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1 | INTRODUCTION

The design of an affinity reagent to bind specific N-terminal amino acids
(NAA) would enable next generation protein sequencing. In theory, these
reagents would selectively bind to a specific amino acid, upon which a
fluorescent label would confer a measurable signal, enabling high
throughput sequencing of peptides. To this end, Agrobacterium
tumefaciens ClpS2, a protein adaptor that is responsible for delivering N-
degrons to CIpAP for degradation, has been modified for increased bind-
ing specificity and affinity for N-terminal amino acids (NAA) of interest
for synthetic peptides.! Agrobacterium tumefaciens ClpS2 was chosen to
develop further as a more selective affinity reagent compared to ClpS1
from that same organism.?2 A. tumefaciens ClpS2 shows activity for
N-degrons containing NAAs Phe, Trp, and Tyr, with an increased specificity
for NAA Phe (Kp of 4 vs 17 pM for Phe and Tyr peptides, respectively).?

Kunal Dharmadhikari'? |

Jennifer Tullman?

Emily Samuels?®® |

ClpS2 is a small protein under development as a probe for selectively recognizing N-
terminal amino acids of N-degron peptide fragments. To understand the structural
basis of ClpS2 specificity for an N-terminal amino acid, all atom molecular dynamics
(MD) simulations were conducted using the sequence of a bench-stable mutant of
ClpS2, called PROSS. We predicted that a single amino acid leucine to asparagine
substitution would switch the specificity of PROSS ClpS2 to an N-terminal tyrosine
over the preferred phenylalanine. Experimental validation of the mutant using a fluo-
rescent yeast-display assay showed an increase in tyrosine binding over phenylala-

nine, in support of the proposed hypothesis.

molecular dynamics, protein engineering, rational design

Structures of proteins in the ClpS family bound to several individual
N-terminal amino acid mimics and short peptides, show discrete struc-
tural binding characteristics which are preserved across organisms A.
tumefaciens, Caulobacter crescentus, and Escherichia coli. >7 Crystal
structures of apo and ligand-bound A. tumefaciens ClpS2 were solved
with resolutions spanning 2.9 to 1.15 A. E. coli and C. crescentus ClpS
and A. tumefaciens ClpS2 structures in the PDB overlap within 3.0 A
root mean square deviation (RMSD) to the average of the coordinates
(Supplementary Figure S1). A. tumefaciens ClpS2 is crystallized as an 83
residue, 9.5 kDa protein composed of a three strand beta sheet and
three alpha helices, with the NAA binding site located at the loop
between the central beta sheet strand and two helices, with residues
30 to 35 inclusive forming the recognition loop (Figure 1A, Supplemen-
tary Figure S1). Analysis of X-ray crystal structures shows a well-

defined binding pocket, lined with hydrophobic residues (Figure 1C),
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with the entrance occupied by hydrophilic and charged residues His62,
Asp31 and 32, and Asn30, (Figure 1B) that recognize the peptide bond
between the NAA and the second residue in the bound peptide chain
(numbering based on A. tumefaciens ClpS2, Supplementary Figure S2).

Due to the large amount of biochemical information about the
structure and function of ClpS family proteins, it has been a subject of
prior attempts to introduce new specificity of NAA binding. Rational
mutation studies from the Baker group introduced A. tumefaciens ClpS2
L28A, which disfavors Tyr and Trp compared to WT via steric clashes,?
and a truncated version of C. crescuentus ClpS M53A that showed
increased specificity for an NAA Leu.® Changes in peptide binding were
measured using fluorescence anisotropy at different concentrations of
protein, from which Kp was calculated. Additionally, Schuenemann et
al. showed that when a mutation (either M40A or M62A) was intro-
duced to increase the volume of the binding pocket of E. coli ClpS,
enhanced rates of degradation were measured for peptides with NAA
Trp.* However, the overall rate of degradation for NAA Trp was
increased by ~60% upon the addition of WT ClpS to the CIpAP prote-
ase, while the addition of the M40A or M62A mutant ClpS increased
degradation by another 30%, pointing to the robust way CIpAP handles
NAA substrates with lower binding affinities for ClpS.# Using a directed
evolution approach, which implemented a random mutagenesis library,
A. tumefaciens P34C/R35P/E36S ClpS2 was selected and shown to
preferentially bind NAA Trp, while A. tumefaciens R35M/E36S ClpS2
was shown to decrease affinity for NAA Trp, increasing NAA Phe speci-
ficity over WT (respectively, variants V2 and V1).!

Though the specificity of A. tumefaciens ClpS2 made it an attractive
target for mutation via directed evolution, in practicality the protein suf-
fered from a propensity to aggregate, precipitating out of solution and
hindering its usefulness as a reagent. To optimize solubility and stability
properties and ultimately improve utility as a binding reagent, the Pro-
tein Repair One-Stop Shop (PROSS) server was used to predict benefi-
cial mutations. As a Rosetta front-end, the PROSS server works to first
perform a BLAST search and sequence alignment, generating a pool of

allowable mutations. The algorithm subsequently suggests mutations in

favor of increased solubility, performing mutation scanning and then
combinatorial sequence optimization. A. tumefaciens ClpS2 sequences
optimized for increased protein stability and expression indeed
exhibited improved expression levels, and this is discussed in more
detail in Tullman et al.” The PROSS algorithm mutations based on the
crystal structure 4yjx?, which contained A. tumefaciens ClpS2 bound to
L-phenylalaninamide, are displayed on the 3D structure of ClpS2 in
Figure 1A, and include V41E, R48N, D52E, T53Q, V70G, E73T, E83Q,
G88A, and K89R. A sequence comparison with WT A. tumefaciens
ClpS2 is shown as Supplementary Figure S3.

Molecular dynamics (MD) simulations are a useful tool for ratio-
nally designing mutations which can enhance binding affinities of pro-
teins for small molecule ligands, improve protein-protein interactions,
and design and dock small molecule drugs.2®!! Accounting for the
dynamic motions of biomolecules allows greater insight into their
function, enabling targeted design and a more faithful model of the
changes these molecules undergo in vivo. Advanced simulation
methods for calculating binding free energies are becoming more
widely popularized.*?

Here, we show all-atom MD simulations of A. tumefaciens WT
and PROSS ClIpS2 bound to NAA Phe, Tyr and Trp, and propose a
point mutation, L28N, to shift binding specificity towards Tyr. Experi-
mental validation using yeast display confirms the altered specificity
of L28N PROSS ClpS2 for Tyr, and the decreased binding preference
for Phe. This evidence shows the usefulness of in silico directed muta-
genesis, and reinforces using ClpS2 as a scaffold for shifting binding
equilibria to favor different NAAs.

2 | MATERIALS AND METHODS

21 | Plasmid construction

The A. tumefaciens clpS gene (Accession NP_355189.1) was amplified
from the genomic DNA, strain GV3101 from the C58 chromosomal

N30 2

FIGURE 1 A, PROSS-modified A. tumefaciens ClpS2, shown in cartoon representation, bound to NAA Phe, shown in orange van der Waals
spheres (coordinates based on PDBID 4yjx).2 PROSS mutations are indicated in pink licorice and labeled. B, ClpS2 residues interacting with the
a-amino group of the bound peptide. C, Back of the hydrophobic NAA binding pocket. Numbering is based on UNIPROT sequence of A.
tumefaciens ClpS2, Q8UD95, shown as the top line in Supplementary Figure S2 sequence alignment
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background, which was a gift from Dr. Shunyuan Xiao (IBBR). It was
cloned into the pCTCON2 vector for yeast display (catalog # 41843,
Addgene, Watertown, MA) 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 protein encoded by the aga2 gene, sepa-
rated by a factor XA cleavage site, an HA-tag and a [GGGGS], 3 spacer.
The PROSS variant was ordered from GeneArt without any codon
optimization and cloned in the same manner. There is also a C-termi-
nal myc-tag encoded before the stop codon. To create each variant
used in the study, quickchange PCR was used with the primers in the
attached table (Supplementary Table S1). Each plasmid was trans-
formed into E. coli grown on LB medium containing Ampicillin for

selection, and sequence verified before transformation into yeast.

2.2 | VYeast transformation

EBY100 strain Saccharomyces cerevisiae (ATCC MYA-4941, Manassas,
VA) were transformed with pCTCON2 plasmids containing the wild-type
or variant ClpS genes using the lithium acetate method. Briefly, EBY100
S. cerevisiae cells were grown overnight to an ODggg of three in YPD
media at 30°C. This was used to inoculate a 100 mL culture of YPD to
ODgoo 0.3. After 5 h, when cells had grown to ODgqg 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 mol/L sorbitol/1 mmol/L CaCl,). The cells were conditioned for elec-
troporation by resuspending the cell pellet in 20 mL 0.1 mol/L LiAc,
10 mmol/L DTT and shaking for 30 min at 30°C. The cells were cen-
trifuged as above and washed with 25 mL per tube of electroporation
buffer before being resuspended in 200 pL of electroporation buffer to
reach a final volume of about 1 mL. Cells were kept on ice until electro-
poration. For electroporation, 200 pL of competent cells prepared as
above were incubated with 1 pg of the vector, and kept on ice for 5 min.
The vector used was the pCTCON2 plasmid described above containing
the clpS gene of interest. The cells were then transferred to a 0.2 cm
electroporation cuvette and electroporated on the pre-set yeast settings
(1.5 kV, 25 pF, Bio-Rad GenePulser Xcell, Hercules, CA). The cells were
transferred to a tube containing 1 mL of YPD media (Catalog # Y1375,
Sigma, St. Louis, MO) and 1 mL of 1 mol/L 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. Protein surface expression
was induced by resuspending the cells in synthetic galactose media sup-

plemented with casamino acids lacking tryptophan (SG-CAA).

2.3 | Yeast surface display flow cytometry

The cells induced to express surface-displayed protein were incubated
with biotinylated peptide in different concentrations, and anti-myc
AF647 overnight at room temperature. Each reaction contained 25 plL

of cells (containing approximately 10° cells), 10 pL of peptide at a

concentration between 100 nmol/L and 10 pmol/L, and 25 puL of a
master mix containing 2 uL of the anti-myc antibody (c-myc Antibody
[9E10] Alexa Fluor647-200 pg/mL, catalog # sc-40 AF647, Santa Cruz
Biotechnology, Dallas, TX), and 63 uL of PBS/BSA for each sample.
The cells were then washed once with PBS/BSA, then resuspended in
96 uL PBS/BSA with 4 puL streptatvidin-R-Phycoerythrin (SAPE)
(SAPE—1 mg/mL, catalog # S866, ThermoFisher, Waltham, MA), and
washed again with 100 pL PBS/BSA band reuspended in 100 pL
PBS/BSA. The fluorescence was then measured using a Sony Biotech-
nology SH800 cell sorter. The results presented are normalized by
(Q1 + Q2)/Q2 and mean fluorescence intensity, and scaled relative to
a negative Glycine-peptide control to account for multiple experi-
ments, run on different days, with different protein growths.

24 | Peptides

All of the peptides used in this study had the sequence XGVECK,
where the X = F or Y. The peptides also contained a biotin linked via
the lysine side chain on the C-terminal residue. X;G, peptides 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 concentration into the experiment
buffer (PBS/BSA).

2.5 | Computational methods

Modeling started with PDB structure 4yjx?> Chain A, which was submit-
ted to the Protein Repair One-Stop Shop (PROSS) webserver® with the
L-pheylalaninamide ligand deleted. The PROSS algorithm was run with
default values for multiple sequence alignment: an E value of 0.0001,
minimum sequence identity to query set to 30%, and the maximum
number of aligned sequences set to 3000. Out of seven output proteins
with suggested mutations to improve stability, set seven was selected,
which reflected the highest allowable sequence mutation rate while
meeting the false positive rate criteria of the PROSS algorithm. The
PROSS mutant contains the following mutations: V41E, R48N, D52E,
T53Q, V70G, E73T, E83Q, G88A, K89R, and is shown in Figure 1A.
Experiments were performed on the ClpS2 protein containing 8/9
mutations: D52E was deleted. As this residue is 18.0 A from the binding
pocket, solvent exposed, and the charge remains the same, we are con-
fident in comparing the simulated systems with the full set of eight
mutations to this seven mutation version. To this end, sample calcula-
tions were performed with D52 un-mutated, and binding free energy
results were identical (Supplementary Figure S4).

Using VMD,*® the PROSS mutant coordinates were overlapped
with the 4yjx Chain A protein coordinates, and the L-phen-
ylalaninamide ligand was copied to the PROSS system. PROSS mutant
coordinates were also overlapped with coordinates from PDB 4yka,
Chain A, A. tumefaciens ClpS2 bound to L-tyrosinamide, and the L-
tyrosinamide coordinates were copied to the PROSS system. To test

binding to NAA-Trp, PROSS mutant coordinates were overlapped
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with coordinates from PDB 3gq1®, Chain A, C. crescentus ClpS bound
to a decapeptide with the sequence WLFVQRDSKE. The decapeptide
W coordinates were copied to the PROSS system. Subsequently, an
L28N mutation was introduced to the protein using the tLeap pro-
gram in Amber18.2* The residue was renamed from LEU to ASN. The
L28 atom CD1 was renamed OD1, CD2 was renamed ND2, and the
HD11, HD12, HD13, HD21, HD22, and HD23 atoms were deleted.
Asn hydrogens were added with tLeap.

Parameters for the nine systems (WT-Phe, WT-Tyr, WT-Trp,
PROSS-Phe, PROSS-Tyr, PROSS-Trp, L28N-PROSS-Phe, L28N-PROSS-
Tyr, and L28N-PROSS-Trp) were built in tLeap. The ff14SB force field*®
was used for the ClpS2 protein as well as the ligand, which was built as
an N-terminal Phe, Tyr, or Trp with an NH, capping group. The SPC/E

water model,*®

with Joung-Cheatham monovalent ion parameters spec-
ified for use with the SPC/E water model,” were used to solvate the
protein and ligand with a roughly 10.0 A buffer between the solute and
edge of the periodic box. One CI™ atom was added to neutralize the sol-
ute charge, and then 18 NaCl molecules were added, yielding a concen-
tration of 150 mmol/L salt. lon positions were randomized 6.0 A away
from each other and 4.0 A away from the solute, using eight different
random seeds to create eight copies of the initial system with eight dif-
ferent solvent coordinates. Each of the eight copies was minimized and
equilibrated using Amber18.14

Minimization and equilibration of each system was carried out as
described previously,*® using initial 10 kcal/mol positional restraints on
the solute. Initial minimization of coordinates was followed by heating
over 100 ps to 300 K with constant volume, and temperature regulated
using a weak-coupling algorithm,'? with a coupling time constant of
1.0 ps. The removal of rotational and translational center of mass
motion was performed every 10 ps. Heating was followed by succes-
sive rounds of 500 steps each steepest descent and conjugate gradient
minimization, and equilibration dynamics at constant pressure using a

t,19

Berendsen barosta with decreasing positional weights (5.0, 4.0, 3.0,

2.0, and 1.0 kcal/mol). A final equilibration at constant pressure was
performed with 0.5 kcal/mol positional restraints for 500 ps, followed
by an unrestrained 50 ps constant pressure simulation, with tempera-
ture coupling and pressure relaxation times set to 5 ps each.

Long unrestrained MD simulations were performed using hydro-
gen mass reweighting, where each hydrogen's mass was increased to
3.024 Da using parmed.py, and the atom to which the hydrogen is
bonded decreased by the same amount.?° In addition, SHAKE was
used,?! allowing a time step of 4 fs. Each of the eight simulations per
system was run for 1 ps, using constant volume. A Langevin thermo-
stat was used to regulate temperature at 300 K, with a collision fre-

1 and a random seed set to prevent

quency set to 2 ps”
synchronization artifacts.???® Default parameters for particle mesh
Ewald were used, with a cutoff for calculating long-range interactions
of 9.0 A2* Simulations were run on NVIDIA Titan-XP GPUs using
pmemd.cuda.?>?® MM-GBSA analysis was performed with the Haw-
kins-Cramer-Truhlar method (igh = 2 in Amber) with a salt concentra-
tion of 200 mmol/L2” Per residue pairwise energy decomposition
was performed on 1000 frames per simulation with 1-4 force field
terms added to the internal potential terms (idecomp = 3 in Amber).
Cpptraj v18.00 was used to perform symmetry-corrected RMSD
and distance analysis, hydrogen bond analysis, and volume analysis using

d.28

the “volmap” comman MD input and analysis commands are pro-

vided in the Supporting Information. Visual Molecular Dynamics (VMD)

version 1.9.3 and the ESpript server were used to create figures.?*?°

3 | RESULTS

3.1 | Comparison of WT and PROSS ClpS2

The ClpS2 NAA binding site remains similar between WT and PROSS

mutants bound to specific NAAs. RMSDs of each complex remains

FIGURE 2 A, Close up of WT ClpS2 binding site, with ClpS2 residue L28 labeled. Carbon atoms of NAA Phe are shown as orange spheres.
Carbon atoms of L28 are shown as cyan spheres. B, Proposed N28 mutant for stabilizing Tyr in ClpS2 binding site. NAA Tyr carbon atoms are
shown as green spheres and N28 carbon atoms are shown as cyan spheres. Residue L29 is also shown. C, N28 mutant shown with Trp in ClpS2
binding site. NAA Trp carbon atoms are shown as purple spheres [Color figure can be viewed at wileyonlinelibrary.com]
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below 2.0 A and mostly below 1.5 A, and RMSDs of each ligand
remain below 1.0 A showing stable simulations across the 1 ps time-
scale (Supplementary Figure S5) with the ligand remaining bound
(Supplementary Figures S5 and Sé). Minor motion can be seen in
these symmetry corrected RMSDs of each ligand, but any minor state
is transient and has a low deviation (<1.0 A for all heavy atoms) from
the initial, bound state (Supplementary Figures S6 and S7 and
Table S2). A histogram of the critical distance across the binding
pocket shows similar but reproducible deviations for Phe-bound, Tyr-
bound, and Trp-bound ClpS2 proteins, indicating the very small, but
consistent difference between proteins bound to different NAA
ligands (Supplementary Figure S8). Binding site volumes remain within
error bars of each other through all eight copies of the six tested sys-
tems when compared across ClpS2 mutants (Supplementary
Figure S9), though the average values remain consistently higher for
NAA-Tyr compared to NAA Phe, and NAA Trp compared to NAA Tyr
in the bound systems.

32 |
NAA Tyr

Mutations that increase specificity for

In an effort to increase binding selectivity for the NAA Tyr over Phe,
we introduced a mutation in the active site pocket. Figure 2 shows
the positions of NAA Phe and Tyr in the ClpS2 binding pocket, with
the hydroxyl functional group of the Tyr sidechain oriented towards
the back of the hydrophobic pocket. The proposed mutant, L28N,

shown in Figure 2B, would provide an additional hydrogen bond
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FIGURE 3 Relative binding free energies determined by MM-

GBSA analysis for ClpS2 systems: (left to right) AAG(PROSS-WT),
AAG(L28NPROSS-WT), and AAG(L28NPROSS-PROSS) with either
NAA Phe (orange dots), Tyr (green horizontal stripes), or Trp (purple
diagonal stripes) bound. Averages and standard deviations are
reported from eight independent 1 ps length simulations [Color figure
can be viewed at wileyonlinelibrary.com]

acceptor in the carboxyl part of the carboxamide functional group. As
the sidechain lengths are identical between Leu and Asn, we proposed
this mutation would conserve the steric fit of the ligand in the binding
pocket, while providing additional hydrogen bonding to stabilize Tyr
over Phe. Figure 2C shows the position of an NAA Trp in the ClpS2
binding pocket with the L28N mutation, and shows the conformation
of the Trp sidechain precludes formation of a hydrogen bond with the
introduced N28 functional groups. Thus, the L28N mutation should
provide stabilizing hydrogen bonds to NAA Tyr only, improving bind-
ing specificity vs either NAA Phe or Trp.

Simulations were run for the L28N-PROSS ClpS2 protein bound
to NAA Phe, Tyr, and Trp. Complete complex and heavy atom ligand
RMSDs are comparable to the WT and PROSS mutants (Supplemen-
tary Figures S5 and S6). MM-GBSA energy analysis was performed to
analyze binding free energies of ClpS2 (WT, PROSS, or L28N-PROSS)
to NAA Phe, Tyr or Trp. Figure 3 shows the calculated relative binding
free energies averaged over eight 1 ps simulations for each ClpS2
mutant bound to either NAA Phe, Tyr or Trp. Differences between
WT and PROSS ClpS2 proteins bound to any NAA are negligible, with
calculated differences lower than 0.5 kcal/mol. For the L28N-PROSS
mutant compared to either the WT or PROSS ClpS2 proteins this
preference is reversed such that the NAA Tyr is preferentially stabi-
lized over the NAA Phe by 1.5 to 1.0 kcal/mol, respectively. Similarly,
the NAA Trp binding is disfavored relative to the NAA Tyr binding in
the L29N-PROSS ClpS2 protein. Though these calculations are signifi-
cant because the systems are so well behaved over the 1 ps timescale
of the simulations, putting calculated values outside of error bars, it is
important to note that the energies involved are small (<1.0 kcal/mol),
and approach the accepted errors in the MM-GBSA calculation itself.

MM-GBSA results were analyzed for interactions with the bound
NAA via pairwise energy decomposition. Supplementary Figure S10
shows the total interaction energy of each ClpS2 protein residue with
the NAA Phe, Tyr or Trp ligand. Residues with favorable (negative)
energies include residues 28 to 36, 39, 58, 59, 61, 62, and 95 and are
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FIGURE 4 Total interaction energy between N-terminal amino
acid (specified by orange dots for Phe, green horizontal lines for Tyr,
and purple diagonal lines for Trp) and residue 28, a Leu in the WT and
PROSS systems and Asn in the L28N-PROSS system. Averages and
standard deviations are reported from eight independent 1 ps
simulations [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Fluorescence traces vs peptide concentrations for

three ClpS systems (top: WT, middle: PROSS mutant, bottom: L28N
PROSS mutant) bound to peptides with an N-terminal Phe (orange
circles) or Tyr (green squares). Symbols are data points averaged over
four individual experimental measurements performed on different
days. Data was normalized based on mean fluorescence intensity and
then to a Glycine binding negative control. Dashed lines represent
ideal binding curves [Color figure can be viewed at
wileyonlinelibrary.com]

located in or adjacent to the binding site. The total interaction energy
between residue 28 and the NAA is shown in Figure 4 as an average
and SD over all simulations for each ClpS2 system, and a breakdown
of energy contributions for the residue L/N28-NAA interaction is
shown in Supplementary Figure S11. The L28N mutation vyields a
favorable decrease in total interaction energy for the NAA Tyr com-
pared to the WT and PROSS ClpS2 proteins. This gain in favorability
is attributable to the electrostatic energy component. Additionally, the
NAA Phe is slightly energetically penalized in the L28N-PROSS pro-
tein system compared to the WT and PROSS ClpS2. This is due to the

change in van der Waals and polar solvation energy components, and
can be attributed to reconfiguration of the binding pocket to accom-
modate the Asn sidechain functional groups behind the bulky NAA
hydrophobe. The relative differences in interaction energy between
NAAs unaffected by the L28N mutation, that is Phe and Trp, remain
consistent across all ClpS2 protein systems.

Hydrogen bond analysis was performed to directly test the
hypothesis that the addition of an Asn sidechain would provide stabi-
lizing hydrogen bonds for NAA Tyr, increasing specificity for that NAA
over Phe and Trp. Table 1 shows the NAA sidechain hydrogen bond-
ing atoms (for NAA Tyr or Trp) and the ClpS2 hydrogen bonding atom
pair. Averages and standard deviations over all simulations are
reported. For NAA Tyr in the WT or PROSS ClpS2 systems, the major-
ity of simulation time is spent hydrogen bonded to the backbone oxy-
gen of Leu29 (Supplementary Figure S12a). Hydrogen bonds to Leu28
were not found in the analysis. When L28N mutant is introduced, the
majority of simulation time is still spent hydrogen bonded to Leu29,
but added hydrogen bonds to the N28 sidechain appear, contributing
to an overall increase in stability. When N28 is present, NAA Tyr OH
group acts and both a hydrogen bond donor to the N28 OD1 atom
and a hydrogen bond acceptor from the N28 NH2 group. The geome-
tries of these hydrogen bonding patterns are shown in Supplementary
Figure S12B-D. The single sidechain NAA Trp hydrogen bond donor
forms a hydrogen bond with the backbone oxygen of Met58 consis-
tently throughout all trajectories of all ClpS2 systems, WT/PROSS/
L28N-PROSS. Hydrogen bonds to N28 were not found in the analysis,
though single frames of hydrogen bonds were seen between NAA Trp
and Leu29 backbone oxygen, Asn30 sidechain oxygen, and His62
sidechain nitrogen.

To test the predicted binding specificity of WT, PROSS and
L28N-PROSS for NAA Tyr and Phe, a yeast-display pull-down assay
was performed. Yeast displaying the WT, PROSS or L28N-PROSS
ClpS mutant were incubated with NAA Phe or Tyr labeled at the C-
terminus with biotin. After centrifugation and washing, streptavidin-
HRP and TMB substrate were added with acid to quench the reaction.
The resulting fluorescence, measured at four NAA peptide concentra-
tions, is reported in Figure 5. For the WT and PROSS ClpS systems, a
difference in NAA Phe and Tyr binding can be seen, with binding pref-
erence for NAA Phe > Tyr. This qualitatively agrees with the trends
reported as small differences in Kp for these two NAA residues.>?
The L28N-PROSS mutant fluorescence traces (Figure 5, bottom) show
an increase in binding for NAA Tyr compared to either WT or PROSS,
and a 50% increase of Tyr binding over Phe. Additionally, the L28N-
PROSS mutant shows decreased binding of NAA Phe. These trends
agree with the computational predictions made regarding the L28N
mutation for both NAA Phe and Tyr (Figure 3).

4 | DISCUSSION
Reagents that specifically recognize NAAs to advance next-generation
protein sequencing must meet at least two requirements for useful-

ness in this context: first, they should have both affinity and
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TABLE 1 Hydrogen bonds to NAA-Tyr or NAA-Trp sidechain
Hbond acceptor Hbond donor Hbond donor WT PROSS L28NPROSS
NAA-Tyr ASN_28@0D1 TYR@HH TYR@OH n/a n/a 27.7% £ 3.4%
LEU_29@0 TYR@HH TYR@OH 84.9% + 0.4% 85.4% + 0.4% 57.5% + 3.7%
TYR@OH ASN_28@HD21 ASN_28@ND2 n/a n/a 20.2% = 1.9%
TYR@OH ASN_28@HD22 ASN_28@ND2 n/a n/a 5.6%+1.7%
NAA-Trp MET_58@0 TRP@HE1 TRP@NE1 69.9% £ 0.9% 70.8% + 1.3% 72.8% £ 0.9%

Note: Averages and standard deviations over eight 1 us simulations are reported.

specificity for the target NAAs, and second, be shelf-stable to assure
reliability in the laboratory setting in which they would be used.

To address the first point, the N-end rule pathway adaptor pro-
tein ClpS2, was leveraged for use. As part of the N-end rule degrada-
tion pathway, the ClpS2/ClpS proteins natively recognize NAA Phe,
Tyr, Leu, and Trp. Though A. tumefaciens ClpS1 binds these proteins
with high affinity, there is little specificity of NAAs within the group
of four NAAs (F,Y,W,L). ClpS2, however, shows specificity for Phe
binding over Tyr over Trp and over Leu.2 The crystallized structures
presented several steric clashes between the ClpS2 binding site and
the NAA Tyr, which the authors attribute as part of the reason for the
selectivity for Phe over Tyr,2 but which ultimately do not account for
the dynamic behavior of these complexes.

To address the second requirement, the PROSS Rosetta front-
end web server was used to improve protein stability. A. tumefaciens
ClpS2 proved difficult to work with in the lab, mainly because it
tended to aggregate at concentrations >200 pmol/L.” By defining a
space of allowed mutations through known sequence alignment, an
optimized set of stabilizing mutations was obtained. However, it was
important to compare these resulting mutants to assure the struc-
tural similarity of NAA binding. With respect to bound NAAs, the
WT and PROSS simulations were remarkably similar in terms of
complex and ligand RMSDs, as well as the volume and a critical dis-
tance that spanned the binding site. Relative binding free energies
show very small differences between WT and PROSS ClpS2 pro-
teins, within the range of kT. This data illustrates that binding is
structurally comparable between the WT and PROSS mutant ClpS2
proteins.

Previous study used error-prone PCR and bio-engineering to
find ClpS2 mutants to selectively bind non-Phe NAAs.! Though this
approach was successful in determining ClpS variants that preferen-
tially bound Trp and had a stronger affinity for Phe over the WT,
successful binding of NAA Tyr was not found. It is implicitly difficult
to walk the fine line of protein sequence space that allows for bind-
ing to Tyr but not Phe in this experimental set-up. However, molecu-
lar dynamics and structural analysis, which allow an atomic-level
look at the structure and function of ClpS2 bound to its NAA sub-
strate, helped identify a critical residue in proximity to the Tyr func-
tional group, Leu28. While Leu28 has been mutated in prior studies,
it was changed to an Ala to test the importance of this residue in dis-
crimination between NAA Phe and Tyr.2 The residues surrounding
the bound NAA create hydrophobic packing which stabilizes the
bound Phe, and is in turn disrupted by the partial charge of the

hydroxyl group when the bound NAA is a Tyr. In our study, we intro-
duce both hydrogen bond acceptor and donor moieties in the form
of an L28N mutation for the NAA Tyr hydroxyl functional group,
without changing the fit or sidechain complementarity of the binding
pocket. By making the L28N mutation, which preserved the struc-
tural shape of the carbon-gamma-branched amino acid and pre-
served the steric fit of the binding pocket, but provided a hydrogen
bond acceptor and donor, we allowed for several arrangements of
hydrogen bonds between the hydroxyl functional group and the
binding site (Table 1 and Supplementary Figure S12). We showed
through calculation of relative binding free energies that the L28N
mutant did not increase specificity for either NAA Phe or Trp,
instead modestly shifting specificity for NAA Tyr to more favorable
energies. This was confirmed for the NAA Phe and Tyr with our
yeast-display assay.

In conclusion, rational design of proteins has been used to create
antibodies with increased efficacy, design stable proteins with specific
functions, and is used in virtual screens across pharmaceutical drug
development platforms. This study is another example of its success.
In this study, we used molecular dynamics simulations to understand
how ClpS2 binds an NAA, and based on this structural analysis, pro-
posed and tested an L28N mutant that stabilizes NAA Tyr over Phe or
Trp in the ClpS binding site. Fluorescently labeled yeast display veri-
fied the predicted binding specificity of the L2BN-PROSS ClpS mutant
for NAA Tyr. Despite the previous use of error prone PCR, the L28N
mutant is one that falls outside the allowable codon mutation space
assuming one mutation per codon, and therefore would have been
extremely unlikely to be found using that method. The study here, in
conjunction with previous study using engineering biology methods,
presents a robust approach to biopharmaceutical development

pipelines.
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