic PPIs has currently been challenging because

small molecule drugs, which is currently the most common modality, are most effective

when there is a deep binding pocket. However, many PPIs interact at shallow

interfaces.140 Protein-based therapeutics offer a promising alternative, but proteins

readily cannot cross cell membranes, escape endosomes, and enter the cytosol

because of the biological nature of proteins and membranes: proteins have hydrophilic

surfaces, but the lipid bilayer of cell membranes consist of hydrophobic carbon tails.

Only a few proteins that can penetrate cell membranes have been

characterized,58–60 but this paucity makes it extremely difficult to generalize principles for

cell-penetration and use that knowledge towards designing cell-penetrating proteins for

drug targets. High-throughput screening for candidate cell-penetrating proteins could

help address this gap in knowledge, but such methods currently do not exist.

Here, we propose a novel system, namely a “reporter” cell that drives the gene

expression of a fluorescent protein when a protein enters the cytosol. The key reaction

driving this readout is the release of a transcription factor mediated by split inteins,

which are protein fragments that spontaneously ligate their flanking regions (exteins).74

Gene regulation and gene circuit design using synthetic transcription factors

have been well studied 141–146 and applied to cell systems that respond to extracellular

https://www.zotero.org/google-docs/?jvFSxY
https://www.zotero.org/google-docs/?T5ZaN7
https://www.zotero.org/google-docs/?zh8wYH
https://www.zotero.org/google-docs/?QZDT4P
https://www.zotero.org/google-docs/?mmO1JH
https://www.zotero.org/google-docs/?rgK46I
https://www.zotero.org/google-docs/?seUI9U
https://www.zotero.org/google-docs/?vGqSbu
https://www.zotero.org/google-docs/?rWu4gi
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ligands.147–152 For example, a recent study split the transcription factor, ZF1-VP64, into its

two components (a zinc finger DNA-binding domain and VP64 activation domain), fused

them to gp41-1 intein fragments, and demonstrated that an intein-mediated

reconstitution of the transcription factor can lead to downstream gene activation (this

was also possible by tethering the ZF1 domain onto a transmembrane domain, TMD).75

Here, we modify this system to test whether a 43-residue miniprotein fused to

one intein can trigger a trans-splicing intein reaction with its complementary intein that is

fused to a TMD and an unsplit ZF1-VP64. Using gp41-1 as our intein-of-choice seemed

to be suboptimal because both inteins fragments are relatively large (88 residues for the

N-terminal intein and 37 residues for the C-terminal intein),75 and their use could result

in complications with data interpretation in a future screen, especially as the intein is as

large or larger than the protein-of-study.

Instead, we opted to test the split-intein, VidaL, because its N-terminal fragment

is only 16 residues,76 which is comparable to split-GFP complementation assays that tag

CPPs with the 11th-strand of GFP (15 residues).70,71 We also selected VidaL because of

its fast splicing kinetics (reaction half-life of ~1 min) in vitro.76

Here, we show preliminary results suggesting it is possible to combine synthetic

transcription factors with intein-splicing to report the presence of a protein-of-interest in

the cytosol.

3.3 Design of constructs and expected products

To investigate an intein-mediated release of ZF1-VP64 and subsequent gene

expression of a fluorescent protein, we initially designed and tested two components in

https://www.zotero.org/google-docs/?0uSwc8
https://www.zotero.org/google-docs/?X4FdI2
https://www.zotero.org/google-docs/?B2JJMe
https://www.zotero.org/google-docs/?XjpiXT
https://www.zotero.org/google-docs/?r02qeF
https://www.zotero.org/google-docs/?ad8Q08
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HEK 293T cells (Fig. 6, Table S6). First, we fused a test miniprotein, EHEE_rd2_0005,

to the N-terminal VidaL intein (VidN), hereafter called EHEE-VidN. We selected this

protein for its high folding stability.37 Second, we replaced the C-terminal intein in the

target chain of an engineered receptor (called MESA)75,153 with the C-terminal VidaL

intein (VidC). MESA was originally designed to sense extracellular ligands upon the

dimerization of its target chain and protease chain,148,150 but we repurposed it by only

using the target chain to serve as a scaffold for sequestering ZF1-VP64 away from the

nucleus. At the N-terminus of VidC is a TMD, and at the C-terminus of VidC is the

transcription factor, ZF1-VP64, followed by a nuclear localization signal (NLS), hereafter

called TMD-VidC-TF (Fig. 6, Table S6).

The predicted mechanism is the presence of EHEE-VidN in the cytosol will lead

to a spontaneous and rapid intein trans-splicing reaction with VidC, which is tethered to

the TMD and linked to ZF1-VP64. The reconstituted inteins are then linked to the TMD,

and their exteins (EHEE_rd2_0005 and ZF1-VP64) combine and enter the nucleus.

Then, gene transcription of the fluorescent protein, mKate2, will initiate (Fig. 6).

Fig. 6. Mechanism for gene activation based
on ZF1-VP64 and VidaL. The miniprotein
EHEE_rd2_0005 miniprotein (EHEE) fused to a
16-residue N-terminal intein (VidN) undergoes a
trans-splicing reaction with its corresponding
C-terminal intein (VidC). VidC is tethered to a
transmembrane domain (TMD) at its N-terminus
and to a transcription factor (VP64 activation
domain and ZF1 DNA-binding domain) and a
nuclear localization sequence (NLS) at its
C-terminus. Once intein trans-splicing has
occurred, the transcription factor is released and
enters the nucleus where it binds to six ZF1
DNA-binding sites (ZF1x6-C) and activates the
gene transcription of mKate2.

https://www.zotero.org/google-docs/?AexD8X
https://www.zotero.org/google-docs/?IeElyQ
https://www.zotero.org/google-docs/?4hsxtc
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3.4 Testing intein splicing in mammalian cells

In HEK 293T cells, we co-transfected equal amounts of plasmids (by mass)

encoding EHEE-VidN, TMD-VidC-TF, as well as mKate2 driven by a ZF1x6-C promoter

(Fig. 7A). To quickly observe our results, we chose a qualitative approach by observing

the activation of mKate2 by fluorescence microscopy (Fig. 7B). When both EHEE-VidN

and TMD-VidC-TF were transfected, we observed reporter gene activation, initially

suggesting to us that mKate2 expression may be due to intein-splicing and subsequent

release of ZF1-VP64 (Fig. 7, bottom row). However, in the control experiment in which

we transfected TMD-VidC-TF without its complementary intein, EHEE-VidN, we also

observed fluorescence (Fig. 7, middle row).

Fig 7. Reporter gene activation via intein constructs driven by a CMV promoter. (A)
Cartoons of the gene constructs and the promoters that drive them that were transfected in HEK
293T cells: EHEE-VidN, TMD-VidC-TF, mNG, and mKate2. mNG (mNeonGreen) serves as a
transfection control, and mKate2 is the reporter gene. (B) Fluorescent microscopy images are
representative of three experiments at 20x resolution.
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This suggests that ZF1-VP64 entered the nucleus to activate gene transcription

of the reporter gene perhaps because either the transcription factor has self-spliced

itself off the TMD, or the entire construct did not successfully get embedded into the cell

plasma membrane. To check if self-splicing may be possible by VidC, we first identified

the residue that VidC normally reacts with in VidN (Cys1) as well as the three extein

residues immediately flanking Cys1 (Glu-Ser-Gly) (Table S6) because exteins have

been shown to impact splicing kinetics.76,154 We looked to see if TMD-VidC-TF had any

Glu-Ser-Gly-Cys sequences that VidC could recognize and splice, but we did not find

any. This suggested to us that VidC might not trigger a self-splicing reaction.

An alternative hypothesis is that over-expression of TMD-VidC-TF burdens the

cell machinery that is responsible for trafficking membrane-bound proteins to the cell

plasma membrane. Type 1 transmembrane proteins with signal peptides at their

N-terminus are recognized by a signal recognition particle (SRP) as the nascent

polypeptide chain is being translated from the ribosome. The SRP targets the protein to

the protein channel Sec61 in the endoplasmic reticulum (ER) where the translating

transmembrane protein gets translocated through the ER’s lipid bilayer.155 The plasmid

that encodes TMD-VidC-TF has a CMV promoter and enhancer, β-globin intron, and a

woodchuck hepatitis virus posttranscriptional regulatory element (WPRE), all of which

enhance gene expression.156,157 Thus, it may be possible that over-expression of

TMD-VidC-TF leads to a subpopulation of this construct being processed by the SRP in

a timely manner, and another subpopulation waiting in the cytosol to be trafficked into

the ER. Because the TMD-VidC-TF has an NLS at the C-terminus, it may be possible

https://www.zotero.org/google-docs/?fblRmh
https://www.zotero.org/google-docs/?QebnHs
https://www.zotero.org/google-docs/?nTPczh
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for the NLS to be recognized by an import receptor 158 that trafficks the TMD-VidC-TF

through the nuclear pore complex.

3.5 Testing intein splicing using a weaker promoter or masking the NLS

We therefore tested whether reducing the expression of the TMD-VidC-TF using

a weaker promoter or removing the gene enhancing elements (β-globin intron and

WPRE) could greatly reduce, if not eliminate, the TMD-VidC-TF from activating the

reporter gene by itself. The EF1α and SV40 promoters have been correlated with less

protein expression than CMV,159 so we tested the first two promoters and their effects in

reducing mKate2 signal (Fig. 8). We still observed by fluorescence microscopy

activation of the reporter gene when the TMD-VidC-TF was transfected in HEK 293T

cells without EHEE-VidN. However, mKate2 signal was qualitatively higher when both

TMD-VidC-TF and EHEE-VidN were co-transfected (Fig. 8).

Although it might be possible to tolerate the background signal and use

TMD-VidC-TF driven by either the EF1α or SV40 promoter when building a “reporter”

cell, we wondered if we could improve the difference between true signal (mKate2

expression by both TMD-VidC-TF and EHEE-VidN) and background signal (mKate2

expression by TMD-VidC-TF alone).

https://www.zotero.org/google-docs/?ivTaCk
https://www.zotero.org/google-docs/?lZ5XQa
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Fig. 8. Reporter gene activation from an EF1α or SV40 promoter. (A) Cartoons of the gene
constructs and the promoters (EF1α and SV40) that drive them that were transfected for each of
the three conditions. mNG serves as a transfection control, and mKate2 is the reporter gene. (B)
Fluorescent microscopy images are representative of three experiments at 10x resolution.
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We then investigated whether positioning the NLS in the middle of TMD-VidC-TF

instead of at the C-terminus might “mask” the NLS from import receptors. Several

studies have investigated how the NLS of a protein can be masked by the influence of

its flanking regions,160 by a binding event with another protein 161–163 or due to

post-translational modifications.164,165 AlphaFold 2 structure prediction of TMD-VidC-TF if

the NLS was inserted between VidC and VP64 of the transcription factor suggest that

the first lysine in the NLS interacts with the backbone of Thr33 in VidC (Fig. 9, red box).

It could be that this interaction as well as the close proximity of the NLS to VidC are

sufficient for the NLS to be inaccessible by an import receptor. Surprisingly, AlphaFold 2

was unable to accurately predict the structure of VP64 (Fig. S19), but it may be possible

that both VP64, if predicted accurately, could also play a role in masking the NLS.

Fig. 9. Predicted structures of domains near NLS. (A) Cartoon of the original TMD-VidC-TF
with the NLS (red) at the C-terminus and (B) TMD-VidC-TF with the NLS (red) shown in the
middle of the structure. Inside each rectangle shows the best AlphaFold 2 predicted-structure
for a specific region of the TMD-VidC-TF. Inside the rectangle in panel B shows a red rectangle,
which highlights the lysine in the NLS that is predicted to form an interaction with the backbone
of VidC.

https://www.zotero.org/google-docs/?MimhC0
https://www.zotero.org/google-docs/?LDGLO0
https://www.zotero.org/google-docs/?qwiius
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To test this hypothesis, we generated a new TMD-VidC-TF construct in which the

NLS was moved from the C-terminus to the middle of the construct (between VidC and

VP64) (Fig. 9B). When this new construct was transfected in HEK 293T cells with or

without EHEE-VidN, we observed by fluorescence microscopy that the mKate2 signal

was higher when both constructs were expressed than just TMD-VidC-TF alone (Fig.

10).

Fig. 10. Impact of masked NLS on reporter gene activation. (A) Cartoons of the gene
constructs and the promoters that drive them that were transfected for each of the three
conditions. mNG serves as a transfection control, and mKate2 is the reporter gene. (B)
Fluorescent microscopy images are representative of three experiments at 10x resolution.

This observation was similar to the previous experiment in which we tested two

different promoters (Fig. 8). Indeed, when we quantified the fluorescence intensity

across both experiments, the true signal was always higher than the background signal.

However, the difference between true and background signal is higher when the
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promoter is EF1α, although the true signal is more consistent when the NLS is masked

(across n=3 experiments) (Fig. 11). These preliminary results indicate that a “reporter”

cell could be built using either the TMD-VidC-TF driven under EF1α or EF1α with a

masked NLS.

Fig. 11. Fluorescence intensity of reporter gene activation. Barplot showing mean

normalized mKate2 signals for six conditions transfected in HEK 293T cells: TMD-VidC-TF

without and with EHEE_VidN driven under the EF1α promoter, driven under the SV40p

promoter, and driven under the EF1α promoter with the NLS masked. Black dots denote

individual experiments (n = 3).
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3.6 Methods and Materials

Mammalian Cell culture

HEK 293T cells (ATCC) were passaged using Trypsin (Gibco) and cultured using

DMEM (Thermo Fisher) using 10% FBS (Corning) supplemented with 1% Penicillin and

Streptomycin (Gibco). Cells were incubated at 37°C, 5% CO2.

Gene synthesis and molecular cloning

Genes encoding EHEE_rd2_0005-FLAG-VidN and

CD4-FLAG-FRB-FGFR4-VidC-VP64-ZF1-NLS were synthesized by Twist Bioscience as

clonal genes in their stock pTwist vectors (promoters CMV and EF1α) (Table S6).

ZF1x6-C-mKate2 was a gift from Josh Leonard. All three genes were transformed into

DH5α competent cells (Sigma Aldrich), and plasmids were generated by mini-prep

(Takara).

To generate the VidC construct (above) with an SV40 promoter, the gene that was

synthesized from Twist and the vector pRL-SV40p (Addgene #​​27163) were linearized

by PCR using custom primers (IDT) (Table S7). KOD Polymerase was used for PCR

(Thermo Fisher). PCR products were purified (Qiagen), and ligated using the In-Fusion

Cloning Kit (Takara). Ligated products were transformed into DH5α competent cells

(Sigma Aldrich), selected by ampicillin, and the sequences confirmed by Sanger

sequencing (ACGT Inc.).
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Transient transfection

HEK 293T cells (ATCC) were plated in 96 well plates (Falcon) to a final confluency of

80-90% in DMEM (Thermo Fisher) + 10% FBS without antibiotics. We used the

manufacturer's instructions for transfection using Lipofectamine 3000 (Thermo Fisher).

pCAGEN-mNeonGreen was used as transfection control, and empty pCAGEN or empty

pcDNA3.1 was used in order to ensure that all cells received the same total mass of

plasmids. An equal ratio of plasmids were transfected. Cells were incubated in 37°C,

5% CO2 and analyzed 24 hours after by microscopy.

Fluorescent microscopy and fluorescence plate reading

Microscopy images were taken using the Evos M5000 Imaging System (Thermo Fisher)

at 10x or 20x resolution. Quantifying fluorescence intensity was done using the Synergy

Neo2 multi-mode reader (Biotek). We measured green fluorescence using 487 nm for

excitation and 528 nm for emission, and red fluorescence using 588 nm for excitation

and 633 nm for emission. The gain was set to automatic.

To calculate the normalized fluorescence signal (Fig. 11), we first calculated the ratio of

mKate2 and mNeonGreen signal intensities for each well. Nextt, we calculated the

average ratio of mKate2/mNeonGreen for all wells. Then, we normalized the mKate2

signal intensity by dividing each mKate2 signal from each well by the average

mKate2/mNeonGreen ratio.

AlphaFold2 structure prediction
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Structures for TMD-VidC-TF-NLS and TMD-VidC-NLS-TF were predicted using

ColabFold v1.5.2.166 The sequences used as the input did not include the signal peptide,

FLAG tag, the extracellular FRB domain, or the TMD as all of these would not interact

with the intein, transcription factor, or NLS. mmseqs2_uniref_env and unpaired_paired

mode were selected for MSA options, and the number of recycles was 6. Structure

images were analyzed and visualized using PyMOL.

https://www.zotero.org/google-docs/?jIiwpi
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CHAPTER 4: Future Directions

This chapter highlights major themes and potential future directions for the αββα

folding stability and reporter cell projects.

4.1 Further analysis for miniprotein folding stability

We used sequence-based and structural metrics as well as folding stability data

to build an interpretable biophysical model that quantifies how ten determinants

contribute to an αββα miniprotein’s folding stability (Chapter 2, Fig. 2I). Based on this

model, we found that 80% of stable αββα miniproteins in round 6 (which had not been

used to build the model) had these determinants. Because we did not actually make

αββα designs using our biophysical model, a follow-up set of experiments could be to

create a seventh round of αββα miniproteins whose designs are fully guided by the

model. If this new set of αββα miniproteins achieves a success rate greater than

previous rounds, this would validate the strength of this simple model.

Multimerization

However, the model is not perfect. Biophysical characterization of several αββα

miniproteins in round 5 of design revealed that two structures formed dimers (by SEC),

one of which was also confirmed by NMR (Chapter 2, Fig. 3B). But, it might be possible

that there are other αββα designs that are stable by forming dimers. So, it might be

useful to use AlphaFold-Multimer167 to predict the likelihood of designs forming higher

https://www.zotero.org/google-docs/?qaWnJI
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ordered species, excluding multimer-forming αββα miniproteins from the dataset, and

re-training the biophysical model.

However, if a considerable number of αββα designs have a likelihood of forming

higher-ordered species, a new direction for the lab could be using dimeric αββα as a

model system to quantify the determinants for miniprotein multimerization between the

same design or among different designs. This has implications for biomedical research

as many proteins exist as assemblies,168–170 and disruption can lead to disease.171–173

A more generalizable model

Another approach to improve the model is to make it more generalizable to the

αββα topology, or to miniproteins in general. Our analysis of the determinants of folding

stability was based on a specific context – αββα miniproteins made from a specific

computational approach. For round 5, designs were based on a particular protein

architecture (14-residue helices and 3-residue β-strands), and round 6 designs were

built off of fifteen protein architectures (with 9-12 residue helices and 3-5 β-strands).

Because we limited this study to a certain region of sequence and structure space, it

may be informative to design new libraries of αββα miniproteins with even greater

sequence and structural diversity. Then, we may learn additional determinants for

folding stability if we test 43-residue αββα designs with a wider range of secondary

structures (e.g. shorter and longer helices and β-strands than what we tested here).

Furthermore, given recent advances in DNA synthesis like DropSynth174,175 that enables

the assembly of larger DNA oligo libraries, we could design and test the folding stability

of αββα miniproteins that are larger than 43 residues.

https://www.zotero.org/google-docs/?UIFQxX
https://www.zotero.org/google-docs/?rwEd56
https://www.zotero.org/google-docs/?3XCDfc
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To make the model more generalizable to proteins beyond the αββα fold, another

direction to further this study is to build an interpretable model based on folding stability

data across many different folds. Previous work37 on which Chapter 2 is based, tested

the folding stabilities of four folds (ααα, αββα, βαββ, and ββαββ) and could be used as

an initial dataset for building a more generalizable model.

Folding stability under different environmental conditions

In vitro studies in the lab are commonly performed under standard laboratory

conditions (e.g. cell-culture based experiments at 37℃ and 5% CO2; wet bench-based

experiments at 25℃). However, varying environmental conditions, such as pH,

pressure, temperature, and solvent 176–178 in laboratory experiments could model different

aspects of human physiology (e.g. pH in gastrointestinal tract, pressure in arteries,

solvent in blood vs. stomach). Testing miniprotein libraries under different environmental

conditions by modifying the protease stability assay based on yeast-display37 or

cDNA-display179 could reveal additional determinants for folding stability.

Integrating deep learning approaches

At the time of preparing Chapter 2 for publication and later writing this

dissertation, the application of deep learning methods to protein structure prediction and

design rapidly advanced. AlphaFold2 was able to predict the structures of proteins with

high accuracy (median backbone RMSD 0.96Å)93 and has been used to predict the

structures of over 98% of the human proteome.180 Other methods like RoseTTAFold,181

ESMFold,182 and OmegaFold183 have been shown to perform as well as AlphaFold 2. In

https://www.zotero.org/google-docs/?6gXgbI
https://www.zotero.org/google-docs/?Fypdio
https://www.zotero.org/google-docs/?vtumjW
https://www.zotero.org/google-docs/?TEuAs7
https://www.zotero.org/google-docs/?YporiC
https://www.zotero.org/google-docs/?7SFXnH
https://www.zotero.org/google-docs/?er615h
https://www.zotero.org/google-docs/?DMxtCO
https://www.zotero.org/google-docs/?u8AMSa
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addition, other deep learning algorithms like ProteinMPNN184 can generate sequences

given a backbone, and de novo backbones can now be made using RFDiffusion.185

Given these successes, what might be the role of physics-based energy

functions in protein design now? After all, a workflow that combines RFDiffusion

(generate backbone), ProteinMPNN (generate sequences onto backbone), and

experimental characterization (compare design with ground truth) could bypass energy

function calculations. Recent work has shown that this approach can lead to successful

peptide binder designs,186 and be computationally more efficient than using Rosetta.187

However, newer deep learning-based methods also encounter the same

challenge as conventional physics-based methods in protein design because not all

designs fold as designed. For example, 50/96 (52%) of α-β proteins designed using

MPNN184 and 70/608 (12%) designs of various topologies made by RFDiffusion185 were

soluble by E. coli expression and eluted at the target monomeric or oligomeric state by

SEC. In addition, when we predicted the structures of our αββα designs using

AlphaFold 2, 78% of the restricted-oriented designs and only 20% of the

diversity-oriented designs had a predicted structure < 2Å RMSD to the design

structure. Moreover, AlphaFold 2 was unable to discriminate between stable,

moderately stable, and unstable designs (Appendix, Fig. S17).

To address this limitation, high-throughput experimental data on protein folding

stability could serve as useful training data to develop newer, more accurate deep

learning models. Many natural proteins exist in a delicate equilibrium between folded

and unfolded states188 with a single amino acid substitution being sufficient enough to

destabilize or further stabilize a protein.86,179,189 Deep mutational scanning analysis of

https://www.zotero.org/google-docs/?3yGVPx
https://www.zotero.org/google-docs/?86Q6dX
https://www.zotero.org/google-docs/?Myfxww
https://www.zotero.org/google-docs/?tJZmuT
https://www.zotero.org/google-docs/?l6f7VS
https://www.zotero.org/google-docs/?dwozOY
https://www.zotero.org/google-docs/?DiHHNx
https://www.zotero.org/google-docs/?9aeZAa
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single amino acid mutations also revealed both destabilizing and stabilizing protein

structures, many of which differ from the wildtype structure by only < 1.5Å RMSD

(Chapter 2, Appendix Fig. S13). If the difference between a stable and unstable protein

could be a single amino acid change without significantly altering the structure, it may

be that current deep learning models are missing something fundamental about how

proteins remain folded. Large-scale protein folding stability data based on protease

resistance using yeast display37 or cDNA display179 could provide useful training data for

more improved deep learning methods that could be used to generate stable protein

structures with even greater success.

4.2 Towards building a reporter cell to identify cell-penetrating miniproteins

Further tests on TMD-VidC-TF

Most of the observations testing mKate2 expression based on an intein-mediated

release of a synthetic transcription factor were based on qualitatively analyzing

fluorescence microscopy images. A semi-quantitative approach to validate our

observations could involve Western blotting by separating cytosolic, membrane, and

nuclear fractions and blotting for TMD-VidC-TF and EHEE-VidN. This could reveal the

location of the constructs (or subpopulations of the constructs) in the cell, the size of the

spliced components, and how much of the spliced products are made. Western blots of

harvested cells at different time points could reveal splicing kinetics.76 In addition, flow

cytometry of transfected cells could provide a quantitative look on the effect of

intein-splicing.

https://www.zotero.org/google-docs/?L5msm6
https://www.zotero.org/google-docs/?BBIypD
https://www.zotero.org/google-docs/?ovfaIR
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This analysis also investigated whether the promoter (CMV, EF1α, or SV40) or

the location of the NLS in TMD-VidC-TF (at the C-terminus or in the middle of the

construct) makes a difference in the gene expression of mKate2 (Chapter 3). However,

we did not test a masked NLS construct driven by an SV40 promoter or another known

weak promoter, ubiquitin-C (Ub).159 Investigating whether TMD-VidC-TF expression

under the Ub promoter, or whether a masked NLS construct driven under either SV40 or

Ub can lead to extremely little background signal or a higher true-signal :

background-signal ratio than what we have observed (Chapter 3, Fig. 11) could guide

us in building a more robust reporter cell.

Test the S11 split-intein

There are only a few studies characterizing the split-intein, S11.190–193 Unlike the

fast kinetics of VidaL (~1x10-2 s-1),76 S11 splicing and reconstitution occurs more slowly

by three orders of magnitude (6.9 x 10-5 s-1).190 However, what makes S11 a promising

tool to test and potentially engineer is that its C-terminal intein fragment (S11C) consists

of only 6 residues (compared to 147 residues in the N-terminal fragment, S11N). If a

reporter cell could be built in which candidate CPMPs are fused to a 6-residue intein

S11C fragment, this could be an excellent alternative to the 16-residue VidN.

Initial challenges to overcome are S11’s temperature-dependent intein-splicing

efficiency and the lack of data on its activity in mammalian cells. 84% of S11C has been

shown to undergo trans-splicing at room temperature, but only 16% at 37℃.190 In

addition, all studies characterizing S11 used E. coli for experimentation.190–193 Hence,

initial experiments would need to verify whether S11 splicing can be observed in HEK

https://www.zotero.org/google-docs/?RJX24m
https://www.zotero.org/google-docs/?qWxbXg
https://www.zotero.org/google-docs/?i2kweR
https://www.zotero.org/google-docs/?qzdPnW
https://www.zotero.org/google-docs/?nxAnZ1
https://www.zotero.org/google-docs/?zPlg8A
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293T cells (or another mammalian cell line) under standard cell culture conditions. But,

even if the splicing efficiency may be as low as 16%, this might be tolerable because

the nature of constitutive gene transcription would still lead to the amplified expression

of mKate2.

Analyze and improve split-intein kinetics and reporter gene expression

In order for an intein-based mKate2 expression system to be successful, an

important goal is that the fluorescent protein should be detected as quickly as possible

when EHEE-VidN and TMD-VidC-TF undergo intein-splicing. Improving this system

could be achieved by engineering the intein (VidaL or S11) for increased kinetics,

increased intein accessibility for each other, and/or selecting a brighter and more quickly

maturing fluorescent protein.

First, improving the splicing kinetics of split-inteins could improve the reporter

system. The rate-limiting step in intein-splicing has been shown to be influenced by the

three residues immediately flanking either intein fragment.154,194 Studies on the Npu

DnaE intein, for example, revealed that mutations away from the wildtype phenylalanine

at the second position flanking the C-terminal intein reduces splicing reaction

efficiency.154,195,196 Unlike DnaE, however, one intein fragment in VidaL and S11 is

considerably smaller than the other fragment, and phenylalanine (or a bulky residue) is

only found at the second residue position in S11N. As a result, it may be possible that a

different chemistry governs the splicing reaction for VidaL and S11. Mutagenesis studies

at this key position and analysis of the relative amount of spliced and unspliced mutant

https://www.zotero.org/google-docs/?4ttZjk
https://www.zotero.org/google-docs/?gn6Elh
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TMD-VidC-TF across different time points by Western blot, fluorescent microscopy, and

flow cytometry could be initial explorations.

Another approach to improve the intein splicing activity could be increasing the

accessibility of the membrane-tethered intein by adding a glycine-serine or structured

linker. Flexible glycine-serine linkers are common in biological research to join two

proteins or a peptide tag, and testing such linkers of various lengths between the

C-terminus of VidC and the N-terminus of the transcription factor in TMD-VidC-TF may

allow increased space for the EHEE-VidN to access its complementary intein.

Flexible linkers have been shown to behave like a random coil but can be

stiffened by replacing the glycines with serines.197 Alternatively, a structured linker like

EAAAK or PAPAP could reduce the degrees of freedom that a flexible linker would

posses and create a stiff scaffold for the trans-splicing reaction to occur more efficiently.

Finally, we selected mKate2, which at the time of its generation was one of the

brightest far-red fluorescent proteins,198 as the reporter protein because it was used

successfully with intein splicing and the transcription factor ZF1-VP64.75 An alternative

could be to test a recently engineered mScarlet-I3,199 which has been shown to be

brighter and mature faster (2 min vs. 34 min200) than mKate2.

Test cell uptake of CPPs and intein-mediated reporter gene expression

To validate that mKate2 can be activated because a protein crossed the cell

plasma membrane, we could test the cytosolic uptake of known CPPs and subsequent

downstream mKate2 expression. Fusing VidN to the CPPs, Tat and Penetratin, as well

as the CPMP ZF5.3, and performing Western blot, fluorescent microscopy, and flow

https://www.zotero.org/google-docs/?QmcdfG
https://www.zotero.org/google-docs/?QkQbBi
https://www.zotero.org/google-docs/?zQ1r9F
https://www.zotero.org/google-docs/?kyLjlW
https://www.zotero.org/google-docs/?8BJFse
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cytometry could demonstrate that this system can be used to successfully detect

cell-penetration.

To test the sensitivity of TMD-VidC-TF, we could measure mKate2 activation

when various concentrations of purified Tat-VidN, Penetratin-VidN, and ZF5.3-VidN (the

three species referred to as CPP-VidN) are added onto HEK 293T cells. However, the

relationship between the concentration of purified CPP-VidN and reporter gene

expression may not be directly comparable because different amounts of each

CPP-VidN may be trapped in endosomes and not enter the cytosol. Using fluorescence

correlation spectroscopy67 could be used to quantify the cytosolic entry of all CPP-VidN

so that we can determine the efficiency at which CPP-VidN has entered the cytosol.

Generate stable reporter cell line

Once the optimized TMD-VidC-TF is determined, generating a stable cell line

with the optimized construct and the reporter gene would facilitate testing CPMPs

because we would bypass co-transfection of mammalian cells. Transducing cells using

bicistronic lentivirus 201 could allow us to stably integrate an optimized TMD-VidC-TF

driven under a constitutive promoter and a fluorescent reporter protein driven under the

ZF1x6-C promoter.78,75 An alternative method could be to utilize a Bxb1 recombinase

system that can insert multiple genes at targeted locations on the chromosome in

mammalian cells.202 This approach can overcome the limitations of lentivirus, namely the

inability to control the integration and copy number of a gene-of-interest.

https://www.zotero.org/google-docs/?wCUpJH
https://www.zotero.org/google-docs/?VNv3MS
https://www.zotero.org/google-docs/?ML7MYN
https://www.zotero.org/google-docs/?tN8O69
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4.3 Building the secretor cell

This dissertation did not focus on a “secretor” cell, but here I will offer brief

thoughts on how we could build one. We envision a successful reporter cell to function

in tandem with a secretor cell, which expresses and secretes a candidate CPMP.

Testing positive controls

A recent study demonstrated that inside a droplet a yeast cell secreting murine

interleukin-3 (mIL-3) can be co-encapsulated with another murine cell that expresses

GFP upon mIL-3 stimulation.77 Thus, we could re-purpose yeast cells to secrete a

candidate CPMP-VidN by fusing an app8 secretion signal peptide at the N-terminus of

the CPMP-VidN gene in a yeast vector. The inducible GAL-1 promoter is commonly

used to drive transgenes in yeast.203 However, engineered yeast promoters, such as

pGPD-15, have been shown to exceed natural promoters in driving gene expression

and could be tested here.204 An initial qualitative test could be separating transformed

yeast from the media (where the secreted CPMP-VidN will be present) by centrifugation,

and adding the supernatant to HEK 293T cells expressing the TMD-VidC-TF and

reporter gene.

Optimize culture media for yeast and mammalian cell growth

Yeast and mammalian cells grow optimally under different conditions. S.

cerevisiae, for example, is typically grown at 30℃ and can be cultured in broth

containing yeast extract, peptone, dextrose. However, mammalian cells like HEK 293T

https://www.zotero.org/google-docs/?G8WolM
https://www.zotero.org/google-docs/?w3pQdn
https://www.zotero.org/google-docs/?EZM9bY
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cells are cultured in DMEM, DMEM-F12, or RPMI-1640 that are supplemented with FBS

and antibiotics at environmental conditions of 37℃ and 5% CO2. Successful co-culturing

yeast cells with murine Ba/F3 cells in a mixture of RPMI and DMEM-F12 has been

shown, although yeast cell growth was slightly reduced.77 Nonetheless, this suggests

that our planned use of co-encapsulating HEK 293T cells with yeast cells could work.

But some optimization may be required to identify a mixture of media that both HEK

293T cells and yeast cells would tolerate.

4.4 Final thoughts

This dissertation investigated two main research ideas. First, I combined

computational protein design with high-throughput experimentation to generate stable

αββα miniproteins and quantify biophysical determinants of folding stability. Second, I

tested the potential of coupling split-inteins with a synthetic transcription factor to create

a reporter cell that could identify cell-penetrating miniproteins for a future

high-throughput droplet microfluidic screen. Future research that can further integrate

the work in this dissertation by designing and actually screening for stable CPMP

binders against therapeutic targets could greatly contribute to improving human health.

Advances in computational protein design, droplet microfluidics methods, and synthetic

biology paradigms can make this a reality.

https://www.zotero.org/google-docs/?lqeXMj
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APPENDIX 1

The figures in Appendix is a reprint of the Supplementary Information in:

Kim, T.E. et al. Dissecting the stability determinants of a challenging de novo
protein fold using massively parallel design and experimentation. Proceedings of
the National Academy of Sciences. 119 (41), e2122676119. 2022
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Fig. S1. Restricted αββα miniprotein design strategy. (A) We selected the protein
architecture that led to generating the greatest number of stable designs (black arrow)
from our previous study.37 Here, we set the threshold of stability as a design having a
stability score ≥ 0.8 (B) Based on the Round 3 and 4 αββα design and stability data from
our previous study,37 we set thresholds for specific features that a design can have:
buried nonpolar surface area / residue > 122 (top), Rosetta energy / residue < -2.4
(middle), and predicted secondary structure mismatch < 0.25 (bottom); vertical gray line
denotes the minimum or maximum threshold, and red line denotes best fit line. (C) We
also forced all designs to have one hydrophobic residue in the middle loop (top) and
polar/charged residues at solvent-facing β-strand positions (bottom); example residues
are highlighted (orange) on a cartoon model. (D) We also set additional constraints to
the αββα designs (blue) in comparison to our previous study:37 15-21 nonpolar residues
allowed (top) and no Thr/Val in helices (middle); using these restrictions, we were able to
generate αββα designs whose Rosetta energies were lower than previously designed
(bottom).

https://www.zotero.org/google-docs/?kXUFfo
https://www.zotero.org/google-docs/?XgwUkJ
https://www.zotero.org/google-docs/?iFY7C3
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Fig. S2. Structural diversity of restricted and diversity-oriented αββα miniprotein designs.
Each miniprotein design was compared to every design within the same library (Round 5 or
Round 6) by the distance between alpha-carbons.
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Fig S3. Sequence identity of designs. To evaluate the sequence diversity among
Round 5 (restricted) and Round 6 (diversity-oriented) designs, we calculated the
sequence identity (all sequences or all nonpolar sequences only) between all possible
pairs of designs (all or stable). The distributions of the sequence identities are shown as
histograms, with bins being 5 percentage points wide.
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Fig S4. Residue composition of αββα miniprotein designs in comparison to
similarly-sized protein domains. To compare the compositional diversity of αββα
miniproteins with known protein domains of similar sizes (LysM: 44-65 residues,205

PASTA: ~70 residues,206 and Cold Shock: 65-70 residues 207), we calculated (A) how
different a pair of protein sequences are to each other by identifying the total number of
unique residues for each protein sequence, taking the absolute difference for each
number of unique residue, summing the absolute difference, and calculating the fraction
of the sum over the total number of possible residues. (B) The fraction of pairwise
comparisons for all possible protein pairs in Round 5, Round 6, and three natural protein
domains are shown as a function of the fraction of residue difference (all residue types,
left; nonpolar residues only, right).

https://www.zotero.org/google-docs/?SZ6eOx
https://www.zotero.org/google-docs/?V2DWkS
https://www.zotero.org/google-docs/?CBFIwx
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Fig. S5. Protease stability assay using trypsin and chymotrypsin. αββα miniproteins
generated from (A-B) a restricted design strategy, (C-D) deep mutational scanning, and
(E-F) a diversity-oriented strategy were displayed on the surface of yeast cells and
subject to varying concentrations of either trypsin of chymotrypsin (from 0 to 6750 nM).
EC50 values (left) and calculated stability scores (right) at each protease concentration
are depicted as 2D-histograms.
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Fig. S6. Structural agreement between Rosetta design model and NMR ensemble
for HEEH_TK_rd5_0341 and HEEH_TK_rd5_0958. (A-B) We determined the
Euclidean distance between all possible residue-residue pairs (using the beta-carbon
positions for each residue, excluding Gly) in the design model and an NMR model
(whose beta-carbon positions after superposition were the average of an NMR ensemble
consisting of twenty structures for each chain in HEEH_TK_rd5_0341 and twenty
structures for HEEH_TK_rd5_0958). From the distance calculations, we quantified the
number of contacts (< 8Å) a residue in each position gained or lost from the design
model to the NMR model. A cartoon of HEEH_TK_rd5_0341 design model (gray) is
overlaid on Chain A (orange) of the NMR model.
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Fig. S7. Intramolecular hydrogen bonds in the β-hairpin of HEEH_TK_rd5_0341
and HEEH_TK_rd5_0958. Cartoons of (A) HEEH_TK_rd5_0341 and (B)
HEEH_TK_rd5_0958 highlighting the hydrogen bonds (yellow) that are formed within the
β-hairpin.
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Fig. S8. Contribution of specific residues on folding stability. For αββα miniproteins
made using a restricted design strategy (Round 5), we performed binomial tests for all
possible residues in all 43 positions to examine whether the success rate of designs
containing that residue differed from the overall success rate (0.38). All p-values were
adjusted for multiple testing using the Benjamini–Yekutieli procedure as implemented in
208 . (A-B) The p-value, success rate, and number of designs containing each amino acid
at each position. In A, significant residues (adjusted p-value < 0.01) are colored
according to the fold-change in success rate, with favorable amino acids in blue and
unfavorable amino acids in red. In B, residues are colored by statistical significance. The
ABEGO pattern of the Round 5 architecture is shown below; secondary structure is
colored in gray and helix caps are shown in red. (C) Volcano plot indicating the p-value
and change in success rate associated with each amino acid at each position. The most
significant residue-positions are labeled on the plot (W39, E2, L39, L2). (D) Two
representative αββα cartoons visualizing L2 and L39 (left) and E2 and W39 (right).

https://www.zotero.org/google-docs/?iFv9hr
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Fig. S9. Stability scores of six αββα miniproteins by deep mutational scanning. For
six designs (Table 1) we created a library consisting of all possible single mutants and
tested for their folding stability by a yeast display-based protease sensitivity assay.37

(Left) Results are shown as heatmaps. The wildtype residue is represented as a black
dot, and the stability scores of each mutant relative to the wildtype is shown as a range
from red (less stable than the wild type) to blue (more stable than wildtype). (Right, top)
The distribution of stability scores for each design, (right, middle), EC50 concentrations of
protease for all six deep mutational scans, and (right, bottom) for each design are all
shown as histograms. Mutants for five of the six designs were more likely to destabilize
the protein when compared to their corresponding wild type (A-B, D-F). However, this is
the opposite for HEEH_TK_rd5_0420 (C). Because the typical mutant in
HEEH_TK_rd5_0420 does not seem to have particularly unique properties when
compared to the other five designs, it may be that the high EC50 values (e.g. for

https://www.zotero.org/google-docs/?69y1Tc
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chymotrypsin) prevents us from discriminating the true differences between the wild type
and mutant stabilities.

Fig. S10. Impact of mutant residue type and the position of the mutant on stability.
To analyze whether certain mutations at specific positions on the αββα miniprotein are
more likely to destabilize the structure, we (A) showed the distributions of the change in
stability score (mutant stability - wild type stability) at each position of the six miniproteins
of which we have deep mutational scanning data (Fig. S9). The top five destabilizing
positions (9, 21, 26, 35, and 39) have an average change in stability score < 1 and are
located in the buried core. For these positions (B) the change in stability score is broken
down and shown by the type of mutant residue.
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Fig S11. Sensitivity to mutation among buried and exposed residues. To evaluate
the distribution of mutational sensitivity among buried and solvent-exposed residues, we
computed the extent to which a residue in the wildtype miniprotein (that was tested in the
deep mutational scanning, Fig. S9) is buried in the miniprotein (higher values indicate
buried in the core, lower values indicate exposed to solvent). We compared each
residue’s burial value to its mutational sensitivity (average change in stability score from
substitution). More negative values of the average change in stability indicate greater
destabilization of the miniprotein. (A) Hydrophobic, polar, and charged residues are
colored in blue, orange, and green, respectively; (B) Large hydrophobic and Alanine
(small) are colored in gray and purple, respectively. The burial for a given residue was
computed from the backbone coordinates of the designed structure by summing the
number of CA atoms in a cone projecting out from the residue’s CA-CB vector. The script
is provided in https://github.com/kimte1/abba_protein_stability_manuscript.

https://github.com/tekim1/abba_protein_stability_manuscript
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Fig. S12. Impact of mutant residue type and the position of the mutant on stability.
To analyze whether certain mutations at specific positions on the backbone are more
likely to destabilize the miniprotein, we (A) showed the distributions of the change in
stability score (mutant stability - wild type stability) at each position of the six miniproteins
of which we have deep mutational scanning data. The top five destabilizing positions (9,
21, 26, 35, and 36) had an average change in stability score < 1. (B) For positions 9, 21,
26, 35, and 39, the change in stability score are shown by the type of mutant residue.
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Fig. S13. Agreement between wildtype Rosetta design models and mutant
AlphaFold 2-predicted structures. We compared how well the structure of a wildtype
design (Rosetta design model) agrees with all possible mutants (whose structures are
predicted by AlphaFold 2). (A) The stability score of all mutants and its corresponding
wildtype are plotted by their structural agreement (RMSD); stabilizing mutants are
colored in blue whereas destabilizing mutants are colored in red. (B) Stabilizing and
destabilizing mutants separated by RMSD < 1.5Å or > 1.5Å. Cartoons of a (C)
wildtype design (Rosetta design model), (D) a stabilizing mutant (AlphaFold 2-predicted
structure) with close structural agreement to its corresponding wildtype, and (E) a
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stabilizing mutant (AlphaFold 2-predicted structure) with structural agreement that is less
than (C).

Fig. S14. Re-weighted values of Rosetta energy score terms. We used three
differently weighted values (Minor, Moderate, and Heavy) in addition to the default
values of the Rosetta score terms when designing diversity-oriented αββα miniproteins.
The values of each score term are presented as a barplot. In the reweighting ridge
regression, the Minor set used regularization strength alpha=200,000, Moderate used
alpha=20,000, and “Heavy” used alpha=0.1.
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Fig. S15. Filtering strategy for diversity-oriented designs. In order to rule out
sequences that might be “false positives” (i.e. sequences that are stable even without a
specific designed structure), we examined the success rates of designs (left) and
scrambled sequences (middle) after dividing them into bins according to their number of
hydrophobic residues and number of residues predicted to be helical by PSIPRED.209

We minimized false positives by filtering out regions where the scrambled success rate
was high (outside the orange box).

https://www.zotero.org/google-docs/?eNqEhs
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Fig. S16. Loop patterning in diversity-oriented designs. (A) A list of all unique loop
structures (written in ABEGO notation) observed in the diversity-oriented designs. Loop
structures in bold indicate that > 300 designs with that particular structure were identified
in our dataset. As a result, these loop structures were selected as inputs to a
topology-focused regression model (see Fig. 4F-G). (B) Cartoons visualizing the seven
most common loop patterns in our data.
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Fig. S17. Structure agreement between AlphaFold 2 and Rosetta design models of
varying stability. (A) The distribution of αββα miniprotein stability scores, divided into
three overall stability levels. (B) For each stability level, we show the distribution of
structural agreement (RMSD) between Rosetta designs models and AlphaFold
2-predicted structures. Each level of stability has a similar distribution of RMSDs.
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Fig. S18. Comparison of Rosetta design models and AlphaFold 2-predicted
structures in predicting stability. Structures of all αββα miniproteins were predicted by
AlphaFold 2, and the predicted model with the lowest RMSD to the designed structure
was used for further analysis. The experimental stability scores are compared to the (A)
structural agreement (RMSD) between AlphaFold 2-predicted models and Rosetta
design models, (B) Rosetta energy determined from the Rosetta design models, (C) and
Rosetta energy determined from the AlphaFold 2-predicted structures. (D) Rosetta
energy scores determined from the Rosetta design models and AlphaFold 2-predicted
models are compared to each other. (E) ROC curves to classify αββα miniproteins as
stable (stability score ≥ 1) or unstable based on scores determined from the Rosetta
model (blue), AlphaFold 2-predicted structure (orange), the agreement between the
Rosetta model and AlphaFold 2 structure (green), and the AlphaFold 2 confidence score
(red).
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Table S1. Selected αββα designs for circular dichroism, thermal denaturation, and
deep mutational scanning

Design Sequence (Helix, Strand) Hydrophobici
ty

HEEH_TK_rd5_0958 DIEEIEKKARKILEKGDSIEIAGFEVRDEEDLKKILEWLRRHG 347

HEEH_TK_rd5_3711 SWEDLERLAREALERGETIHILGFEIRSEEDAKKFAEWARRWE 842

HEEH_TK_rd5_0341 DLEELEEDLKQALREGRKVNILGIEVTTEEQARRLIEFLRRFI 968

HEEH_TK_rd5_0614 DLEKLRELLEDALRKGITIRFAGIEVKTEEEAERLLEWLKRKL 1018

HEEH_TK_rd5_0018 SFEELIKLIEDLLRKGDHINILGFEVHSEEEARRLIEWLRRAA 1174

HEEH_TK_rd5_0420 SLEELLKLAEEALKRGKTIRILGFEISSEEALRRFEEWLRRFI 1258

* gray and blue boxes indicate residues that are in the helices and β-strands,
respectively; hydrophobic residues are colored in orange. Hydrophobicity values
quantified based on.97

https://www.zotero.org/google-docs/?I5xjjB
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Table S2. NMR restraints, structural statistics, quality scores, rotational
correlation times and hydrodynamic radii for HEEH_TK_rd5_0341 and
HEEH_TK_rd5_0958

Design IDa HEEH_TK_rd5_0341 HEEH_TK_rd5_0958

PDBID 7T2F 8DOA

BMRBID 30974 31033

Relaxation-derived Dynamics
Rotational correlation time, τc (ns)
Hydrodynamic radius, rH (nm)

11.9
2.15

6.1
1.72

NMR restraints:
Total NOEs
Intra-residual
Sequential (i – j = 1)
Medium-range (1 < i – j < 5)
Long-range (i – j ≥ 5)
Inter-molecular

Hydrogen Bonds
Dihedral Angles:

φ
ψ

1564
437
465
333
275
54
44

78
78

546
198
151
98
99
N/A
N/A

42
42

Structural Statistics:
r.m.s.d. from experimental restraints:
Distance restraints (Å)
Dihedral angle restraints (°)

Violations in the NMR ensemblea:
Max. distance restraint violation (Å)
Max. dihedral restraint violation (°)

r.m.s.d. from idealized geometry:
Bond lengths (Å)
Bond angles (°)
Impropers (°)

Average pair-wise r.m.s.d. (Å)b:
Heavy
Backbone

0.0197 ± 0.002
0.280 ± 0.14

0.503
6.2

0.0147 ± 0.0002
0.99 ± 0.017
1.65 ± 0.09

1.2
0.6

0.0072 ± 0.0016
0.463 ± 0.19

< 0.3
5.2

0.0140 ± 0.0004
0.90 ± 0.027
1.59 ± 0.15

1.5
0.7

Structure quality scores:
Ramachandran plot (%)b,c

Most favored
Additionally allowed
Generously allowed
Disallowed

Structural Quality Factors
(raw/Z-scores)d

Procheck (phi/psi)
Procheck (all)
Molprobity clash

92.7
7.3
0.0
0.0

0.00/0.31
-0.18/-1.06
15.72/-1.17

92.7
7.3
0.0
0.0

0.13/0.83
-0.04/-0.24
8.71/0.03
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aThe NMR ensemble consists of the 20 lowest energy structures out of 100 calculated;
bCalculated for residues 22 to 62 inclusive for HEEH_TK_rd5_0958, and residues 23-36,
40-42, 45-47 and 50-62 inclusive, for HEEH_TK_rd5_0341; cBased on Procheck
analysis;128 dCalculated using the PSVS server.129

(https://montelionelab.chem.rpi.edu/PSVS/).

Table S3. Coefficients of a ten-feature linear regression model

Feature Coefficient
Δ Stability Score

(per 1 σ)

Coefficient
Δ Stability Score
(per contact)

Large nonpolar count
(FILMWY)

0.256 0.161

Nonpolar residue-residue
contacts

0.189 0.048

Local sequence-structure
propensity

0.129 0.129

Ser or Thr in helix caps 0.086 0.125

Glu-Arg residue-residue
contacts

0.082 0.038

Nonpolar residue at design
ends

0.070 0.078

Favorable net charge at helix ends 0.042 0.020

Glu-Glu residue-residue contacts -0.023 0.086

Buried unsatisfied polar atoms -0.058 -0.134

Increased net charge2 -0.116 -0.085

https://www.zotero.org/google-docs/?pFpz5l
https://www.zotero.org/google-docs/?ZEcsQ8
https://montelionelab.chem.rpi.edu/PSVS/
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Table S4. Mean correlation coefficients and 95% confidence intervals of linear regression
models

Model Mean r 95% CI

10 features 0.642 (0.628, 0.657)

10 features + 25
score terms

0.673 (0.659, 0.687)

10 features + 25
shuffled score

terms

0.646 (0.630, 0.662)

10 features +
shuffled stability

scores

0.059 (0.038, 0.081

10 features + 25
shuffled score

terms with shuffled
stability scores

0.107 (0.083, 0.130)
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Table S5. Reweighted Rosetta score functions applied to miniprotein designs of varying
topologies

Spear
man’s
Correla
tion

Rounds
1-4

ααα αββα βαββ ββαββ Score function

-0.505 -0.089 -0.390 -0.628 beta_nov16_protease

-0.610 -0.172 -0.479 -0.631 minor

-0.605 -0.165 -0.482 -0.624 moderate

ROC

Rounds
1-4

0.767 0.636 0.710 0.901 beta_nov16_protease

0.824 0.672 0.767 0.911 minor

0.821 0.681 0.769 0.908 moderate

Spear
man’s
Correla
tion

Round
4 only

-0.058 -0.070 -0.189 -0.375 beta_nov16_protease

-0.185 -0.153 -0.262 -0.473 minor

-0.213 -0.147 -0.268 -0.431 moderate

ROC

0.515 0.602 0.596 0.714 beta_nov16_protease

0.592 0.654 0.644 0.758 minor

0.609 0.647 0.656 0.734 moderate
Re-weighted energy functions (minor and moderate) were used to calculate the predicted
scores of previously published protein designs (four different topologies). The Spearman’s
correlation coefficient was determined based on comparing the experimental stability score vs.
the predicted stability score. beta_nov16_protease is the score function used previously.37

Negative Spearman’s correlations are expected because more negative energy scores and
more positive stability scores both imply greater stability.

https://www.zotero.org/google-docs/?uLeJQz
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APPENDIX 2

Fig S19. pLDDT plots for TMD-VidC-TF. pLDDT plots for TMD-VidC-TF with the NLS at the (A)
C-terminus or (B) between VidC and VP64. AlphaFold 2 outputs five predicted structures
(rank_1 - rank_5). Rank_1 is the best predicted structure and chosen for analysis in Chapter 3.
A pLDDT score > 80 indicates high confidence in the accuracy of the predicted structure at that
residue.
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Table S6. Design sequences of intein constructs

Construct Sequence

EHEE_rd2_0005-FLAG-VidN GSSTTRYRFTDEEEARRAAKEWARRGYQV
HVTQNGTYWEVEVRDYKDDDDKESGCLP
KEAVVQIRLTKKG

CD4-FLAG-FRB-TMD-VidC-VP64-ZF1-NLS MCRAISLRRLLLLLLQLSQLLAVTQGDYKDH
DGDYKDHDIDYKDDDDKMLEMWHEGLEE
ASRLYFGERNVKGMFEVLEPLHAMMERGP
QTLKETSFNQAYGRDLMEAQEWCRKYMK
SGNVKDLLQAWDLYYHVFRRISKTRGGSG
GSGGSGGSGGSGGSTGIILYASGSLALAVL
LLLAGLAGSGMIEEKKVTVQELRELYLSGE
YTIEIDTPDGYQTIGKWFDKGVLSMVRVATA
TYETVCAFNHMIQLADNTWVQACELDVGV
DIQTAAGIQPVMLVEDTSDAECYDFEVMHP
NHRYYGDGIVSHNSGKASGGSGGTGDALD
DFDLDMLGSDALDDFDLDMLGSDALDDFD
LDMLGSDALDDFDLDMLINSRSSGSSGSG
SGSGSGTGGARPGERPFQCRICMRNFSR
QDRLDRHTRTHTGEKPFQCRICMRNFSQK
EHLAGHLRTHTGEKPFQCRICMRNFSRRD
NLNRHLKTHLRGSGPKKKRKV

CD4-FLAG-FRB-TMD-VidC-NLS-VP64-ZF1 MCRAISLRRLLLLLLQLSQLLAVTQGDYKDH
DGDYKDHDIDYKDDDDKMLEMWHEGLEE
ASRLYFGERNVKGMFEVLEPLHAMMERGP
QTLKETSFNQAYGRDLMEAQEWCRKYMK
SGNVKDLLQAWDLYYHVFRRISKTRGGSG
GSGGSGGSGGSGGSTGIILYASGSLALAVL
LLLAGLAGSGMIEEKKVTVQELRELYLSGE
YTIEIDTPDGYQTIGKWFDKGVLSMVRVATA
TYETVCAFNHMIQLADNTWVQACELDVGV
DIQTAAGIQPVMLVEDTSDAECYDFEVMHP
NHRYYGDGIVSHNSGKASGGSGGTGPKKK
RKVGSGDALDDFDLDMLGSDALDDFDLDM
LGSDALDDFDLDMLGSDALDDFDLDMLINS
RSSGSSGSGSGSGSGTGGARPGERPFQC
RICMRNFSRQDRLDRHTRTHTGEKPFQCRI
CMRNFSQKEHLAGHLRTHTGEKPFQCRIC
MRNFSRRDNLNRHLKTHLRGSG
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Table S7. Primers used for cloning TMD-VidC-TF into pRL-plasmid

Primer Sequence

FW primer to linearize pRL-SV40p TTCTAGAGCGGCCGCT

REV primer to linearize pRL-SV40p AACTTCTGCAGCTTAAGTTCGAGACT

FW primer to linearize TMD-VidC-TF TAAGCTGCAGAAGTTATGTGTAGAGCAATTT
CCCTGC

REV primer to linearize TMD-VidC-TF GCGGCCGCTCTAGAATCACACCTTTCTCTTC
TTCTTTGGT


