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Abstract

One of the central challenges in the development of single-molecule protein sequencing technologies is achieving high-fidelity
sequential recognition and detection of specific amino acids that comprise the peptide sequence. An approach towards achieving
this goal is to leverage naturally occurring proteins that function through recognition of amino (N)-terminal amino acids (NAAs).
One such protein, the N-end rule pathway adaptor protein ClpS, natively recognizes NAAs on a peptide chain. The native ClpS
protein has a high specificity albeit modest affinity for the amino acid Phe at the N-terminus but also recognizes the residues Trp,
Tyr, and Leu at the N-terminal position. Here, we employed directed evolution methods to select for ClpS variants with enhanced
affinity and selectivity for two NAAs (Phe and Trp). Using this approach, we identified two promising variants of the
Agrobacterium tumefaciens ClpS protein with native residues 34-36 ProArgGlu mutated to ProMetSer and CysProSer.
In vitro surface binding assays indicate that the ProMetSer variant has enhanced affinity for Phe at the N-terminus with sevenfold
tighter binding relative to wild-type ClpS, and that the CysProSer variant binds selectively to Trp over Phe at the N-terminus
while having a greater affinity for both Trp and Phe. Taken together, this work demonstrates the utility of engineering ClpS to
make it more effective for potential use in peptide sequencing applications.

Keywords Peptide sequencing - Protein engineering - Biosensor - N-end rule pathway

Introduction

Methods for high-throughput detection and quantification of
single or low-abundant proteins in mixtures would satisfy an
unmet need that spans the fields of proteomics, synthetic bi-
ology, and precision medicine (Tyers et al. 2003; Faulkner
et al. 2015). In 2014, a preliminary draft of the human prote-
ome contained 86% of the known proteins based on predicted
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open reading frames (ORFs) from the genomic data available
at this time (Kim et al. 2014). However, due to discrepancies
in genomic ORF annotation in which short ORFs or genes
with internal initiation sites are often mis-annotated, this num-
ber is somewhat of a moving target. As of 2017, ~18% of
proteins were still considered “missing” as per Human
Proteome Project metrics (Baker et al. 2017). While next-
generation DNA sequencing technologies have enabled re-
ductions in cost and time for nucleotide sequencing over the
past decade that dramatically advanced genomic research
(Goodwin et al. 2016), the field of proteomics has seen more
steady, but modest advances towards throughput and com-
pleteness in proteome analysis. Similar to the effect that dis-
ruptive technologies have had on DNA sequencing, progress
in proteomic research could be propelled forward dramatically
with analogously disruptive advances in technologies for pep-
tide and protein sequencing. In this respect, methods devel-
oped for oligonucleotide sequencing could provide a theoret-
ical framework for next-generation protein sequencing tech-
nologies. However, there are additional technical challenges
when it comes to directly interrogating amino acid residues as
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opposed to nucleotides. First, there are 20 possible amino
acids per position in the peptide chain in comparison to only
4 nucleotides in an oligonucleotide. Second, post-translational
modifications of amino acids and N-terminal acetylation will
ultimately need to be accounted for, just as in DNA sequenc-
ing epigenetic features such as methylation can also be detect-
ed with bisulfite sequencing. Finally, the unique chemical
moieties present on each amino acid side chain present differ-
ent and perhaps more difficult challenges when it comes to
distinguishing them than is the case for the different nitroge-
nous bases of DNA.

A potential natural resource for an amino acid recognition
reagent are proteins that are used in cells to detect or interact
specifically with a particular amino acid or post-translationally
modified amino acid. For example, there are 20 tRNA synthe-
tases, which are each highly specific for 1 of the 20 amino acids
(Perona and Hadd 2012). Additionally, many proteases are able
to uniquely identify a target amino acid and cleave before or
after that residue on a peptide chain. However, it is important
that any new method for detecting amino acids, in the context
of sequencing, be coupled with the ability to identify the loca-
tion of that amino acid on the peptide chain. Therefore, an
amino acid-binding protein that is selective for an amino acid
at a structurally unique chain position, such as the N-terminus
of a peptide, is an appealing candidate for development into a
sequencing reagent. This type of a reagent would allow the
positional information of the amino acid to be directly coupled
to the binding event used to detect that amino acid.

The N-end rule pathway functions to degrade proteins in
cells as part of a regulated process for maintaining protein
homeostasis. In general, the bacterial system consists of
adaptor and chaperone proteins that specifically recognize
the proteins to be degraded and can unfold and deliver them
to a protease core for destruction, or in organisms such as
yeast, which contain a ubiquitin pathway, the targeted pro-
tein may be ubiquitylated on a lysine residue and then de-
graded (Bachmair et al. 1986). In eukaryotes, the pathway
depends on different N-terminal amino acids (NAAs) than
the subset utilized in the bacterial N-end rule pathway, and
the different nomenclature and proteins involved are well
described in the literature (Varshavsky 1996). In bacteria,
for example, the Clp protease that performs the degradation
interacts with different chaperones divided into class I
(ClpA, ClpC, ClpD, or CIpE) or class II (ClpX, ClpY)
among different systems from proteobacteria,
actinobacteria, or cyanobacteria. This pairing leads to a con-
venient nomenclature to describe the protease core complex
(e.g., CIpAP or ClpXP). An adaptor protein in bacteria,
ClpS, interacts with some class I chaperones and is func-
tionally an N-recognin, as it specifically recognizes the sub-
strate to be degraded through an N-degron tag (Dougan et al.
2002; Erbse et al. 2006; Roman-Hernandez et al. 2011;
Nishimura and van Wijk 2015).
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ClpS provides a promising scaffold from which to de-
velop an amino acid-binding reagent for protein sequenc-
ing. Importantly, it is a “gatekeeper” of the specificity of
this protein degradation machinery in many organisms.
ClpS and homologous domains such as one of the UBR-
box (E3 ligase) N-recognin domains (Lupas and Koretke
2003) exist in bacteria, yeast, mammals, and plants
(Graciet and Wellmer 2010; Nishimura et al. 2013) and
target different N-degron tags with either type 1 (Arg,
Lys, or His) or type 2 (Tyr, Phe, Trp, or Leu) destabilizing
residues. The N-degron tags that ClpS proteins from bac-
teria recognize are sequences containing the type 2N-
terminal primary destabilizing residues (Wang et al.
2008b). Moreover, cyanobacteria contain two different
ClpS protein paralogues (Tryggvesson et al. 2015), which
interact with different types of Clp protease cores, and
exhibit different specificity. Similarly, «-proteobacteria
contain two different ClpS proteins, presumably to achieve
enhanced control over which N-degron containing sub-
strates are targeted for degradation by fine-tuning the ex-
pression levels of the ClpS adaptors (Stein et al. 2016). In
addition to the wide natural variation in substrate recogni-
tion sequences, ClpS can be engineered for new specificity.
For example, it was evolved for use in a “post-translational
proofreading” system to detect non-standard amino acids
such as p-acetyl-phenylalanine (Kunjapur et al. 2018).
Finally, the ClpS protein family has the advantages of be-
ing relatively small (MW ~13 kDa) and having no native
proteolytic or enzymatic activity that would be unneces-
sary and potentially complicating in the context of a pro-
tein sequencing application.

Based on previous studies, we selected the Plasmodium
falciparum ClpS protein and the ClpS2 of Agrobacterium
tumefaciens as the starting scaffolds for our protein engineer-
ing efforts. The P. falciparum ClpS protein has enhanced
affinity for the NAA Phe (Kp =600 nM) (Ahyoung et al.
2016) compared to other ClpS proteins that have been stud-
ied to date (Schuenemann etal. 2009), although these studies
experiments did not directly compare the affinities using the
same technique or target peptide. In this respect, the second
residue from the N-terminus has been shown to also play a
role in binding affinity (Stein et al. 2016). The P. falciparum
ClpS protein also has the unique ability to recognize isoleu-
cine (Tan et al. 2016) unlike the other homologs that have
beenreported (Wang etal. 2008a). The A. tumefaciens ClpS2
protein has the drawback of lower overall affinities, but the
advantage of higher specificity for Phe when compared to
Tyr, Trp, and Leu. Therefore, both of these proteins were
chosen as starting points for a directed evolution approach
with the goal of selecting mutants with higher affinity and
selectivity for target NAAs to demonstrate the utility of the
ClpS family of proteins for the development of NAA binding
reagents (NAABS).
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Materials and methods
Plasmid construction

The wild-type P. falciparum ClpS gene (Accession
XM_001349904) was a gift from Dr. Egea (UCLA). It was
cloned into the pET15b vector (catalog # 69661, Millipore
Sigma, Burlington, MA, USA) with an additional Hiss-tag at
the N-terminus of the protein, followed by a TEV protease
cleavage site, using the Ncol and X#hol restriction sites. The
A. tumefaciens ClpS gene (Accession NP_355189.1) was am-
plified from the genomic DNA, strain GV3101 from the C58
chromosomal background, which was a gift from Dr.
Shunyuan Xiao (IBBR), and cloned into the pET15b vector
in the same manner. Both genes were cloned into the
pCTCON?2 vector for yeast display (catalog # 41843,
Addgene, Watertown, MA, USA) by amplifying the gene by
polymerase chain reaction (PCR) with primers to add the Nhel
and BamHI sites, and then ligating this to the vector such that
the gene is located to the C-terminal end of the aga2-encoding
gene, separated by a factor XA cleavage site, an HA-tag and a
[GGGGS],;3 spacer. There is also a C-terminal myc-tag before
the stop codon. A vector was also created that contains no
gene insert, but rather a Sacll site and a Spel site, so that the
vector can be linearized at this site for homologous
recombination.

Random mutagenesis library creation

To create the random mutagenesis libraries, error-prone PCR
was used. The gene encoding the ClpS protein of interest was
amplified using the HA-tag for (CCATACGACGTTCC
AGACTAC) and T7 (TAATACGACTCACTATAGGG)
primers in a reaction containing 0.2 mM dATP, 1 mM dCTP,
0.2 mM dGTP, 1 mM dTTP, 10 mM MgCl,, and 0.5 mM
MnCl,, 1x Taq reaction buffer (20 mM Tris-HCI pH 8.4,
50 mM KCI) without MgCl,, and Taqg DNA polymerase.
The PCR product was used for homologous recombination,
as described below. The libraries each contained at least 1
million naive members and greater than 50% of the colonies
contained at least one mutation from the 10 colonies
sequenced.

Saccharomyces cerevisiae (yeast) transformation

EBY100 strain S. cerevisiae (ATCC® MYA4941™,
Manassas, VA, USA) were transformed with pPCTCON?2 plas-
mids containing the wild-type ClpS genes using the Frozen
EX Yeast Transformation II kit (Zymo Research, Irvine, CA,
USA) and subsequently grown on selective media as the
pCTCON?2 plasmid harbors the ability to synthesize trypto-
phan. Synthetic dextrose media supplemented with casamino
acids lacking tryptophan (SD-CAA) and containing 100 pg/mL

ampicillin was used to grow all the yeast used in this study.
Protein surface expression was induced by resuspending the
cells in synthetic galactose media supplemented with casamino
acids lacking tryptophan (SG-CAA).

Site-saturation library creation/homologous
recombination in yeast

EBY 100 S. cerevisiae cells were grown overnight to an ODggg
of 3 in yeast extract- peptone-dextrose (YPD) media at 30 °C.
This was used to inoculate a 100 mL culture of YPD to ODgqq
0.3. After 5 h, when cells had grown to ODgq 1.0, the cells
were transferred to 50-mL conical tubes and centrifuged at
3000g for 3 min at 4 °C. The cell pellet was washed twice
with 50-mL ice-cold sterile water and then washed once with
50-mL ice-cold electroporation buffer (1 M sorbitol/l mM
CaCl,). The cells were conditioned for electroporation by
resuspending the cell pellet in 20 mL 0.1 M LiAc, 10 mM
DTT and shaking for 30 min at 30°. The cells were centrifuged
as above and washed with 25 mL per tube of electroporation
buffer before being resuspended in 200 uL of electroporation
buffer to reach a final volume of about 1 mL. Cells were kept
on ice until electroporation.

For electroporation, 400 puL of competent cells prepared as
above were incubated with the vector and insert, in a 1:3 ratio,
and kept on ice for 5 min. The vector used was the pCTCON2
plasmid described above containing the clpS gene of interest,
and digested within the c/pS gene with the restriction enzyme
Alel. The insert used was the error prone PCR library obtained
as described above or the NNK primer (TAAGCTCT
ACAAGGTCATGCTGCTGAATGACGACTATA
CGNNKNNKNNKTTTGTCACCGGTGTGCTGAA
GGCCGTCTTTCGCATGAGCG) for the site-saturation li-
brary. The cells were then transferred to a 0.2 cm electropora-
tion cuvette and electroporated on the pre-set yeast settings
(1.5 kV, 25 uF, Bio-Rad GenePulser Xcell, Hercules, CA,
USA). The cells were transferred to a tube containing 4 mL
of YPD media (Catalog # Y1375, Sigma, St. Louis, MO,
USA) and 4 mL of 1 M sorbitol and incubated at 30 °C for
1 h, 225 rpm. The cells were then centrifuged and resuspended
in SD-CAA media and dilutions were plated to calculate li-
brary size, and the rest was grown in a flask containing
250 mL of SD-CAA media and passaged once before selec-
tions or sorting.

Library selection

The magnetic-activated cell sorting (MACS) and
fluorescence-activated cell sorting (FACS) were performed
using slightly modified protocols from the Pacific Northwest
National Lab Yeast Display ScFV Antibody Library User’s
Manual (Feldhaus et al. 2003) and the Methods in Molecular
Biology Flow Cytometry Protocols (Hawley and Hawley
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2004). Briefly, the yeast displaying a library of mutant ClpS
proteins were grown in SD-CAA media overnight at 30 °C
until the ODggonm Was approximately 4.0. The yeast were used
to inoculate a fresh culture at an ODgggp, 0f 1.0 in a mixture of
80% SG-CAA/20% SD-CAA and incubated for 24 h at 20 °C.
Approximately 10° yeast were washed and resuspended in
1 mL of Dulbecco’s phosphate buffered saline containing
0.5% bovine serum albumin (PBS/BSA) (DPBS, Catalog #
14190-136, Thermo Fisher, Waltham, MA, USA; BSA,
Catalog # A7906, Sigma, St. Louis, MO, USA) containing
10-uM biotinylated peptide at room temperature for 1 h. The
yeast were pelleted by centrifugation at 3000g for 2 min. The
supernatant was decanted to remove excess peptide and the
pelleted yeast resuspended with 100 puL of streptavidin coated
(Dynabeads M-280 streptavidin, 10 mg/mL, Catalog #
11205D, ThermoFisher, Waltham, MA, USA) or anti-biotin-
coated magnetic beads (Anti-Biotin MicroBeads, Catalog #
130-090-485, Miltenyi Biotech, Bergisch Gladbach,
Germany) and flowed over a MACs column (Catalog # 130-
042-401, Miltenyi Biotech, LS column, Bergisch Gladbach,
Germany).

After two rounds of MACs selection, the library was sorted
by flow cytometry. The cells were induced to express surface-
displayed protein as described above and then incubated with
biotinylated peptide in different concentrations, streptavidin,
R-phycoerythrin (PE), and anti-myc AF647 overnight at room
temperature. A typical reaction contained 100 pL of cells
(containing approximately 10° cells), 10 uL of peptide at a
concentration between 10 nM and 10 uM, and 25 uL of a
master mix containing 2 pL of the anti-myc antibody (c-myc
Antibody (9E10) Alexa Fluor®647-200 ug/mL, catalog # sc-
40 AF647, Santa Cruz Biotechnology, Dallas, TX, USA),
4 uL of the SAPE (streptavidin, R-phycoerythrin conjugate)
- 1 mg/mL (catalog # S866, ThermoFisher, Waltham, MA,
USA) and 19 uL of PBS/BSA for each sample.

The cells were then washed with PBS/BSA and sorted
using a FACS Aria cytometer (BD Biosciences, San Jose,
CA, USA) and collected in 1 mL of SD-CAA media. The
amount of cells that bound the peptide improved with each
round and were sorted with sequentially lower concentrations
of peptide to increase the stringency of the selection. In gen-
eral, 8 to 16 colonies were sequenced from the sorted libraries
after the fourth and fifth rounds of selection.

Peptides

All peptides are named by indicating the first two residues,
with the full sequence available in Table 1. All of the peptides
used in this study had one of two sequences for the C-terminal
end of the peptide, either XDEDLE or XGVECK, where the
N-terminal amino acid is varied on a particular peptide scaf-
fold. The X;G, peptides also contained a biotin linked via the
lysine side chain on the C-terminal residue. X;G, peptides
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Table 1 Peptide and protein nomenclature

Name Sequence

X,D, XDEDLE-biotin

X F, XFDEDLE-biotin

X1G,y XGVECK-biotin

Wild-type (WT) A. tumefaciens ClpS2 [Prosy4 Argss Gluse]

Variant 1 (V1)
Variant 2 (V2)
Variant 3 (V3)

A. tumefaciens ClpS2
A. tumefaciens ClpS2

Pr034 Met35 Ser36]

Cyssq Pross Serse]

[
[
[
[

A. tumefaciens ClpS2 [Cyss4 Serss Trpse)

were ordered from Biomatik (Cambridge, Ontario, Canada)
and received in 1 mg/vial lyophilized form. Peptides were
resuspended in 1x DPBS and diluted to the appropriate con-
centration into the experiment buffer. The XD, peptides were
synthesized in-house on a 20-pumol scale on a Gyros Protein
Technology Tribute Peptide Synthesizer with amino acid re-
agents obtained from Novabiochem (Millipore Sigma,
Burlington, MA, USA) and Gyros Protein Technologies
(Uppsala, Sweden) and a Novatag (Millipore Sigma,
Burlington, MA, USA) Biotin Resin. The synthesis results
in a peptide with an ethylene diamine spacer and then the
biotin moiety. The peptide was then cleaved from the resin
using 3 mL of trifluoroacetic acid (TFA), phenol, water, and
triisopropylsilane (TIPS) in an 88:5:5:2 ratio. The peptide was
subsequently rinsed with ice-cold ether, pelleted by centrifu-
gation at 4500g for 10 min at 4 °C, and decanted, three times.
It was then dried under nitrogen overnight at room tempera-
ture and subsequently lyophilized and stored at —20 °C until
resuspension in the assay buffer.

Protein purification

The wild-type and mutant ClpS proteins were expressed in
BL21 Escherichia coli cells (C25271, New England Biolabs,
Ipswich, MA, USA). Expression of wild-type and ProMetSer
mutant proteins was induced with 0.5 mM IPTG when the
ODggo nm reached 1.0 and incubated for 6 h at 37 °C. The
cells expressing the CysProSer and CysSerTrp mutants were
removed from the 37 °C incubator and cooled to 15 °C when
the ODgpo nm reached 0.5, then induced with 0.5 mM IPTG
when the ODggo nm reached 1.0 and grown for 16 h at 15 °C.
The cells were harvested by centrifugation at 5000g for
20 min, and the cell pellets frozen for future use.

Frozen cell pellets were resuspended in lysis buffer
(100 mM Tris-HCL, 300 mM NaCl, 25 mM imidazole, pH
8.0), and sonicated using a Fisher Scientific (Waltham, MA,
USA) FB505 sonicator (500 W) with a CI334 probe at 20%
amplitude for 4 s on, 20 s off, for 90 min, which results in 15-
min total sonication time. The lysate was centrifuged at
20,000g for 40 min and then incubated for 1 h with chelating
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fast-flow sepharose resin (catalog # 17-0575-02, GE
Healthcare, Chicago, IL, USA) coated with nickel and pre-
equilibrated in lysis buffer. The mixture was centrifuged at
1000g for 10 min and then the supernatant removed, and the
resin resuspended in 5-mL lysis buffer and used to form a
column. The column was then washed with 10 column vol-
umes (CVs) of lysis buffer, and then 5 CVs of wash buffer
(100 mM Tris-HCI, 300 mM NacCl, 75 mM imidazole, pH
8.0), before eluting with 5 CVs of elution buffer (100 mM
Tris-HCI, 300 mM NaCl, 250 mM imidazole, pH 8.0). The
eluted protein was then dialyzed using 10 kDa molecular
weight cutoff (MWCO) dialysis tubing into 50 mM Tris-
HCI, 300 mM NaCl, 1 mM DTT, 5% glycerol, pH 8.0. Each
dialysis was performed for > 12 h, for a total of three times.
The protein was removed from dialysis tubing, centrifuged
40 min at 20,000g, and the supernatant concentration mea-
sured by Bradford assay against a BSA standard curve accord-
ing to manufacturer instructions (catalog # 500-0201, Bio-
Rad, Hercules, CA, USA). The protein was then loaded onto
a S200 26/60 size exclusion chromatography column pre-
equilibrated in 2CV of 50 mM Tris-HCI, 300 mM NaCl, 5%
glycerol, 1 mM DTT, pH 8.0. Five-milliliter fractions were
collected and tracked at 280 nm; peaks were compared with
the Bio-Rad (Hercules, CA, USA) gel filtration standard and
further analyzed by SDS-PAGE (Supplemental Fig. 1).
Fractions were combined, concentrated using an Amicon
Ultra centrifugation unit with a 10 kDa MWCO (Sigma, St.
Louis, MO, USA), centrifuged for 40 min at 20,000g, and
measured by the Bradford assay as above.

The thermal stability of the variants was assessed using the
Tycho NT.6 (NanoTemper Technologies, Munich, Germany).
Each variant was loaded in 3x PBS at approximately 1 mg/mL
concentration in capillary tubes and the intrinsic protein fluo-
rescence recorded at 330 nm and 350 nm while heating the
sample over a 35-95 °C at a rate of 30 °C per minute.

Yeast/peptide pull-down assay

A colorimetric pull-down assay was used to screen the FACS
selected library variants with different peptide substrates in a
high-throughput manner and determine the optimal candidates
for in vitro characterization. Yeast displaying the library var-
iants of interest were grown to saturation in SD-CAA media
and transferred to SG-CAA media for surface expression at
20 °C for 24 h. The cultures were pelleted at 3000g for 2 min
and washed with PBS, 0.5 mg/mL BSA, 0.1% Tween20
(“ELISA buffer”) and diluted to ODgpopm =2.5. A UV-
transparent 96-well flat-bottomed polystyrene plate was pre-
blocked with 1 mg/mL BSA and washed with ELISA buffer.
Ten microliters of diluted cells were added to the wells and
mixed with 90 uL of 1 pg/mL biotinylated peptide substrate
in ELISA buffer. The mixture plate was incubated in a bench-
top orbital shaker for 1 h, then centrifuged at 3000g to pellet

the yeast cells bound to peptide and wash the excess peptide
away by washing three times with 100 uL of buffer. The cells
were resuspended in 100 pL of buffer with 1 pg/mL of
streptavidin-HRP (horseradish peroxidase) (Thermofisher/
Life Technologies, Waltham, MA, USA). Incubation and
wash steps were repeated. Cells were resuspended in a final
volume of 50 puL buffer and 50 pL of 1x tetramethylbenzidine
(TMB, VWR, Radnor, PA, USA) was added to the wells.
Reactions were incubated for 20 min at room temperature for
oxidation of the TMB by horseradish peroxidase (HRP), which
produces a blue coloration. Reactions were then quenched by
adding 100 puL of 1 M HCI, which produces a yellow color that
can be measured by the absorbance at 450 nm. The intensity is a
function of the amount of streptavidin-HRP pulled down by
interaction with the yeast cells, facilitated by biotinylated pep-
tide binding to surface-expressed ClpS.

Each sample was measured in triplicate within the same
row of the 96 well plate, allowing for four ClpS/substrate pairs
per row, with the standard deviation of Absyso., taken as the
error. Fluid was added to rows using a 12-channel hand pi-
pette. In designing our assays, we stressed the difficulty of
comparing row to row, because of the variance that could be
introduced by human error into TMB addition and quenching.
When testing a single library variant against a panel of pep-
tides, we kept wells 1 through 3 empty as a check for artifacts,
added only peptide to wells 4 through 6, added peptide and
uninduced yeast to wells 7 through 9, and added peptide and
induced yeast to wells 10 through 12. As the background in
lanes 1 through 9 showed no increase in background absor-
bance from the peptide or media, the data displayed here is the
average and standard deviation of lanes 10 through 12, except
for the data labeled “no yeast,” which is lanes 4 through 6.

Surface plasmon resonance

The surface plasmon resonance (SPR) data was collected on a
Biacore (Uppsala, Sweden) T100 instrument by loading a
streptavidin chip with the target biotinylated peptides in each
of'the four channels and then flowing the protein over the chip
at each concentration for 180 s before washing with 50 mM
Tris-HCI, 300 mM NaCl, 1 mM DTT, 5% glycerol, and pH
8.0 buffer for 180 s. The SPR assays for all variants were
performed under the above optimized buffer conditions to
obtain the greatest binding activity, as the activity and stability
of CIpS is pH, and NaCl concentration dependent (data not
shown). Additionally, the wild-type and mutant proteins puri-
fy as dimers that can be disrupted by the addition of DTT,
indicating they are likely disulfide-linked. This has been
shown in the literature (Colombo et al. 2018), with different
homologs of ClpS having different propensities for dimeriza-
tion. The four channels were used such that the negative con-
trol peptide (A;G,) was in channel 1, F;G, in channel 2,
WG, in channel 3, and Y;G, in channel 4. The negative
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control peptide channel was used as a baseline for subtraction,
which accommodates both any non-specific binding and re-
fractive index change. A steady state response at each concen-
tration was plotted and fit to calculate the K, while the reso-
nance units vs. time was used to calculate a k¢ for each mu-
tant protein with each peptide.

Results
Directed evolution of ClpS

Our approach was to cast a wide net via random mutagenesis
and screening in order to select for proteins with higher affin-
ity binding to the target NAA. In subsequent steps, we would
then hone in on specific residues determined from these initial
screens with a targeted mutagenesis step. Therefore, we began
by applying an error-prone PCR approach to broadly and ran-
domly mutagenize both the P. falciparum clpS gene and the
A. tumefaciens clpS2 gene. We then performed homologous
recombination into a yeast display vector such that the gene of
interest was fused to the C-terminal end of the aga?2 gene for
display. The displayed proteins also contained a C-terminal
myc-tag that could be used for detection as shown in
Fig. 1a, where an Alexafluor647 labeled antibody could bind

a)

Biotin

(¢
N

Alexa 647
Alexa 647

to the C-terminal myc-tag, while successful binding of the
ClpS protein variant to a biotinylated peptide with the appro-
priate N-terminal amino acid was monitored by detection with
a fluorescently labeled streptavidin. Using FACS, we assessed
the affinity of each mutant for the N-terminal amino acid on
the target peptide based on which quadrant the fluorescent
signal fell into as shown in Fig. 1b. If the AlexaFluor647
signal is high, the full-length protein is accessible on the yeast
surface for the antibody to bind and the cell will appear in Q1
or Q2. If there is also a high fluorescence signal along the x-
axis (streptavidin-PE), then the peptide is presumably bound
to the protein variant, and the signal will appear in Q2. As
shown in Fig. lc, a naive library will contain a mixture of
yeast cells, some of which do not express full-length variants
and fall into Q3. Some of the variants will be expressed but not
bind the peptide, as in Q1, and a small percentage of the
library will contain variants which bind the peptide of interest
as in Q2. For a given library, the top 5% to 10% of cells, those
in the second quadrant which express mutant ClpS proteins
that bind the peptide of interest (in this case F{D,), were sorted
and grown in selective media. In the second (Fig. 1d) and third
(Fig. le) rounds, the cells that were selected from the first or
second rounds, respectively, were sorted again until the ma-
jority of the library members had an affinity for the peptide of
interest. As illustrated, the percentage of cells displaying a
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Fig. 1 a Cartoon depicting the fluorescent labeling scheme used for
detection of peptide binding during flow cytometry. The myc tag is
detected with an AlexaFluor 647 labeled anti-myc antibody (shown in
red). The peptide is detected using streptavidin-PE (shown in green)
which binds the biotinylated C-terminus of each peptide. b The expected
flow cytometry results depicting yeast that display a non-binding protein
in quadrant 1 (Q1), yeast that bind the peptide in Q2, yeast that do not
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display the protein in Q3, and yeast that exhibit non-specific binding to
the peptide in Q4. ¢ Representative flow cytometry plots displaying the
increased PE fluorescence seen in each round after three rounds of selec-
tion of a library against a Phe peptide. The square and arrow in Q2
illustrate those cells that are carried on to the next round of sorting after
outgrowth
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protein that bound the peptide did increase with each round of
selection. One representative library selection is shown in
Fig. 1 where three rounds of selection were performed for this
library. This process was repeated multiple times after the
creation of each new mutant library. The sequence and corre-
sponding nomenclature for the target peptides used in selec-
tions and screens is given in Table 1, where X stands for any
amino acid. Additionally, Supplemental Table S1 gives a list
of the libraries and selections performed by this method.
Sequencing analysis of the individual clones from the final
round of selection of the first error-prone PCR library for each
protein indicated that there was indeed a hotspot of substituted
residues corresponding to residues 122—124 in the
P falciparum protein, and the homologous residues, 34-36
in the A. tumefaciens protein. The mutated residues are
highlighted in yellow in Fig. 2 and the hotspot residues are
boxed in blue. The figure was generated using the ESPript 3.0
web utility, (Robert and Gouet 2014). These same residues
were mutated in many of the constructs that showed altered
and improved affinity for the various targeted peptides. The
full sequencing results are shown in Supplemental Figs. S2
and S3. These residues are in a flexible loop near the opening
of the peptide binding site on ClpS based on an available
crystal structure from P. falciparum (PDB: 402X) (Ahyoung
et al. 2016) and the structure of A. tumefaciens bound to
phenylalaninamide (PDB: 4YJX) (Stein et al. 2016). Based
on this observation, we created a second library of the
A. tumefaciens ClpS2 in which these three residues were mu-
tated to all 20 amino acids (a theoretical library size of 8000
constructs). This new library was further screened against ei-
ther an F; peptide or a W; peptide, and after four rounds of
selection, the hits were again sequenced and characterized.
The variants that were chosen for characterization are given
in Table 1 with the three residues that were mutated from the

wild-type sequence listed. The full sequencing results of all
variants selected from different rounds of sorting are listed in
Supplemental Table S2. Some proteins behaved well in the
yeast displayed context, but were not amenable to E. coli ex-
pression and purification, while others were easily purified
from E. coli but had high background in the yeast-display
format, which we have traced to non-specific binding to the
streptavidin-HRP (data not shown). Therefore, we chose to
characterize two of the variants (V2 and V3) in detail using
the pull-down assay and two variants (V1 and V2) after ex-
pression and purification of the proteins from E. coli in SPR
experiments.

Characterization of yeast-displayed ClpS mutant
proteins

We designed a pull-down assay to screen the FACS-selected
hits against many different NA A-containing peptides in high-
throughput. As shown in Fig. 3a, yeast displaying a particular
mutant ClpS protein were incubated with a panel of C-
terminally biotinylated peptides containing different NAAs.
Samples were then centrifuged, washed, and incubated with
streptavidin-HRP and TMB substrate, followed by acid addi-
tion to quench the reaction. This was used to identify the yeast
displaying proteins with differing specificity and/or affinity
towards those peptides as compared to the wild-type protein
warranting further characterization. Two protein variants from
the FACS selection were characterized with a full panel of 20
peptides to assess whether the affinity for other NAA peptides
was inadvertently changed. V2 had an improved affinity for
the WG, peptide compared to the wild-type, as determined
via flow cytometry of the yeast displaying these proteins
(Supplemental Fig. S4) and via the pull-down assay described
above (Fig. 2b and Supplemental Fig. S5a). Conversely, V3

1 10
AtumClpS2 "L oo i e SDSPVDLKPKPKVPKLERPKLY
PfalClpS ,NLEKIKKLRNVIKEIKKDNIKEADEHEKJMEREKETSAWEGUI

30
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PfalClpsS YN T HNE T

FNAN . UV LIMANE R MES EDTGRRVMMTRF SVV
YNBDM I VISVIVICQ IFJKAKAHT I TVEERY:S T[eo

AAA A A

7(:.) 8Q 9Q 1OQ
AtumClpS2 VVCERDITKAK ATDLGKEAGFPMFTTEPE ....... e
PfalClpS LSTWKSKEKYCOELQON. ... .. GMTVSITHBSQLKDKOKK
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Fig.2 Alignment of the A. tumefaciens ClpS2 (Accession NP_355189.1)
and P, falciparum ClpS (Accession XM 001349904) protein sequences
(21.43% identity). Identical positions are highlighted in red. The black
triangles indicate proposed substrate contacts, based on the crystal
structure of A. tumefaciens ClpS2 bound to L-phenylalaninamide (Stein

etal. 2016). The residues highlighted in yellow are those that were found
to be mutated in constructs selected from the initial error-prone libraries
for increased Phe binding. The blue box around residues 34P, 35R, and
36E of the A. tumefaciens ClpS2 is to highlight the residues that were
mutated to all 20 amino acids in the second library
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Fig. 3 a The pull-down assay workflow: incubation of the yeast with the
peptide of interest, centrifugation, and washing to remove unbound pep-
tide, labeling with the streptavidin-HRP, followed by incubation with
TMB substrate and acid quenching which results in a yellow color change
that could then be quantified in each well of a 96-well plate. b The assay
described in part a was used with peptides containing the N-terminal

displayed increased affinity for the F|G, peptide and higher
selectivity towards the FG, peptide as compared to other
NAAs. Neither mutant protein had any undesirable “off-
target” affinity towards any NAA that was not already recog-
nized by the wild-type protein, with one exception. V2 has an
increased affinity towards Leu, which the wild-type
A. tumefaciens ClpS protein does not bind. However, an af-
finity for Leu is exhibited by other ClpS homologs (Stein et al.
2016). Therefore, V2 appears to have regained some of the
canonical binding activity of the ClpS protein family with
respect to leucine. In fact, the affinity for every other residue
besides the canonical (Phe, Trp, Tyr, Leu) binding residues
was either the same or reduced compared to the wild-type
(wild-type data shown in Supplemental Fig. S5a). Our pull-
down assay also indicated, for the first time, that the wild-type
ClpS2 protein has some binding activity towards Met, His,
Arg, and Lys at the high concentrations used in the assay.
The His and Arg binding was also confirmed via flow cytom-
etry and this data is displayed in Supplemental Fig. S5b. Some
differences between the observed binding for a particular res-
idue is likely due to the different concentrations and format

@ Springer

residue labeled on the x-axis for the wild-type (black) and two variants
(blue and yellow) of the ClpS2 protein. The no yeast control is shown in
red. In this assay, the absorbance at 450 nm correlates with the number of
yeast bound to the peptide. The error bars represent three replicate mea-
surements of one biological sample

used for the assay and whether that was above or below the K,
for binding to that residue. Finally, the pull-down assay
(Supplemental Fig. S5a) show the wild-type protein does bind
Ile, which disagrees with the flow cytometry assay
(Supplemental Fig. S5b) and previous reports (Stein et al.
2016) in which the wild-type protein was reported to show
weak binding with an [;R; and an [;K, peptide when ClpS is
in a non-yeast displayed context. From our pull-down assay,
we also confirm the lack of binding to Val and Ala reported in
the literature, and add the remaining amino acids to the non-
binding category.

Characterization of the ClpS mutant protein binding
kinetics

For peptide sequencing via some recently proposed methods,
as described in the “Introduction” section, the reagents need to
bind peptides affixed to a surface. To that end, we character-
ized two A. tumefaciens ClpS2 protein variants (V2, described
above, and V1) in vitro in this context. Both variants were
expressed and purified from E. coli; however, the third variant
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could not be purified in a high enough concentration to per-
form the subsequent assays. V2 was not as thermally stable as
the wild-type and V1 (Supplemental Fig. S6 and
Supplemental Table S3); however, enough protein was obtain-
ed to assess its binding properties in vitro at temperatures
below its melting temperature. The binding properties of each
variant were analyzed using surface plasmon resonance
(SPR). Since the SPR chip has four channels, we chose to
use three peptides ending in the residues that are the most
commonly recognized by the wild-type ClpS proteins (Phe,
Trp, Tyr) and a negative control (Ala). The summary of the
SPR data is displayed in Table 2, where the steady state values
ofthe K are calculated from the experiments performed using
concentrations ranging from 0 to 50 uM of protein for each
variant. The association curves for V2 with each peptide end-
ing in Phe, Trp, or Tyr, are given in Fig. 4a. The dissociation
curves are shown in Fig. 4b, and the steady state plot calcu-
lated from the plateau of the association curve for each con-
centration is given in Fig. 4c. The corresponding data for V1
and the wild-type protein are given in the Supplemental Figs.
S7 and S8, respectively. Significantly, a 6.6-fold decrease in
the K for WG, peptide was observed for V2, compared to
the wild-type protein, as determined by SPR with the peptide
attached to the surface and the protein in solution. A 3.5-fold
improved K was observed for V2 with the F,G, peptide as
well. This data supports the trend observed from the pull-
down assay that also showed increased binding affinity, com-
pared to wild-type, to Phe, Trp, and Tyr. Unfortunately, V1
exhibited non-specific binding in the pull-down assay and

could not be compared to the SPR data. Via the SPR assay,
V1 has little change in its affinity for tryptophan; however, it is
improved 7.2-fold in affinity for the F|G, peptide and 5.5-fold
for Y,G,. Thus, the ClpS2 variants have increased affinity for
either Phe or Trp, but due to the overall increases in affinity
compared to the wild-type proteins it is difficult to discern the
change in selectivity of the mutant proteins. Therefore, the
binding affinity for each variant with respect to one peptide
was divided by the affinity for each of the other peptides to
give a relative specificity factor displayed in the three lower
panels of Table 2. If the specificity factor is less than 1, the
protein has higher affinity for a different NAA than the one
tested in that panel and vice versa if the specificity factor is
greater than 1. Presenting the binding data in this way clearly
shows, as expected, that the wild-type protein has a modest
specificity for N-terminal Phe. Although V2 is improved in
K for both peptides with N-terminal Phe and Trp, V2 is more
specific for Phe over Trp than the wild-type protein.
Additionally, V1 is more specific for N-terminal Trp than for
Phe. It is worth noting that residue 35 (mutated from Arg to
Met in V1) is homologous to the E. coli ClpS1 residue M40,
which is considered to be a gatekeeper residue that when
mutated to Ala allows non-canonical NAAs such as Val to
fit in the binding pocket (Wang et al. 2008b; Schuenemann
etal. 2009). It is evolutionarily conserved as a Met in bacterial
ClpS1 proteins, but is conserved in eukaryotic ClpS1 proteins
as an Arg residue, and is sometimes found as Glu or Phe in
other ClpS1-like and ClpS2 proteins (Nishimura et al. 2013).
In the Arabidopsis thaliana ClpS1 protein, the Arg residue at

Table 2 Affinity and selectivity

of ClpS variants for different Kp (uM)
NAAs
Variant Phe Trp Tyr
WT 13.0+£0.6 18.4+0.4 63.0+4.0
V1 1.8+0.4 13.1+1.3 11.6+1.2
V2 3.7+0.3 2.8+0.3 36.1+4.4
Selectivity for Phe
Variant Phe/Phe Phe/Trp Phe/Tyr
WT 1.0 0.71 0.21
V1 1.0 0.14 0.16
V2 1.0 1.32 0.10
Selectivity for Trp
Variant Trp/Phe Trp/Trp Trp/Tyr
WT 1.42 1.0 0.29
V1 7.28 1.0 1.13
V2 0.76 1.0 0.08
Selectivity for Tyr
Variant Tyr/Phe Tyr/Trp Tyr/Tyr
WT 4.86 343 1.0
\42! 6.43 0.88 1.0
V2 9.82 12.91 1.0
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Fig. 4 a The association curves from an SPR experiment performed with
the peptide of interest attached via biotin to a streptavidin chip, and V2 in
solution at concentrations 0, 0.39, 0.78, 1.56, 3.13, 6.25, 12.5, 25, and
50 uM. b The dissociation curves for the same SPR experiment. ¢ The

this position was replaced with Met in a “back-to-bacterial
consensus” mutant and the canonical bacterial binding affinity
was recapitulated (Colombo et al. 2018). Thus, the V1 binding
pocket is more similar to the bacterial ClpS1 proteins than its
parent A. tumefaciens ClpS2 protein in this respect.

Finally, as the SPR experiment gives not only the steady-
state K, but also the on and off rates, it was determined that
the main contribution to the improved K resulted from a
slower off rate for the mutant proteins. It is noticeable from
the SPR sensorgrams shown in Fig. 4b that the slope of the &,
curve is less steep for the peptide with NAA Phe than for the
peptide with NAA Tyr, thus leading to the improved K. Note
the difference in scale for the Tyr dissociation curve as com-
pared to the Phe and Trp curves. Similarly, the dissociation
rate of V1 is significantly slower than that for the wild-type

Table 3 Dissociation

rate kop(s ') for different Variant Phe Trp Tyr
NAAs
WT 0.93 1.32 1.16
Vi 0.1 0.76 0.5
V2 0.03 0.03 0.05
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steady-state response from the SPR association curves are plotted versus
the concentration of V2 for three different peptides. The dashed lines
indicate the fits used to calculate the stead-state K,

protein (see Supplemental Fig. S7 and Supplemental Fig. S8).
From the dissociation curves, the kg was calculated for each
protein with each NAA bearing peptide and the data is
displayed in Table 3. The dissociation rate for variant 1 has
slowed 9.4-fold over the wild-type protein for Phe; while, the
variant 2 dissociation rates have slowed 27.9 and 51.3-fold
over wild-type for Phe and Trp, respectively.

Discussion

In addition to advancing the field of proteomics, rapid protein/
peptide sequencing would facilitate protein engineering by
eliminating the currently required need to maintain a
genotype-phenotype linkage, as is fulfilled by using yeast or
phage display. Similarly, in combinatorial peptide drug library
screening, the ability to sequence peptides would eliminate the
need for barcoding strategies that are currently used.
Currently, there is no single molecule protein sequencing tech-
nology available; however, many technologies are being pro-
posed and repurposed to meet this challenge. For example,
FRET pairs are being used to tag residues and detect amino
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acids in a technique called “single-molecule peptide
fingerprinting” that can be applied when the peptide is
translocated through the Clp protease molecular machinery
attached to a surface (Yao et al. 2015; van Ginkel et al.
2018). In an alternative approach, the ionic current fluctuation
pattern within nanopores can be detected to directly discrim-
inate between different groups of amino acids (Asandei et al.
2017). Engineered nanopores can also be used as a potential
way to cleave a single amino acid, and, combined with mass
spectrometry, identify that amino acid (Bush et al. 2017).
Additionally, it has been proposed that partial sequencing, or
fluorosequencing can be accomplished by immobilizing a
peptide to a surface such that single-molecule fluorescence
can be measured (Swaminathan et al. 2015). In this measure-
ment modality, the fluorescence detection can be accom-
plished by either chemically modifying the amino acids based
on their unique side chain chemistry, or by using a fluores-
cently labeled amino acid binding reagent. The approach of
chemical modification has been successfully employed to de-
tect cysteine and lysine residues (Swaminathan et al. 2019).
The specificity and affinity requirements of a potential NAAB
is dependent on the limits of detection of the technology being
employed; however, some groups are exploring the theoretical
limitations to which lower affinity NAABs can still potentially
be useful reagents (Rodriques et al. 2018).

This work shows that NA ABs that are enhanced in spec-
ificity and affinity for some NAAs can indeed be engineered
from ClpS proteins, which natively recognize some NAAs,
using directed evolution and yeast-based FACS screening
methods. The initial directed evolution design targeted all
ofthe ClpS residues in a random fashion, rather than relying
on structural insights into the exact location of the binding
pocket. However, many of the residues that were ultimately
found to be mutated were indeed in or near the binding pocket
and recapitulate properties that could perhaps have been ra-
tionally designed from critical assessment of the crystal
structures available in the literature. The strategy of targeting
the residues that frequently occurred after the first set of se-
lections with a more in depth, focused library testing each of
the 20 residues at these positions resulted in more hits during
subsequent rounds of selection. However, there is still the
possibility of evolving these proteins further, for enhanced
selectivity and affinity for the Trp or Phe NAAs, or for other
amino acid targets such as Tyr and Leu, by combining the
mutations found in this work with those that may be found
among the different homologs in the literature with known
differences in specificity. Additionally, in a peptide sequenc-
ing context, ideally, the second amino acid must not signifi-
cantly affectthe binding ofthe NAAB or false positives could
occur. The finalized NAAB reagents will ultimately need to
be characterized against a panel of peptides to ensure that the
neighboring sequence does not affect the sequencing fidelity,
as has been done for the some of the wild-type ClpS proteins

(Stein et al. 2016). Although there is a significant amount of
characterization of this family of proteins in the literature, it
has previously been studied in ways which focus on the prop-
erties of ClpS that contribute to the selection of substrates for
degradation within a cell. As with any engineering effort, one
must strive to understand as much as possible about a system
inorderto engineer itto perform anew or different task. From
the standpoint of using ClpS homologs as potential tools or
binding reagents, the criteria and attributes by which protein
engineers assess this protein are beginning to evolve. For
instance, assessing the ability of ClpS to bind non-standard
amino acids that it would not normally encounter in nature
contributed to the use of the protein to detect non-standard
amino acid incorporation (Kunjapuretal. 2018). In our work,
the finding that the ClpS mutants with higher NAA target
affinities are driven primarily by reduced rates of dissocia-
tion (ko) is encouraging from a binding reagent standpoint.
It poises these mutant proteins as potentially more suitable
binding reagents for NAA detection in the development of
fluorescence-based next-generation sequencing technolo-
gies as the slowed rate of dissociation theoretically allow
for a longer residence time for fluorescence-based imaging
ofthe NAAB.

Although the yeast display system used in this study is
robust and rapid, it does have the drawback that mutant pro-
teins were not directly selected for reduced dissociation rates,
but rather for improved overall affinity. Furthermore, the bind-
ing reaction occurs in solution, rather than with the peptide
affixed to a surface, as would likely be the case in a peptide
sequencing setting. However, as the SPR-based experiments
were performed with the peptide affixed to a surface, we have
shown that ClpS can clearly bind the peptides in a surface-
attached configuration. Theoretically, additional detection re-
agents could be selected in a similar directed evolution man-
ner as the proof-of-principle reagents described herein, and/or
by rational design using these initial successful mutations as a
guide. The yeast display system should be broadly applicable
for the development of additional NAABs in combination
with further protein engineering to ensure efficient activity
in vitro in the surface adhered peptide context, fluorescent
labeling, and stability to the length of incubation times, tem-
peratures, and buffer conditions that may be necessary for the
sequencing detection.
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