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The kidney, parathyroid gland, and choroid plexus express the aging-related transmembrane protein a-Klotho, a
coreceptor of the fibroblast growth factor 23 (FGF23) receptor complex. Reduced a-Klotho levels are correlated with chronic kidney
disease and other age-related diseases, wherein they are released from membranes into circulation. Klotho’s potential physiological
action as a hormone is of current scientific interest. Part of the challenges associated with advancing these studies, however, has been
the long-standing difficulty in detecting soluble a-Klotho in biofluids. Here, we describe the discovery of peptides that recognize a-
Klotho with high affinity and selectivity by applying in-solution size-exclusion-based affinity selection-mass spectrometry (AS-MS).
After two rounds of AS-MS and subsequent N-terminal modifications, the peptides improved their binding affinity to a-Klotho by
approximately 2300-fold compared to the reported starting peptide Pep-10, previously designed based on the C-terminal region of
FGF23. The lead peptide binders were shown to enrich a-Klotho from cell lysates and to label a-Klotho in kidney cells. Our results
further support the utility of in-solution, label-free AS-MS protocols to discover peptide-based binders to target proteins of interest
with high affinity and selectivity, resulting in functional probes for biological studies.
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conformation in biofluids and tissues. Compared with
macromolecules such as antibodies, peptides have advanta-

-Klotho (hereinafter abbreviated Klotho) i trans-
a-Klotho (hereinafter abbreviated as Klotho) is a trans geous biodistribution profiles, characterized by higher uptake

membrane protein related to aging.”> Klotho acts as a ib bilitv in ti d T d
coreceptor for fibroblast growth factor 23 (FGF23) by binding and better permeability in tissues and more rapid clearance

to fibroblast growth factor receptors (FGFR) 1c, 2c, and 4, to from serum, and as such it is desirable to develop P eptide-
L . . 3-6 based Klotho-selective probes. Recent structural studies of the
primarily regulate phosphate homeostasis in the kidney.

When the extracellular domain of Klotho is cleaved by the FGFR/ Klotho/ FG,F23 te'rnary. complex 'have i'nspired the
ADAM family proteases, it is secreted into circulation as scientific community to, 1nvest1ga‘ie the .1nteract10n ‘be'tween
soluble Klotho." Klotho levels significantly decrease in various FGP,Z‘?’ and Klotho (F1g}1re 1,A): P.eptldes can mimic the
age-related dysfunctions, including diabetes, cancers, Alz- multn,lalent ar.1d cooperative binding 1nFerfaces between two
heimer’s disease, and chronic kidney disease (CKD).”’ In proteins, makm_g them a v?zluable t901 in targeting protein—
support of potential clinical relevance, it was shown that a prgteln 1nteract10ns.(PPIs). The Dlmﬁmhl group successfully
single administration of low-dose secreted Klotho (10 ug/kg) utilized the C-terminus of ,FGF23f v‘,]thh engages Klotho, to
was able to enhance memory in aging rhesus macaques.'® In develop an FGF23 C-terminus mimicking peptide known as

: 13 .
addition, Klotho is thought to have an antifibrotic effect in Pep-10 (Figure IB,)' .Pep—.IO demonstrateﬁl an antagonizing
CKD.2'' Given its role as a biomarker and a potential effect on FGF23 signaling in cells, showcasing the successful

hormone, it is crucial to develop reagents capable of accurately

detecting Klotho with high affinity and selectivity. Availability October 23, 2023

of Klotho-selective probes will aid in the early detection of February 22, 2024

aging-associated diseases and facilitate the development of February 23, 2024

antiaging therapies. April 10, 2024
Although antibodies are available for mouse and human

Klotho, there is a lack of tools to detect Klotho in its native
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Figure 1. AS-MS enables in-solution enrichment and sequencing of high-affinity peptides based on the C-terminus of FGF23. (A) Structure of the
protein—protein interaction between coreceptor protein Klotho, receptor protein FGFR, and signaling protein FGF23, modified from PDB: SW21.
Klotho is in white, FGFR protein is in yellow, and FGF23 is in blue. (B) Visualization of the binding pocket of Klotho and the C-terminus of
FGF23. FGF23"%72% js shown as sticks and the Klotho van der Waals protein surface is shown in white. (C) Schematic flowchart of AS-MS
platform including in-solution binding and enrichment, sequencing, peptide sequence synthesis, and binding validation.

design of peptides based on PPIs involving Klotho. However,
Pep-10 only had micromolar binding affinity toward Klotho.
Based on the work referenced above, we developed a series of
branched peptides to target Klotho with 100-fold enhanced
affinity relative to Pep-10 using automated fast-flow syn-
thesis.'* Despite their enhanced performance, multimeric
peptides have only modest binding affinity (10—100 nM)
and a high molecular weight (>4 kDa) compared to traditional
small molecules, potentially limiting their future applications in
biological systems.

To increase binding affinity while decreasing molecular
weight, we performed affinity maturation on the monomeric
peptide Pep-10 via affinity selection-mass spectrometry (AS-
MS) and rational design using our recently established in-
solution enrichment platform for target-based high-affinity
peptide binder discovery.'”> We discovered a monomeric
peptide reagent named K18 with ~2300-fold increased binding
affinity toward Klotho compared to Pep-10 while keeping its
molecular weight to ~1.8 kDa. Based on our findings, we
envision K18 as a versatile tool for further development of
variants to investigate soluble and membrane-bound Klotho in
biological milieu.

Prior sequence mapping of the binding domain of FGF23 with
Klotho unveiled the top-performing peptide Pep-10 (Figure
S1; sequence: PMASDPLGVVRPRARM), which was selected
by us as a lead scaffold for further optimization by affinity
maturation."” The binding affinity of Pep-10 to recombinant
mouse a-Klotho (mKlotho) was measured by biolayer
interferometry (BLI). In the direct binding measurements by
BLI, Pep-10-Biotin was immobilized on streptavidin tips, and
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serial dilutions of mKlotho were incubated with the tips to
evaluate association and dissociation rates against Pep-10-
Biotin. The direct dissociation constant (Kp) of the Pep-10/
mKlotho interaction was determined in this manner to be 2.3
+ 0.5 uM."* In a competition BLI binding assay where in-
solution Pep-10 competes against immobilized Pep-10-Biotin
for mKlotho binding, we can assess competition Kj, values and
confirm Klotho site-specific binding.16 In brief, Pep-10-Biotin
was immobilized onto the streptavidin biosensor tips.
Increasing concentrations of unlabeled Pep-10 were incubated
with a constant concentration of mKlotho (100 nM) until
equilibrium was reached. Pep-10-Biotin immobilized tips were
then immersed into these solutions, and the binding events
observed were used to estimate the fraction of unbound
mKlotho to interpolate the competition Ky, value. Pep-10 gave
a competition Ky, value of 5.9 + 1.1 uM (Figure S2).
Terminal modifications of peptide binders with small
molecules have the potential to alter peptides” binding affinity
and kinetics to their protein targets. A tryptophan addition at
the C-terminus of an MDM2-binding peptide has been shown
to enhance binding by 50-fold by engaging a secondary binding
pocket.'” In another report, fluorescein addition at the N-
terminus improved peptide binding to replication protein A by
1000-fold."® Recently, terminal modifications on an EGAP-
derived, LXXLL motif-containing peptide improved its binding
to the HPV-16E6 protein by more than 600-fold."” In this
work, we serendipitously observed an increased binding affinity
with the N-terminal attachment of fluorene onto Pep-10. The
resulting peptide K1 (Figure S1; sequence: fluorenyl-
PMASDPLGVVRPRARM) rendered a competition K, = 66
+ 28 nM, which is 89-fold higher compared to Pep-10 in BLI
competition binding assays using Pep-10-Biotin (Figure S2).
We then performed alanine scanning on K1 to determine the
residues that are critical for binding. We also investigated if this
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Name N-term Sequence | ALC% | Comp. Kp, nM
Pep-10 MASDPLGVVRPRARM - 5906 + 1073
K1 Fluorenyl MASDPLGVVRPRARM - 66 + 28
K2 Fluorenyl - M ASDPLGVVRPRAR - 56 + 20
K3 Fluorenyl - - ASDPLGVVRPRAR - - 64 27
K4 Fluorenyl - - ASDPLGVVRPRA - - 96 139 +43
K5 Fluorenyl - - ASDPLGVVRPR - - - 357 + 66
K6 Fluorenyl - - ASDPLGVVKARA - 92 66 £ 19
K7 Fluorenyl - - ASDPLGVVKVRA- - 97 132+ 39
K8 Fluorenyl - - ASEPLGVVnNnQRA- - 94 138 + 37
K9 Fluorenyl - - ASDPLGVVKQRA - - 93 80+ 25
K10 Fluorenyl - - ASDPLGVVnNnQRA- - 94 134 + 22
K11 Fluorenyl - - ASDPLGVVKNRA - - 92 63 +18
K12 Fluorenyl - - ASDPLGVVRGRA - - 96 19+13
K13 Fluorenyl - - ASDPLGVVRARA - - 96 24+ 11
K14 Fluorenyl - - ASDPLGVVnERA- - 94 17 +£47
K15 Fluorenyl - - ASDPLGVVRQRA - - 93 64 + 20
K16 Fluorenyl - - ASDPLGVVReRA 92 108 + 21
K17 Fluorenyl - - ASDPLGVVRGRAR - - 9+5
K17 Fluorenyy - - ASDPLGVVRGRAR--n - 10+6

B K4: Fluorenyl-ASDPLGVVRPRA
Library 1: Fluorenyl-ASX,PLGVVX,X;RA Size of library = 12 x 8 x 16 = 1536
Xs: Unbiased
X,: Asp analogs —— X,: Arg analogs monomers
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Figure 2. First round of AS-MS discovers K12 as a high-affinity peptide targeting Klotho from focused Library 1. (A) Sequence table of peptides
targeting Klotho. Pep-10 is the initially reported peptide. KI1—KS are peptides in truncation studies that enable affinity selection and sequencing. K6
to K16 are peptides selected from the first round of AS-MS. K17 and K17’ are modified peptides based on the top-performing sequence K12.
Average local confidence (ALC) score is an indicator of the sequencing confidence. In this table, “n” represents L-ornithine, “e” represents 2-

« »

aminoisobutyric acid, “n” represents p-ornithine, “Comp. K,” represents competition Kp. Values represent the mean + SD. All assays were run in
two biological replicates. (B) Design of a 1536-member focused Library 1 based on K4. Abbreviations: Cit, citrulline; hCit, homocitrulline; Aad (a),
aminoadipic acid; Cya, cysteic acid; Orn (n), L-ornithine; Amf (m), 4-amino-phenylalanine; Dab, 2,4-diaminobutyric acid; Arf, 4-guanidino-

phenylalanine; Dap, 2,3-diaminopropionic acid; Aib (e), 2-aminoisobutyric acid.

enhanced binding observed on K1 by attachment of fluorene is

due to nonspecific binding to Klotho.'® Sixteen single alanine
AS-MS is a high-throughput technique to enable rapid
screening of small molecule and peptide libraries.”””" Because
the molecules of interest are self-encoded by their own unique
by BLI (Figure S3). Alanine scanning identified hotspot mass, they do not need to be tagged and can thus be tested in
mixtures against protein targets. Recently, we established an in-
solution enrichment platform to screen peptide libraries based
on high-performance size exclusion chromatography (HPSEC)
ability to compete off Pep-lO for mKlotho binding (Figure 83) coup]ed with ]iquid Chromat()%raphy_tandem mass spectrom-
These Ala variants displayed abrogated binding to mKlotho, etry (HPSEC—LC—MS/MS)."” Briefly, using the split-and-
pool solid-phase synthesis method, “focused” peptide libraries
are prepared by randomizing select residues within the
binding of K1 to Klotho is sequence-dependent and not sequence of a known peptide binder. The libraries are
promiscuous due to the fluorene group. Notably, we incubated with a protein target in solution with different
. . . . o . eptide:protein ratios. The mixture is then subjected to
discovered a hlghe:r affinity varlar.1t. by substituting Prol2 in %II))SECRco enrich peptide binders from the library ]bound to
K1 to Ala, decreasing the competition K, to 15 nM, a S-fold the protein target. The protein fraction that contains bound
higher affinity value than K1 (Figure S3). peptides is processed and decoded in an Orbitrap LC—MS/

variants of peptide K1 were synthesized (Figure S1), namely,
K-AS-1 to K-AS-16. Their competition Kps were determined

residues AspS5, Pro6, and Argll because their respective Ala
variants, DSA, P6A, and R11A, demonstrated a much lower

even upon fluorenyl modification, demonstrating that the
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Figure 3. Second round of AS-MS discovers K18 as a high-affinity peptide targeting Klotho from focused Library 2. (A) Design of a 12-member
focused Library 2 based on K17'. (B) Table of peptides targeting Klotho. K17’ has the initial N-term fluorene small molecule. K18 to K23 are
peptides selected from the second round of AS-MS. K3A is the DSA/P6A/RI1A triple variant peptide used as a negative control. (C)
Representative binding curves of the competition binding assay with BLI-determined competition Kps in panel B. All assays were run in two
biological replicates. (D) Chemical structures of Pep-10, K1 and K18. “Comp. Kp,” represents competition Kp,. Values represent the mean + SD.

MS instrument. The decoded sequences are resynthesized and
validated by biochemical and physical assays (Figure 1C).
The 16-mer long K1 reduced sequencing efficiency and
accuracy in LC—MS/MS.*"** Additionally, three Arg residues
close to the C-terminus of K1 can act as charge traps, resulting
in incomplete fragmentation that impedes sequencing.’’
Therefore, we performed peptide truncation on K1 to facilitate
downstream AS-MS selections. In a stepwise fashion, we
truncated N- or C-terminal residues from K1, while keeping
fluorene installed at the N-terminus. Prol, Met2, and Metl6
did not affect binding affinity to mKlotho as K2 and K3 have
20 and 64 + 27 nM, respectively,
similar to K1. Argl5 and Alal4 are important for binding since

competition Kps of 56 =+

1337

the competition Ky, values for K4 and KS significantly increase
(Figures 2A and S1).

K3 was not chosen as the parent peptide because it has three
discrete Arg residues, resulting in poor sequencing by LC—
MS/MS. KS was not used further because of the decreased
binding affinity relative to K1 determined by BLI experiments
(Kp = 357 = 66 nM). We chose K4 (Figure S1; sequence:
fluorenyl-ASDPLGVVRPRA) as the parent peptide for affinity
maturation since it is a 12-mer with two Arg residues while
retaining relatively high binding affinity to Klotho with a
competition Ky of 139 + 43 nM (Figure S2). Pilot
experiments with K4 were performed to ensure that it can
be enriched in the Klotho protein fraction by HPSEC. 50 ug of
mKlotho was incubated with 50 ng of K4 and subjected to

https://doi.org/10.1021/jacsau.3c00650
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HPSEC. LC—MS analysis showed no overlap between the K4
and protein fractions, indicating complete separation of the
protein target from K4 (Figure S4A). The eluted fraction
corresponding to mKlotho was subsequently analyzed by LC—
MS/MS to confirm the recovery of K4. Its recovery yield,
defined as the amount of peptide detected in the eluted Klotho
fraction divided by the total amount of peptide before being
mixed with Klotho, was 0.5%, which is above the threshold of
0.1% for AS-MS."” The sequencing average local confidence
(ALC) score, an indicator of sequencing confidence, was 96%,
which is above the threshold of 90%, indicating the accurate
sequence assignment of K4 (Figure 2A).

To benchmark our AS-MS approach, focused Library 1 (Figure
2B; sequence: Fluorenyl-ASX,PLGVVX,X;RA, where X is
randomized residue) based on K4 was prepared. Two hotspots,
Asp (X;) and Arg (X,) were mutated to analogs of Asp and
Arg, respectively. The Pro residue (X;) was mutated to an
unbiased set of monomers, as its mutation to Ala improves
binding affinity by five-fold. The focused library contains 1536
distinct members (Figure 2B). Library 1 was incubated with SO
pug of mKlotho, separated through HPSEC, and decoded by
LC—MS/MS. The elution time of Library 1 did not overlap
with the protein elution time, indicating complete separation of
the protein target from the library (Figure S4B). In total 37
peptide sequences were identified with ALC scores >70%
(Table S1). Eleven sequences numbered K6—K16 were
selected and resynthesized due to their high ALC scores
(>92%) for validation in competition binding assays with BLI
(Figures 2A and S4). Five out of 11 peptides gave competition
Kp values at least two-fold lower than the parent peptide K4
(competition Kp < 70 nM). The top-performing sequence K12
(Figure S1; sequence: fluorenyl- ASDPLGVVRGRA) contain-
ing a single P to G mutation emerged as the highest binding
affinity peptide, with a competition Ky of 19 + 13 nM, which
is seven-fold higher than K4 (Figure SS). Learning from the
truncation study, we added back the Arg at the C-terminus and
achieved K17 (Figure S1; sequence: fluorenyl-ASDPLGVVR-
GRAR) with a competition Ky, of 9 + S nM (Figure S6). An
Alloc-protected pOrn for late-stage modification was intro-
duced onto K17 to provide K17'. This modification had no
effect on binding as K17’ has a competition Ky, of 10 & 6 nM
(Figure S6).

To further investigate the binding enhancement of N-
terminal modifications, we replaced the N-terminal fluorene of
K17’ with a small molecule chemical library to prepare focused
Library 2 containing 12 distinct members (Figure 3A,
sequence: Y- ASDPLGVVRGRAR-,Orn, where Y is a random-
ized small molecule). Library 2 again went through the AS-MS
process (Figure S4B). In total, ten peptide sequences were
enriched (Table S2). Six sequences denoted as K18 to K23
(ALC scores >90%) were selected and resynthesized for
validation in competition binding assays with BLI (Figure
3B,C). Generally, heterocyclic small molecules at the N-
terminus improved the binding affinity. The sequence of K18
with N-terminal 2-phenyl-4-quinoline (Y;) (Figure 3D;
sequence: Y;-ASDPLGVVRGRAR-,Orn) emerged as the
highest binding affinity peptide with a competition K}, value
of 0.9 + 0.3 nM (Figure 3C). Competition Ky, of K18 is 73-
fold higher than that of the parent peptide K1 and 6600-fold
higher than that of the initially reported peptide Pep-10
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(Figure 3D). Alanine scanning identified three hotspot
residues to be critical for binding. Therefore, the DSA/P6A/
R11A triple variant peptide K3A (Figure S1; sequence: Y;-
ASAALGVVAPRAR-;,Orn) with competition K, > 10 uM was
used as a negative-control peptide in this work (Figure 3C).

Biotinylated K18 and K3A were prepared as K18-Biotin and
K3A-Biotin (Figure S1). K18-Biotin has a Ky, of 1.0 + 0.3 nM
against mKlotho in the direct binding measurements by BLI,
which is 2300-fold higher than that of the initially reported
peptide Pep-10, while K3A-Biotin has no detectable binding by
BLI (Figure S7). K18-Biotin’s binding selectivity was also
evaluated toward two additional proteins, MDM?2 and 12CAS.
In the direct binding measurements by BLI, K18-Biotin had no
binding to these two proteins, indicating K18’s binding to
Klotho is selective (Figure S8).

The K18 and K3A peptides were labeled with the
fluorophore S-carboxytetramethylrhodamine (TAMRA) to
obtain KI18-TAMRA and K3A-TAMRA (Figure S1). We
determined their apparent dissociation constants Ky, to be 3.5
+ 14 nM and >10 uM, respectively, estimated by a
fluorescence polarization assay (Figure S9). This orthogonal
assay suggested fluorophore-labeled K18 retains a nanomolar
binding affinity to Klotho. K18-TAMRA and K3A-TAMRA
were then evaluated in the competition binding assays with
BLI to compare with unlabeled molecules. The competition Ky,
of K18-TAMRA was determined as 1.3 + 0.4 nM (Figure
$10), which is similar to K18 (competition Ky = 0.9 + 0.3
nM). We observed minimal K3A-TAMRA binding to Klotho
(competition Kp > 10 gM). In summary, these findings suggest
that the binding between K18 and mKlotho is not affected by
TAMRA modification.

Mouse a-Klotho (accession number: 035082) and human
a-Klotho (hKlotho, accession number: QOUEF7) share 87%
sequence identity and 92% similarity (the number of residues
that are either identical or have similar chemical properties)
calculated by Protein BLAST.”* Residues of hKlotho
interacting with the C-terminus of FGF23 (PDB: SW21) are
more conserved, with 98% similarity to mKlotho. We
measured the direct binding of K18-Biotin to hKlotho by
BLI (Figure S11). The experimentally determined Ky, was 1.5
+ 0.6 nM, comparable to the K of K18-Biotin binding to
mKlotho (Kp = 1.0 + 0.3 nM). In the competition binding
assay with BLI, K18 bound hKlotho with competition K, = 1.2
+ 0.4 nM (Figure S12), similar to the competition Ky, of K18
against mKlotho (0.9 #+ 0.3 nM). The negative control peptide
K3A returned a K, > 10 uM to hKlotho as expected (Figure
S12). These results demonstrated that K18 could be employed
for further development as an aflinity reagent to target not only
mKlotho but also hKlotho. K18-TAMRA displayed competi-
tion Ky = 1.6 + 04 nM to hKlotho while K3A-TAMRA
returned a K > 10 uM, indicating that the binding affinity of
K18 to hKlotho is not affected by TAMRA modification
(Figure S12).

These biophysical assays demonstrated that, after two
rounds of AS-MS, K18 was selected with a significantly
enhanced binding affinity toward Klotho compared to the
initially reported peptide Pep-10 without increasing molecular
weight. Pep-10 shows a direct Ky of 2.3 yM in the direct
binding measurements and a competition Ky, of 5.9 uM in the
competition binding assays. K18 has a direct K, of 1.0 nM,
which is 2300-fold lower than that of Pep-10 in the direct
binding measurements and a competition Ky, of 0.9 nM, which
is 6600-fold lower than that of Pep-10 in the competition
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Figure 4. Pull-down assays show direct Klotho engagement by K18. (A) Schematic representation of pull-down assay workflow. K18-Biotin was
incubated with HK-2 cell lysate and pulled down by streptavidin magnetic beads (Dynabeads MyOne Streptavidin T1). K18-Biotin-bound proteins
were released and separated by gel. (B) Pull-down probe K18-Biotin enriched endogenous hKlotho from HK-2 cell lysate in a dose-dependent
manner. Negative-control probe K3A-Biotin displayed no enrichment of Klotho at 50 nM. Pep-10-Biotin moderately enriched Klotho at 2 yuM. The
pull-down fraction at the first lane was generated by Klotho antibody (Ab) incubated with HK-2 cell lysate then pulled down by Dynabeads Sheep
Anti-Rat IgG. Klotho antibody-bound proteins were then released and separated on gel with other samples. “Input” or “Output” western blots were
performed on protein samples before or after pull-down. Before pull-down, 20% of total protein from cell lysate sample was prepared and run as
“Input” samples. The remaining 80% of total protein was used for the pull-down assay and incubated with biotinylated peptides or Klotho antibody.
“Output” samples were generated after pull-down by beads as described in panel A. The bar graph depicts the quantification of protein pull-down
(n =2). (C) Pull-down of Klotho by K18-Biotin can be competed off by unlabeled K18 in a dose-dependent manner, but not by K3A up to 200
nM. The bar graph depicts protein quantification in the competition pull-down assay (n = 2). (D) Silver stain analysis was performed on the eluents
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Figure 4. continued

to investigate the selectivity of pull-down. The lanes corresponding to K18-Biotin and Klotho antibody were the only conditions in which Klotho
was enriched significantly. Pep-10-Biotin and K3A-Biotin both were not able to enrich Klotho at 200 nM. Other protein pull-down bands were
similar across all lanes, which indicated selective pull-down of Klotho over other proteins by K18-Biotin and Klotho antibody. The bar graph
depicts protein quantification in the silver stain normalized to vehicle (n = 2). (E) Pull-down probe K18-Biotin enriched endogenous hKlotho from
human kidney lysate but not liver lysate at 50 nM. Negative-control probe K3A-Biotin displayed no enrichment of Klotho from kidney lysate at 50
nM. The bar graph depicts the quantification of protein pull-down from human tissue lysates (n = 2). *P < 0.0S, **P < 0.01, ***P < 0.001, as

determined by student’s ¢ test. Error bars indicate SD.

binding assays. Since K18 was derived from Pep-10 which was
originally developed from the binding domain of FGF23,"
competition binding assays were performed to confirm affinity
matured K18 still binds to the same binding site of FGF23.
Binding affinity of FGF23 to hKlotho was 151 nM as measured
by BLI (Figure S13). K18 and K3A were assessed in the
competition binding assays with BLI, and competition Kps
were determined as 9.8 nM for K18 and over 10 yM for K3A
(Figure S13). Competing off FGF23 binding to hKlotho by
K18 but not K3A demonstrated that K18 binds Klotho at the
same site as FGF23. With all the validations above, K18 was
therefore carried forward to downstream target engagement
assays.

We investigated K18’s engagement with Klotho in a complex
cellular environment using human kidney 2 (HK-2), a
proximal tubular cell line that expresses detectable levels of
Klotho.”® In an immunoprecipitation assay, K18-Biotin was
incubated with HK-2 cell lysate and pulled down by
streptavidin magnetic beads. K18-Biotin-bound proteins were
released and separated by gel electrophoresis (Figure 4A).
Klotho was significantly enriched in the pulled-down fraction
by K18-Biotin starting at 10 nM, consistent with its Kp
determined by BLI (Figure 4B). The negative-control probe
K3A-Biotin had no enrichment at 50 nM, and precursor
peptide Pep-10-Biotin displayed minor enrichment of Klotho
at 2 uM (Figure 4B). We also performed a control pull-down
using a readily accessible Klotho antibody (KM2076) to verify
that the protein enriched from lysate was indeed Klotho.*
Bands with the same molecular weight were produced in the
pull-down fraction by K18-Biotin and Klotho antibodies
(Figure 4B), further ensuring the identity of the enriched
protein as Klotho.

In a self-competition assay, unlabeled K18 added to the HK-
2 cell lysate can compete off the pull-down of Klotho by K18-
Biotin in a dose-dependent manner but not by K3A at the
same doses (Figure 4C). The results of direct and self-
competition pull-down assays showed direct Klotho engage-
ment by K18 in HK-2 cell lysate. Silver stain was performed on
the eluents to investigate the selectivity of pull-down by K18-
Biotin from HK-2 cell lysate. Using SO nM of biotinylated
peptides, Klotho was the only significantly enriched protein by
K18-Biotin and the Klotho antibody but was not enriched by
Pep-10-Biotin, K3A-Biotin or vehicle (Figure 4D). To further
confirm the observed 130 kDa band is Klotho, the same silver
stain was performed using lysate from a different cell line with
low Klotho expression, CaSki cells."*”” No 130 kDa band was
pulled down by K18-Biotin or the Klotho antibody from CaSki
cell lysate, confirming that this band is Klotho (Figure S14).
These results demonstrated the potential of K18-Biotin to
selectively capture Klotho from cell lysate.
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Given the ability of K18-Biotin to enrich Klotho in a
complex biological mixture, we further evaluated Klotho
engagement in human tissue lysate (Figure S15). Klotho has
a high level of expression in the kidney but not in the liver.
K18-Biotin at 50 nM enriched Klotho from human kidney
lysate but not from the liver lysate (Figure 4E). K3A-Biotin at
50 nM had no significant pull-down, even from kidney lysate
(Figure 4E). These studies demonstrated the direct engage-
ment of K18 to endogenous total hKlotho in both kidney cell
lysate and human tissue lysate, supporting the potential of this
peptide-based affinity reagent to engage its target protein in the
biological milieu selectively.

Reliable and selective peptide probes to label Klotho in cells
are lacking. Due to K18’s high affinity and selectivity to
recognize Klotho in cell lysate, we used K18-derived
fluorescent affinity reagent K18-TAMRA for fluorescence
microscopy imaging in HK-2 cells. Live HK-2 cells were
grown to 70% confluence, treated with fluorescent peptides,
washed, and fixed. The cell membrane in these assays was
demarcated with the membrane-specific dye Wheat Germ
Agglutinin (WGA) Alexa Fluor 350 Conjugate. After S min of
incubation, a strong fluorescence signal was obtained upon
incubation with 50 nM of K18-TAMRA (Figure SA). K3A-
TAMRA was also tested at the same conditions but did not
display appreciable fluorescence emission, suggesting its
minimal binding to Klotho in cells (Figure S16). To validate
that the fluorescence of K18-TAMRA came primarily from
labeling Klotho instead of nonspecific staining inside cells, we
performed target engagement and competition studies using
recombinant hKlotho and unlabeled K18. K18-TAMRA’s
fluorescence emission signal was significantly weaker after
being preincubated with 500 nM of recombinant hKlotho,
consistent with less free unbound K18-TAMRA available for
cell uptake and labeling (Figure SA,B). K18-TAMRA’s
fluorescence emission signal was also considerably decreased
after pretreatment of cells with 500 nM of unlabeled K18 due
to the competition of available Klotho binding sites between
unlabeled K18 and K18-TAMRA (Figure SA,B).

To further validate that K18-TAMRA'’s fluorescent labeling
depends on Klotho protein level, we knocked down ~50% of
the endogenous Klotho levels in HK-2 cells using siRNAs (KL
siRNA).'" Afterward, treatment with K18-TAMRA showed
reduced fluorescence in HK-2 cells (Figure S17). Meanwhile,
mock transfection had no effect on fluorescence, as expected
(Figure S17). In CaSki cells with low Klotho expr<ession,l4’27
K18-TAMRA was incubated using a similar protocol to HK-2
cells. K18-TAMRA displayed a significantly lower fluorescence
intensity in CaSki cells relative to that of Klotho-expressing
HK-2 cells (Figure S18). These results support the Klotho-
dependent fluorescent labeling by K18-TAMRA, indicating
K18-TAMRA'’s engagement with Klotho in cells.
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Figure S. Fluorescence microscopy imaging reveals target engagement
of K18-TAMRA labeling total Klotho in HK-2 cells. (A) Left:
detection of intracellular fluorescence and potential labeling of
endogenous total hKlotho following 5 min of cotreatment with
K18-TAMRA at 50 nM and Wheat Germ Agglutinin (WGA) Alexa
Fluor 350 Conjugate at 25 ng/uL. Fixation of cells was performed
after the treatment. Fluorescence of K18-TAMRA was acquired in the
orange channel (4. /em = 542/597 nm). Fluorescence of WGA Alexa
Fluor 350 was acquired in the blue channel (1/e, = 390/435 nm).
Middle: HK-2 cells treated for S min with a mixture of preincubated
K18-TAMRA (50 nM) and recombinant hKlotho (rhKlotho, 500
nM) displayed significantly decreased intracellular fluorescence.
Right: HK-2 cells were pretreated with K18 (50 nM) for 1 h,
followed by cotreatment of K18-TAMRA at 50 nM and WGA at 25
ng/uL. The pretreatment of K18 also displayed significantly decreased
intracellular fluorescence. (B) Bar graph depicts the quantification of
normalized integrated fluorescence of TAMRA in panel A using
Image] (n = 10 cells from 2 separate cell dishes). ***P < 0.001, as
determined by student’s t test. Error bars indicate SD. Scale bar = 25
pum.

Since K18-TAMRA selectively labels Klotho in cells
endogenously expressing Klotho, we compared the fluores-
cence microscopy images of K18-TAMRA with the Klotho
antibody (KM2076). Despite the slow overnight labeling of the
Klotho antibody, its fluorescence patterns were similar to K18-
TAMRA (Figure S19). These findings support Klotho’s
cytoplasmic and membrane location, consistent with the
reported results and our previous findings.'**® Notably, the
current widely used Klotho antibody KM2076 is not suited for
live cell labeling since it requires overnight incubation,
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additional permeation procedures, and hours of incubation
with the secondary antibody, which are detrimental to live
cells.*® The fluorescent peptide K18-TAMRA, however, could
be used with live HK-2 cells due to a short incubation time (S
min) and mild conditions (Figure S20). These imaging studies
demonstrated that K18-TAMRA is a suitable and selective
probe for the fluorescent labeling of Klotho in cells.

We expected to observe both intracellular and trans-
membrane Klotho levels by fluorescence imaging experiments.
Cells were detached during culture using trypsin-EDTA,
however, which may cleave the linker between the KL1 and
KL2 domains of transmembrane Klotho (PDB: SW21) during
cell detachment. Our peptides do not bind to Klotho
postdomain cleavage since they mimic the C-terminus of
FGF23, the native epitope binding the KL1 and KL2 domains
simultaneously. The Klotho antibody (KM2076) also does not
bind to Klotho after cleavage, since it recognizes a sequence
within the KL1 domain. We hypothesize that at the time of the
imaging experiments, the majority of newly produced full-
length Klotho proteins were located intracellularly and did not
reach the cell membrane and that the majority of the peptide
amount had been internalized, leading to preferential detection
of Klotho inside the cells.

Peptides can recognize undruggable proteins due to their
ability to mimic the proteins’ native binding epitopes and
capture features of molecular interactions.””™>" Compared to
protein-binding biomacromolecules, peptides have several
advantages, including a lower molecular weight (<10 kDa),
better stability in complex biological media, and possible cell
barrier-penetrating properties. Peptides are also synthetically
accessible for large-scale manufacture by solid-phase synthesis
and are easily diversifiable by introducing unnatural amino
acids. Furthermore, peptides generally show enhanced
specificity and lower off-target rates compared to small
molecules, making them a promising avenue for therapeutic
development.**

In this study, high-affinity peptides were discovered using
AS-MS as reagents and probes to engage Klotho in a complex
cellular context. Multiple biophysical and biochemical assays
were employed to validate the enhanced binding affinities of
these peptides, which were found to be at least 2300-fold
higher. Additionally, these peptides were developed as
fluorescent labeling reagents for live cell imaging.

While more research is necessary to fully characterize the
potential of these affinity reagents in vivo, these Klotho-
recognizing peptides hold promise as potential diagnostic tools
for patients with CKD and other aging-related diseases. The
significant medicinal and market potential of peptide-based
therapeutics is expected to continue to attract funding and
scientific attention in the near- and long-term future.

All cells were cultured at 37 °C in 5% CO,. CaSki cells (ATCC, CRL-
1550) were cultured in RPMI 1640 medium (ATCC, 30-2001)
supplemented with 1 Pen Strep solution (Gibco, 15140-122) and 10%
fetal bovine serum (Sigma, 12003C). HK-2 cells (ATCC, CRL-2190)
were cultured in Keratinocyte SFM (Gibco, 17005042) supplemented
with bovine pituitary extract and human recombinant EGF.
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HK-2 cells were washed with 1X PBS and harvested by scraping.
Total protein was extracted using RIPA lysis buffer (Millipore, 20-
188) supplemented with 1X cOmplete Protease Inhibitor Cocktail
(Sigma-Aldrich, catalog no. CO-RO) according to the manufacturer’s
instructions. The cell lysate (200 pug) was then incubated for 30 min
at room temperature with K18-Biotin or K3A-Biotin. Unlabeled
peptides were preincubated in the cell lysate for 15 min before the
addition of biotinylated probes for the competitive pull-down assay.
After incubation, 20 uL of streptavidin magnetic beads (Dynabeads
MyOne Streptavidin T1, Invitrogen, 65601) were added to the
solution to pull-down Klotho, and samples were shaken at room
temperature for 20 min. 1X PBS was used to wash the samples. Each
sample’s proteins were eluted from the beads with incubation with 30
UL of 8 M urea solution at room temperature for 30 min, then
resolved on a sodium dodecyl sulfate (SDS)-polyacrylamide gel (Bolt
4—12% Bis-Tris Plus, Invitrogen, NW04120BOX), followed by
protein transfer to a nitrocellulose (0.45 ym) membrane. After
blocking the membrane in 1X TBST containing 5% (w/v) nonfat
milk for 1 h, it was incubated at 4 °C overnight with 1X TBST
containing 5% milk and Klotho (Cosmo Bio, KM2076) primary
antibody (1:1000 dilution). The membrane was washed three times
with 1X TBST for 10 min before being incubated for 1 h with an anti-
rat IgG horseradish-peroxidase-linked antibody (Cell Signaling
Technology, 7077S) in 1X TBST containing 5% milk. For 15 min,
the membrane was washed three times with 1X TBST. The
SuperSignal West Pico PLUS Chemiluminescent Substrate was then
used to detect Klotho (Thermo Scientific, 34580). The protein bands
were quantified using Image] software. “Input” or “Output” western
blots were performed on protein samples before or after pull-down.
Before pull-down, 20% of total protein from the cell lysate protein
sample was prepared and run as “Input” samples. The remaining 80%
of total protein was used for the pull-down assay and incubated with
biotinylated peptides or Klotho antibody. “Output” samples were
generated after pull-down by beads as described in Figure 4A.
Following the separation of pull-down samples on SDS-polyacryla-
mide gel according to the manufacturer’s protocol, silver staining was
performed (Pierce Silver Stain Kit, Thermo Scientific, 24612).

In a 35 mm dish, HK-2 cells were seeded and grown to 70%
confluency. The cells were washed with 1X PBS after the medium was
removed. Klotho in cells was labeled with peptides by incubating
them in 1 mL of HBSS media (Gibco, 24020-117) containing SO nM
of K18-TAMRA or K3A-TAMRA and 25 ng/uL of WGA Alexa
FluorTM 350 Conjugate for S min at 37 °C. Following incubation,
the cells were washed three times with 1X PBS before being fixed in
400 uL of 4% paraformaldehyde (Thermo Scientific) at room
temperature for 30 min. After fixation, the cells were washed three
times with 1X PBS before imaging. Klotho in cells was labeled with
antibody after being fixed in 400 uL of 4% paraformaldehyde
(Thermo Scientific) for 30 min and permeabilized in 400 uL of 0.1%
Triton X-100 (Sigma-Aldrich, T8787) for 10 min at room
temperature. The cells were washed with 1X PBS three times before
being blocked for 1 h at room temperature with 2% BSA (w/v) in 1X
PBS. The cells were then incubated overnight at 4 °C with Klotho
(Cosmo Bio, KM2076) primary antibody (1:250 dilution) in 0.1%
BSA. The primary antibody was removed, and the cells were washed
three times with 1X PBS. After washing, the cells were incubated in
the dark for 1 h with anti-rat IgG Alexa Fluor 647 Conjugate (Cell
Signaling Technology, 4418S) in 0.1% BSA. The cells were then
washed three times with 1X PBS before imaging.

Images were taken using a DeltaVision Ultra microscope equipped
with a scientific Complementary Metal—Oxide—Semiconductor
(sCMOS) camera. A xenon arc lamp and a solid-state illumination
(InsightSSI) module were used as the light source. The acquisition of
images of a given culture dish was performed at a constant
transmission and exposure time for each channel. TAMRA was
imaged at the orange channel (A, em = $42/597 nm) with
transmission of 50% and exposure time of 0.2 s. WGA was imaged
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at the blue channel (/e = 390/435 nm) with transmission of 50%
and exposure time of 0.1 s. Antibody was imaged at the red channel
(Aex/em = 632/679 nm) with transmission of 20% and exposure time
of 0.2 s. The Acquire Ultra software was used to operate the
microscope. The Image] software (version 2.9.0) was used to calculate
the intensity of intracellular fluorescence. The entire cell body was
chosen as the region of interest for each measurement. The integrated
fluorescence intensity of the cell body region was subtracted from the
integrated fluorescence intensity of the background region.

KL siRNA (SMARTpool: ON-TARGETplus Human KL siRNA) was
purchased from Horizon Discovery Ltd. (catalog number L-011936-
01-0005). The KL siRNA was transfected into cells using the
Lipofectamine RNAiMAX reagent (Invitrogen) according to the
manufacturer’s protocol to a final concentration of 0.1 yM. HK-2 cells
were seeded in a 35 mm dish and grown to a 50% confluency. After
that, 7.5 uL of RNAIMAX reagent was diluted in 125 yL of the Opti-
MEM medijum. Similarly, KL siRNA was diluted in 125 uL of the
Opti-MEM medium. Diluted siRNA was mixed with diluted
RNAIMAX reagent and incubated at room temperature for S min.
The total 250 yL solution was added to a 35 mm dish and incubated
at 37 °C for 2 days before treatment with peptides of interest or
western blot. Mock-transfected cells were those that were added to a
solution containing only the RNAiIMAX reagent.

The data supporting the findings of this study are available in
the main text and in the Supporting Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00650.
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