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25  Supplementary Fig. S1. The reactions of hCATB with p-peptide library. a, The design of
26  the combinatorial D-tetrapeptide Library #1, #2 for hCATB screening. j denotes mixed amino
27  acids while lowercase letters represent D-amino acids. b,e, Initial screening results of D-peptide
28  substrates of hCATB using combinatorial D-tetrapeptide —GGjGG— (b) and —G7j 7 GG— (¢).
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30
31 Supplementary Fig. S2. Papain recognizes D-peptide substrate with high sequence

32 specificity. a, Site saturation mutagenesis screening of D-amino acids at P5-P1’° based on the
33  peptide —yGwGa— to identify optimal D-peptide substrate following a 1-hour papain treatment.
34  Fig. 2E in the main text reports results from a 36-hour papain treatment. b, Site saturation
35 mutagenesis screening of D-amino acids at P6 and P2’ based on the candidate peptide
36 —1yGwGy—. The slash represents the cleavage site; numbers represent the percentage of
37 cleavage yield at 37°C; n = 2 independent replicates. ¢, The proteolytic activity of papain on
38 the corresponding L-peptide substrate —~LYGWGYW-. The slash represents the cleavage site;
39  cleaved fragments are labeled as numbers 1-5. (a-¢) The concentration of papain was 235 nM,
40  and the substrates concentration was 40 uM.
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Supplementary Fig. S3. The reactions of hCATB with different substrates. a, The
proteolytic activity of hCATB on the corresponding L-peptide substrate ~-RKYYGW-. Cleaved
fragments are labeled as numbers 1-5. b, Upper panel: the structure of Ac-rkyyG-Cl,
covalently targeting the catalytic Cys29 of hCATB. Lower panel: the activation of hCATB-
S115A in MES buffer at room temperature was confirmed using SDS-PAGE. ¢, Upper panel:
Deconvoluted LC-MS of active hCATB-S115A reveals distinct peaks corresponding to various
cleavages of the C-propeptide “QYWEKI”. Lower panel: Deconvoluted LC-MS confirms that
Ac-rkyyG-Cl covalently binds to hCATB-S115A. d, The loop Thr120-Gly123 of hCATB went
through a conformational change to accommodate L-peptide (blue) upon binding, compared
with D-peptide bound structure (pink). e, hCATB recognizes —rkyyG— and —YYG—, all
achieving complete cleavage within 0.5 hours. f, The structure of PAB and the substituted
spacer for screening. (a,e) The concentration of hCATB was 20 nM, and the substrate
concentration was 40 pM.
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a  Ac-rkyyG-hCATB (View#1) b Ac-YYG-hCATB (View#2)

c Ac-yyG-hCATB (View#1) d Ac-yyG-hCATB (View#2)

Supplementary Fig. S4. Comparison of local electron density maps for peptide substrates
in complex with hCATB. a,c, Identical views of Ac-tkyyG-hCATB and Ac-yyG-hCATB,
showing clear electron density for Ac-rkyyG, but not Ac-yyG. b,d, Identical views of Ac-
YYG-hCATB and Ac-yyG-hCATB, showing clear electron density for Ac-YYG, but not Ac-
yyG.
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Supplementary Fig. S5. pH-dependent D-peptide cleavage preference of hCATB.
Following the methodology described in PMID: 35981509°!, hCATB exhibited pH-dependent

endopeptidase activity toward the D-peptide substrate Ac-AEEA-rkyyG-spacer-Val-
AEEA(CONH»).
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Supplementary Fig. S6. Cytotoxicity of the CLDN18.2 ADC in CHO-K1 cells. Data are
presented as means + SD (n = 3).
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Supplementary Fig. S7. In vivo efficacy of CLDN18.2 ADCs. a, Tumor weights of ADCs in
the NUGC-4 xenograft model were determined until day 25. Data points represent mean values,
with error bars indicating SEM (n = 6). b, Survival percentages (n = 6) during the treatment
and observation period. The mice were euthanized when the volume of the subcutaneous
xenografts exceeded 2000 mm?®. ¢-f, Individual tumor volume growth curves for mice received
(¢) Antibody-CAST, (d) ADC(VC-MMAE), (e) ADC(rkyyG-MMAE) and (f) Vehicle control.
CR, complete response.
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Supplementary Fig. S8. The cleavage activity of different peptides towards cathepsin
family proteins. The cleavage specificity of D-peptide substrate —rkyyG—, commercial ADC
linker —vVC—, and commercial ADC linker —GGFG— against cathepsin proteases is presented.

Retention time (min)

Black arrows indicate the raw materials, whereas colored arrows denote the cleaved products.
Peptides: 40 uM; Cathepsin B: 0.86 pg/mL (20 nM); Cathepsin A: 7.5 pg/mL; Cathepsin C:
7.5 pg/mL; Cathepsin L: 3.75 pg/mL; Cathepsin S: 15pug/mL; Cathepsin V: 3.75 pg/mL; All
reactions were processed at 37°C for 12 hours. The cleavage percentages are shown in
Supplementary Table S30.
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102  Supplementary Fig. S9. The proteolytic activity of mCESIc on the corresponding L-
103  peptide substrate -RLWLW—. Cleaved fragment is labeled as number 1. The concentration of
104  mCESIc was 33.7 nM, and the substrate concentration was 40 uM.
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107  Supplementary Fig. S10. The L-tripeptide (-YYG-) binds stably with hCATB, while the
108  D-tripeptide (-yyG-) exhibits heterogenous binding conformations. a, RMSDs of the L-
109 tripeptide (green), D-tripeptide (blue), and D-pentapeptide (red) over the last 100 ns of MD
110  simulations, showing stable binding for -YYG- and -rkyyG-, but not-yyG-. b, Zoomed-in views
111 of the D-tripeptide in the bound state. Multiple binding conformations are observed, primarily
112 stabilized by interactions with Glu245 and Gly198.
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Supplementary Fig. S11. Computational modeling of substrate recognition of D-peptide
(-lyGwGyw-) and L-peptide (-LYGWGY W-) by papain. a, Binding pockets and key contact
residues involved in peptide recognition. b, Center-of-mass (CoM) distance between the
aromatic rings of Tyr67 in papain and Tyr2 in the peptide. Tyr67 engages in T-shaped n—n
stacking with L-Tyr2, whereas it adopts a slipped-parallel n—r stacking geometry with D-Tyr2.
¢, CoM distance between the aromatic rings of Trpl177 in papain and Tyr6 in the peptide,

indicating stable n—r stacking interactions in both systems.

Salt bridge distance
—— HH12 - OE1

—— HH12 - OE2 $ y
bl | | i
|

Distance (A)

C-terminal hydrogen-bonding network
Distance of hydrogen bonds

(1]

—— Gly124 HN - OT2 Trp5

Distance (A)

|

—— Gly125 HN - OT2 Trps

it s padt ok,

—— Ser204 HN - OT2 Trp5

Distance (&)

Distance (A)

— Ser203 HG1- OT1 Trps

L‘.‘ Ul gl mbndost

Glu202 OE2 - HE1 Trp5

Distance (A)

Distance (&)

SN W R W RN WE U H N WA H N W E N N WA

H
S
=l
=}
i}

150 175 200
Time (ns)

Supplementary Fig. S12. Computational modeling of substrate recognition of L-peptide
(-RLWLW-) and D-peptide (-rlwlw-) by mCES1c. a, Superposition of the L- and D-peptide
within the buried pocket of mCESIc. b, Distinct regions of the pocket are occupied by the
chiral peptides, with zoomed-in views of their binding modes and key contact residues involved
in peptide recognition. ¢, Distances of the hydrogen bonds formed between Trp5 in the L-
peptide and the C-terminal residues of mCESIc over the last 100 ns of MD simulations. d.



130  Distance of the salt bridge between the first residue D-Arg of the D-peptide and Glu228 in
131 mCESIc over the last 100 ns of MD simulations.
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134  Supplementary Fig. S13. Positional scans of D-amino acids for cathepsin L. Site saturation
135  mutagenesis screening of D-amino acids across the P5 to P1° positions. The parental D-peptide
136  substrate is -tkyyG-. The concentration of in-house-expressed hCATL was 20 ug/mL, and the
137  peptide concentration was 40 uM. Detailed cleavage yields are provided in Supplementary
138  Tables S35,36.
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Supplementary Materials and Methods

1. General information

Chemicals

All chemicals were purchased from commercial vendors and used without further purification.
Fmoc-Rink amide resin was purchased from Hecheng Technology (Tianjin, China). 1-
[Bis(dimethylamino)methylen]-5-chlorobenzotriazolium  3-oxide  hexafluorophosphate
(HCTU), Fmoc-Gly-OH, Fmoc-L/D-Ala-OH, Fmoc-L/D-Leu-OH, Fmoc-L/D-Val-OH, Fmoc-
L/D-Ser('Bu)-OH, Fmoc-L/D-Lys(Boc)-OH, Fmoc-L/D-Arg(Pbf)-OH, Fmoc-L/D-Phe-OH,
Fmoc-L/D-Trp(Boc)-OH, Fmoc-L/p-His(Boc)-OH, Fmoc-L/D-Tyr(‘Bu)-OH, Fmoc-L/D-Pro-OH,
Fmoc-L/D-Glu(O'Bu)-OH, Fmoc-D-GlIn(Trt)-OH, Fmoc-D-Asn(Trt)-OH, Fmoc-bD-Asp(O'Bu)-
OH, Fmoc-D-Thr('Bu)-OH, Fmoc-D-Met-OH and Fmoc-D-Ile-OH, were purchased from GL
Biochem and enantiomeric purity of each D-amino acid is listed in Supplementary Table S1.
HPLC-grade trifluoroacetic acid (TFA), triisopropylsilane (TIPS), and dithiothreitol (DTT)
were purchased from Bidepharm. N, N-dimethylformamide (DMF), dichloromethane (DCM),
4-methyl-piperidine diethyl (PIP), ether, and HPLC-grade acetonitrile were obtained from
Energy Chemical. Solvent Al: 0.1% TFA in H20. Solvent Bl: 0.08% TFA in acetonitrile.
Solvent A2: 0.1% FA in H20. Solvent B2: 0.08% FA in acetonitrile.

Abbreviations

Ac: Acetyl

AEEA: Amino Ethyl Ethanol Amine

AEEA2: AEEA-AEEA

VC: Val-Cit

MES: 2-Morpholinoethanesulphonic acid monohydrate
PBS: Phosphate-buffered saline

NMM: N-Methylmorpholine

2. Standard enzymatic reaction conditions and screnning workfolw

Papain (EC 3.4.22.2)

To a solution of peptide (0.8 pL of a 4 mM stock solution in 10% DMSO/H>O, final
concentration 0.08 mM) in 10 mM Tris-HCl buffer (pH 6.2, containing 4 mM EDTA and 5 mM
L-cysteine, 38.8 puL), papain (Macklin, P6321, 0.8 uL of a 275 pg/mL stock solution in Tris-
HCI buffer, final concentration 5.5 pg/mL (235 nM), approximately 1 umol: 13.75 U) was
added. The mixture was vortexed and incubated at 37°C. At specified time intervals, the
mixture was boiled at 95°C for 10 minutes to terminate the reactions. The crude reaction
mixture was then centrifuged and analyzed by LC-MS to determine the reaction yield.
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Human Cathepsin B (EC 3.4.22.1)

To a solution of peptide (0.4 pL of a 4 mM stock solution in 10% DMSO/H2O0, resulting in a
final concentration of 0.04 mM) in 25 mM MES buffer (pH 5.5, containing 1 mM EDTA and
5 mM DTT, 39.2 uL), human cathepsin B (SinoBiological, 10483-HO8H, 0.4 uL of a 2 uM
stock solution in PBS, resulting in a final concentration of 0.86 ug/mL (20 nM), approximately
1 umol: 0.046 U) was added subsequently. The mixture was vortexed and then incubated at
37°C. At defined time points, the mixture was boiled at 95°C for 10 minutes to quench the
reaction. The crude reaction mixture was then centrifuged and analyzed by LC-MS to
determine the reaction yield.

Mouse Carboxylesterase 1¢ (EC 3.1.1.1)

To a solution of peptide (0.4 uL of 4 mM stock solution in 10% DMSO/H>0, 0.04 mM final
concentration) in PBS buffer (pH 7.4, 38.8 uL), mCES1lc (MCE, HY-P71802, 0.8 uL of 100
pg/mL stock solution in water, 2 pg/mL (33.7 nM) final concentration, no unit tests) was added
subsequently. The mixture was vortexed and then incubated at 37 °C. At defined time points,
the mixture was boiled at 95°C for 10 minutes to quench the reactions, then the crude reaction
mixture was centrifuged and analyzed by LC-MS to determine the reaction yield.

Human Cathepsin A (Sinobiological, 10482-H08H, no specific activity)

The activation buffer consists of 25 mM MES, and 5 mM DTT, at pH 6.0. The assay buffer
comprises 25 mM MES at pH 5.5, 1 mM EDTA, and 5 mM DTT. RhCathepsin A was diluted
to 200 pg/mL in the activation buffer. RhCathepsin L and the activation buffer were added to
rhCathepsin A to achieve final concentrations of 20 pg/mL rhCathepsin L and 100 pg/mL
rhCathepsin A. The mixture was incubated at room temperature for 1 hour. The activated
rhCathepsin A was then diluted to 7.5 pg/mL in the assay buffer, with a total volume of 50 pL,
and the substrate was diluted to 40 uM, with a volume of 0.5 pL. The protease and substrate
were incubated at 37°C for 12 hours or longer. A portion of the mixture was taken for LC-MS
monitoring.

Human Cathepsin C (Sinobiological, 10484-H08H, >200 pmols/min/ug)

The activation buffer consists of 25 mM MES, and 5 mM DTT, at pH 6.0. The assay buffer
comprises 25 mM MES, 50 mM NaCl, 1 mM EDTA, and 5 mM DTT, at pH 6.0. RhCathepsin
C was diluted to 200 pg/mL in the activation buffer. RhCathepsin L and the activation buffer
were added to rhCathepsin C to achieve final concentrations of 20 pg/mL rhCathepsin L and
100 pg/mL rhCathepsin C. The compounds were incubated at room temperature for 1 hour.
The activated rhCathepsin C was then diluted to 7.5 pg/mL in the assay buffer, with a total
volume of 50 pL, and the substrate was diluted to 40 uM in 0.5 pL. The protease and substrate
were incubated at 37°C for 12 hours or longer. A portion of the mixture was subsequently taken
for LC-MS monitoring.

Human Cathepsin L1 (Sinobiological, 10486-H08H, no specific activity)
The assay buffer comprises 50 mM NaOAc, 100 mM NacCl, pH 3.5, | mM EDTA, and 5 mM
DTT. rhCathepsin L1 was diluted to 40 pg/mL in assay buffer and incubated on ice for 15
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minutes. The incubated rhCathepsin L was then diluted to 3.75 pg/mL in 50 uL of assay buffer,
and the substrate was prepared to 40 uM in 0.5 puL of assay buffer. The protease and substrate
were subsequently incubated at 37°C for 12 hours or longer. A portion of the mixture was then
taken for LC-MS monitoring.

Human Cathepsin S (Sinobiological, 10487-H08H, >300 pmols/min/ug)

The assay buffer comprises 50 mM NaOAc, 250 mM NaCl, pH 4.5, | mM EDTA, and 5 mM
DTT. RhCathepsin S was diluted to 15 pg/mL in the assay buffer to a final volume of 50 uL
and incubated at room temperature for 2 hours. The substrate was diluted to 40 uM in the assay
buffer to a final volume of 0.5 pL and mixed with the protease, followed by incubation at 37°C
for 12 hours or longer. A portion of the mixture was then taken for LC-MS monitoring.

Human Cathepsin V (Sinobiological, 10093-H08H, >1000 pmols/min/ug)

The assay buffer comprises 25 mM NaOAc, 100 mM NaCl, pH 5.5, 1 mM EDTA, and 5 mM
DTT. RhCathepsin V was diluted to 3.75 ng/mL in 50 pL of assay buffer, and the substrate was
diluted to 40 uM in 0.5 pL of assay buffer. The protease and substrate were then incubated at
37°C for 12 hours or longer. A portion of the mixture was subsequently taken for LC-MS
monitoring.

Human Cathepsin H (Sinobiological, 30063-H08H)

The activation buffer consists of 50 mM MES, 1 mM EDTA and 5 mM DTT, at pH 6.0. The
assay buffer comprises 50 mM MES and 5 mM DTT, at pH 6.5. RhCathepsin L was diluted to
25 pg/mL in the activation buffer and incubated for 15 mins. RhCathepsin L and the activation
buffer were added to rhCathepsin H to achieve final concentrations of 12.5 pg/mL rhCathepsin
L and 50 pg/mL rhCathepsin H. The compounds were incubated at room temperature for 1
hour. The activated rhCathepsin H was then diluted to 0.5 pg/mL in the assay buffer, with a
total volume of 50 uL, and the substrate was diluted to 40 M. The protease and substrate were
incubated at 37°C for 12 hours or longer. A portion of the mixture was subsequently taken for
LC-MS monitoring.

Human Cathepsin Z/X (Sinobiological, 10159-H08H)

The activation buffer and the assay buffer comprises 25 mM NaOAc and 5 mM DTT, at pH
3.5. RhCathepsin Z was diluted to 100 pg/mL in the activation buffer and incubated for 5 mins.
The activated rhCathepsin Z was then diluted to 2 pg/mL in the assay buffer, with a total
volume of 50 pL, and the substrate was diluted to 40 uM. The protease and substrate were
incubated at 37°C for 12 hours or longer. A portion of the mixture was subsequently taken for
LC-MS monitoring.

Human carboxylesterases 1 (Sinobiological, 30105-H08H) and 2 (Sinobiological, 10380-
HO8H)

The assay buffer comprises 50 mM Tris, pH 7.5, and the reading buffer comprises 50 mM Tris,
pH 8.0. Human carboxylesterases 1 was diluted to 0.1 pg/mL in the assay buffer, with a total
volume of 50 pL, and the substrate was diluted to 40 pM. The mixture of 0.1 pg/mL human
carboxylesterases 2 and 40 uM substrate incubated for 10 mins at room temperature, and then
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add 1:1 volume of the reading buffer. The protease and substrate were incubated at 37°C for
12 hours or longer. A portion of the mixture was subsequently taken for LC-MS monitoring.

Pepsin (Sigma-Aldrich, P6887)

Pepsin was derived from porcine gastric mucosa, =3,200 units/mg solid. To a solution of
peptide (0.4 pL of a 4 mM stock solution in 10% DMSO/H2O0, resulting in a final concentration
0f 0.04 mM) in 0.01 M HCI (pH 2.0, 39.2 uL), Pepsin (0.4 uL of a 0.75 mg/mL stock solution
in PBS, resulting in a final concentration of 7.5 pg/mL, approximately 1 pmol: 500 U) was
added subsequently. The protease and substrate were incubated at 37°C for 12 hours or longer.
A portion of the mixture was subsequently taken for LC-MS monitoring.

Trypsin (Sigma-Aldrich, T4799)

Trypsin was derived from porcine pancreas, 1,000-2,000 BAEE units/mg solid. To a solution
of peptide (0.4 pL of a 4 mM stock solution in 10% DMSO/H20, resulting in a final
concentration of 0.04 mM) in PBS buffer (pH 7.4, 39.2 uL), Trypsin (0.4 pL of a 0.08 mg/mL
stock solution in PBS, resulting in a final concentration of 8 ug/mL, approximately 1 pmol:
200 U) was added subsequently. The protease and substrate were incubated at 37°C for 12
hours or longer. A portion of the mixture was subsequently taken for LC-MS monitoring.

Proteinase K (Meilunbiological, MA0006)

The assay buffer comprises 50 mM Tris-HCI and 10 mM CaCl,, pH 8.0. Proteinase K was
diluted to 50 pg/mL in the assay buffer, with a total volume of 50 pL, and the substrate was
diluted to 40 uM. The protease and substrate were incubated at 37°C for 12 hours or longer. A
portion of the mixture was subsequently taken for LC-MS monitoring.

Each protease was incubated with its peptide substrate under optimized conditions, and reaction
progress was monitored by LC-MS. Cleavage rates toward different substrates were compared
at identical time points. Using a 5% cleavage yield as the threshold, top-ranked sequences from
each round were chosen for further multi-step screening, including site-directed mutagenesis
and combinatorial comparison, until the sequence exhibiting the highest cleavage efficiency
was identified.

The reported cleavage patterns and positive control results of some proteases are shown in
Supplementary Data Fig. S7.,8.

3. Protein sequences

Human pro-CATB

RSRPSFHPLSDELVNYVNKRNTTWQAGHNFYNVDMSYLKRLCGTFLGGPKPPORVMFTEDLK
LPASFDAREQWPQCPTIKEIRDQGSCGSCWAFGAVEAISDRICIHTNAHVSVEVSAEDLLTC
CGSMCGDGCNGGYPAEAWNFWTRKGLVSGGLYESHVGCRPYSIPPCEHHVNGSRPPCTGEGD
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TPKCSKICEPGYSPTYKQDKHYGYNSYSVSNSEKDIMAEIYKNGPVEGAFSVYSDFLLYKSG
VYQHVTGEMMGGHAIRILGWGVENGTPYWLVANSWNTDWGDNGFEFKILRGODHCGIESEVVA
GIPRTDQYWEKT

C29A mutant
RSRPSFHPLSDELVNYVNKRNTTWQAGHNFYNVDMSYLKRLCGTFLGGPKPPOQRVMFTEDLK
LPASFDAREQWPQCPTIKEIRDQGSCGSAWAFGAVEAISDRICIHTNAHVSVEVSAEDLLTC
CGSMCGDGCNGGYPAEAWNFWTRKGLVSGGLYESHVGCRPYSIPPCEHHVNGSRPPCTGEGD
TPKCSKICEPGYSPTYKQDKHYGYNSYSVSNSEKDIMAETIYKNGPVEGAFSVYSDFLLYKSG
VYQHVTGEMMGGHATRILGWGVENGTPYWLVANSWNTDWGDNGEFFKILRGQDHCGIESEVVA
GIPRTDQYWEKI

S115A mutant

RPSFHPLSDELVNYVNKRNTTWQAGHNFYNVDMSYLKRLCGTFLGGPKPPQRVMFTEDLKLP
ASFDAREQWPQCPTIKEIRDQGSCGSCWAFGAVEAISDRICIHTNAHVSVEVSAEDLLTCCG
SMCGDGCNGGYPAEAWNEFWTRKGLVSGGLYESHVGCRPYSTIPPCEHHVNGARPPCTGEGDTP
KCSKICEPGYSPTYKQDKHYGYNSYSVSNSEKDIMAEIYKNGPVEGAFSVYSDFLLYKSGVY
QHVTGEMMGGHAIRILGWGVENGTPYWLVANSWNTDWGDNGFFKILRGOQDHCGIESEVVAGI
PRTDQYWEKT

C29A-S115A mutant
RSRPSFHPLSDELVNYVNKRNTTWQAGHNFYNVDMSYLKRLCGTFLGGPKPPOQRVMFTEDLK
LPASFDAREQWPQCPTIKEIRDQGSCGSAWAFGAVEAISDRICIHTNAHVSVEVSAEDLLTC
CGSMCGDGCNGGYPAEAWNFWTRKGLVSGGLYESHVGCRPYSIPPCEHHVNGARPPCTGEGD
TPKCSKICEPGYSPTYKQDKHYGYNSYSVSNSEKDIMAEIYKNGPVEGAFSVYSDFLLYKSG
VYQHVTGEMMGGHATRILGWGVENGTPYWLVANSWNTDWGDNGFFKILRGOQDHCGIESEVVA
GIPRTDQYWEKTI

Mature hCATB
LPASFDAREQWPQCPTIKEIRDQGSCGSCWAFGAVEAISDRICIHTNAHVSVEVSAEDLLTC
CGSMCGDGCNGGYPAEAWNFWTRKGLVSGGLYESHVGCRPYSIPPCEHHVNGSRPPCTGEGD
TPKCSKICEPGYSPTYKQDKHYGYNSYSVSNSEKDIMAEIYKNGPVEGAFSVYSDFLLYKSG
VYQHVTGEMMGGHAIRILGWGVENGTPYWLVANSWNTDWGDNGEFFKILRGQDHCGIESEVVA
GIPRTDQYWEKI

Mature hCATB-S115A
LPASFDAREQWPQCPTIKEIRDQGSCGSCWAFGAVEAISDRICIHTNAHVSVEVSAEDLLTC
CGSMCGDGCNGGYPAEAWNFWTRKGLVSGGLYESHVGCRPYSIPPCEHHVNGARPPCTGEGD
TPKCSKICEPGYSPTYKQDKHYGYNSYSVSNSEKDIMAEIYKNGPVEGAFSVYSDEFLLYKSG
VYQHVTGEMMGGHAIRILGWGVENGTPYWLVANSWNTDWGDNGEFFKILRGQDHCGIESEVVA
GIPRTDQYWEKI
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4. Chemical Synthesis

Synthesis of Ac-rkyyG-Cl for co-crystallization

Standard Fmoc solid-phase peptide synthesis methods were employed on 2-chlorotrityl
chloride resin (0.5 mmol/g, 500 mg) to synthesize Ac-r(Pbf)k(Boc)y(tBu)y(tBu)-OH. The
crude peptide yield was 700 mg. Ac-r(Pbf)k(Boc)y(tBu)y(tBu)-OH (350 mg, 0.308 mmol), 1-
Amino-3-chloropropan-2-one (32 mg, 0.308 mmol), HATU (117 mg, 0.308 mmol), and
pyridine (73 mg, 0.308 mmol) were dissolved in DMF (5 mL) and stirred at room temperature
for 2 hours. Upon completion of the reaction, the mixture was diluted with deionized water and
extracted with EtOAc (3%). The combined organic layers were washed with brine, dried over
MgSOs, and concentrated in vacuum. The crude product was purified by flash column
chromatography (5% CH2Cl> in MeOH) to yield the product (60 mg, 16%) as a white solid.
This product was then dissolved in 3 mL DCM, and 3 mL TFA was added. The reaction
proceeded for 20 minutes at room temperature. The resulting crude product was purified by
HPLC using an Agilent C18 column and lyophilized to obtain the final product, Ac-rkyyG-Cl,
as a white powder (20 mg, 54%). HRMS calculated for C3sHsoCIN9Os [M+H]" 760.3549 Da,
observed at 760.3505 Da (Supplementary Data S3a). Using the same synthetic approach, the
product Ac-YYG-Cl was obtained. HRMS calculated for C23H26CIN3Os [M+H]" 475.1510 Da,
observed at 476.1571 Da (Supplementary Data S3c).

Synthesis of DBCO-linker-MMAE for ADC conjugation

e /©/\OH
N\)LN
H

Fmoc-G-PAB-OH (1a): Fmoc-Gly-OH (892 mg, 3 mmol) and TSTU (1084 mg, 3.6 mmol)
were dissolved in DMF (10 mL). N, N-Diisopropylethylamine (775 mg, 6 mmol) was added to
the mixture, which was then stirred at room temperature for 3 h. 4-Aminobenzyl alcohol (369
mg, 3 mmol) was subsequently added to the reaction mixture, and the reaction was allowed to
proceed for an additional 2 h. Upon completion of the reaction, the mixture was diluted with
deionized water and extracted with EtOAc (3x). The combined organic layers were washed
with brine, dried over MgSQOs, and concentrated in vacuo. The crude product was purified by
flash column chromatography (5% CH2Cl> in MeOH) to afford the product 1a (400 mg, 33%)
as a white solid. HRMS calculated for C24H20N204 [M+H]" 403.1658 Da, observed 403.1700
Da.

Fmoc”

e
DU
N
Fmoc” H
Fmoc-G-PAB-PNP (1b): 1a (80 mg, 0.2 mmol) and bis(4-nitrophenyl) carbonate (308 mg, 1.0
mmol) were dissolved in DCM (3 mL). 4-Dimethylaminopyridine (50 mg, 0.4 mmol) was

added to the mixture, which was then stirred at room temperature for 2 h. The reaction mixture
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was filtered to afford the product 1b (90 mg, 80%). HRMS calculated for C31H2sN30g [M+H]"
568.1720 Da, observed: 568.1691 Da.

o) Lo
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H2N\)LN o LU ol G
H I H/\/O

G-PAB-MMAE (1¢): 1b (57 mg, 0.1 mmol), MMAE (110 mg, 0.15 mmol), and HOAt (30 mg,
0.2 mmol) were dissolved in DCM (5 mL). N, N-Diisopropylethylamine (0.5 mL, 0.5 mmol)
was added to the mixture, which was then stirred at room temperature for 30 minutes.
Piperidine (1 mL) was subsequently added to the reaction mixture, and the reaction proceeded
for 5 minutes. The reaction mixture was concentrated under vacuum, and the resulting crude
product was purified by HPLC using an Agilent C18 column. The purified product was
lyophilized to yield 1c as a white powder (65 mg, 70%). HRMS calculated for C49H77N7010
[M+H]" 924.5810 Da, observed 924.5841 Da.
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DBCO-PEG3-rk(Boc)yy-OH (1d): Employed standard Fmoc solid-phase peptide synthesis
methods on 2-chlorotrityl chloride resin (0.5 mmol/g, 500 mg) to synthesize 1d. D-Arg-OH
and D-Tyr-OH were used without side-chain protection. Couplings were conducted using a 5-
fold molar excess of each amino acid, DIC, and Oxyma. Final deprotection and cleavage were
performed with 1% TFA in DCM for 1 hour. TEA was added to neutralize the solution before
concentration. The crude product was purified by HPLC using an Agilent C18 column and
lyophilized to yield a white powder (50 mg, 17%). HRMS calculated for Cs2HgoN10O15
[M+H]" 1205.5882 Da; observed 1205.5760 Da.

HoN__NH

&’NNowonm;)A fgawﬁ%q{&

DBCO-PEG3-rkyyG-PAB-MMAE (1e): 1d (40 mg, 0.033 mmol), 1¢ (30 mg, 0.032 mmol),
DIC (4.2 mg, 0.033 mmol), and Oxyma (4.7 mg, 0.033 mmol) were dissolved in DMF (5 mL)
and stirred at room temperature for 2 h. The resulting crude product was purified by HPLC
using an Agilent C18 column and lyophilized to yield a protected product as a white powder
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(15 mg, 21%). The product was then dissolved in 1 mL DCM, and 0.25 mL TFA was added.
The mixture was stirred at room temperature for 30 minutes. The resulting crude product was
purified by HPLC using an Agilent C18 column and lyophilized to yield 1e as a white powder
(2.7 mg, 18%). HRMS calculated for CiosHi47N17022 [M+H]" 2011.0984 Da, observed
2011.0697 Da (Supplementary Data S3e).

Val-Cit-PAB-MMAE (1f): Fmoc-Val-Cit-PAB-PNP (77 mg, 0.1 mmol, CAS 863971-53-3),
MMAE (72 mg, 0.1 mmol), and HOAt (30 mg, 0.2 mmol) were dissolved in DCM (5 mL). N,
N-Diisopropylethylamine (0.5 mL, 0.5 mmol) was added to the mixture, which was then stirred
at room temperature for 30 minutes. Piperidine (1 mL) was subsequently added to the reaction
mixture, and the reaction proceeded for 5 minutes. The reaction mixture was concentrated
under vacuum. The resulting crude product was purified by HPLC using an Agilent C18
column and lyophilized to yield 1f as a white powder (55 mg, 49%). HRMS calculated for
CssHoaN19O12 [M+H]" 1123.7131, observed 1123.7028.

O NNN/\/O\/\O/\/O%OH
H
(0]

DBCO-PEG3-OH (1g): Utilized standard Fmoc solid-phase peptide synthesis methods on 2-
chlorotrityl chloride resin (0.5 mmol/g, 500 mg) to synthesize DBCO-PEG3-OH. Couplings
were conducted using a 5-fold molar excess of each amino acid, DIC, and Oxyma. For the final
peptide deprotection and cleavage, a 1% TFA in DCM solution was used for 1 hour.
Triethylamine (TEA) was subsequently added to neutralize the solution prior to concentration.
The crude product was directly utilized for the subsequent reaction without purification.

HoN.__O
g
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DBCO-PEG3-Val-Cit-PAB-MMAE (1h): 1g (25 mg, 0.05 mmol), 1f (56 mg, 0.05 mmol),
HATU (19 mg, 0.05 mmol), and DIEA (20 mg, 0.15 mmol) were dissolved in DCM (5 mL)
and stirred at room temperature for 1 hour. The resulting crude product was purified by HPLC
using an Agilent C18 column and lyophilized to yield 1h as a white powder (5 mg, 6%). HRMS
calculated for CssHi22N12013 [M+H]" 1599.9078, observed: 1599.9008 (Supplementary Data
S3f).
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446  Supplementary Data S1. LC-MS analysis of papain enzymatic reaction on peptide
447  mixture 4-9 in Supplementary Table S2. The 214 nm absorption spectra of the samples are
448  shown. The upper panels in each group depict the mixed peptides before adding the enzyme,
449  while the lower panels illustrate the mixed peptides treated with papain (37°C for 36 hours).
450  Black arrows indicate the raw materials, whereas red arrows denote the cleaved products. The
451  HPLC gradient for the initial mixture peptide analysis was 5-46% solvent B over 17 minutes,
452  followed by 46-61% solvent B over 1 minute. The HPLC gradient for the product analysis after
453  enzyme treatment was 5-46% solvent B over 13 minutes, followed by 46-61% solvent B over
454 1 minute.

455
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Supplementary Data S2. LC-MS analysis of papain cleavage of sequences listed in
Supplementary Table S6. The 214 nm absorption spectra of samples are shown in the left
panels, and the corresponding MS results are displayed in the right panels. Red labels indicate
the cleaved products. The HPLC gradient for the product analysis after enzyme treatment was
5-46% solvent B over 13 minutes, followed by 46-61% solvent B over 1 minute.
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Supplementary Data S3. Chemical characterization of synthetic peptides. a,c,e,f, HPLC
and mass spectrometry to determine the purity of the synthesized peptide Ac-rkyyG-Cl (a),
Ac-YYG-CI (¢), DBCO-PEG3-rkyyG-PAB-MMAE (e), and DBCO-PEG3-vC-PAB-MMAE
(f). The top panel is the HPLC structure, and the bottom panel is the MS results. b, the structure
of Ac-YYG-CI, covalently targeting the catalytic Cys29 of hCATB. d, Deconvoluted LC-MS
confirms that Ac-Y'YG-CI covalently binds to hCATB-S115A.
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Supplementary Data S4. Activation of hCATB and mutants. a, The activation of hCATB in
the MES buffer at 37°C was confirmed through SDS-PAGE. b, SDS-PAGE analysis of active
hCATB mutants indicates that hCATB-S115A is successfully activated. ¢, Enzymatic activity
assays of hCATB mutants demonstrate that hCATB-S115A retains activity comparable to that

of wild-type hCATB, whereas the dead mutant C29A exhibits a loss of activity.
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Supplementary Data SS5. LC-MS analysis of mCESlc cleavage of D-peptides in
Supplementary Table S30. The 214 nm absorption spectra of the samples are displayed in the
left panels, with the corresponding MS results presented in the right panels. The upper panels
of each group depict the initial mixed peptides, whereas the lower panels show the mixed D-
peptides treated with mCESlec, all incubated at 37°C for 24 hours. Black arrows and labels
indicate the raw materials, whereas red arrows denote the cleaved products. The HPLC gradient
for analysis was 5-46% solvent B over 13 minutes, followed by 46-61% solvent B over 1
minute.
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Supplementary Data S6. Structure alignment of papain, hCATB, hCATH, hCATL and
hCATZ. The schematic representations illustrate the structures of papain (1CVZ, green),
hCATB (6AY2, blue), hCATH (6CZS, orange), hCATL (2XU3, pink), and hCATZ (1EF7,
gray). Key residues of each protease are shown as dark-colored sticks: papain (GIn19, Cys25,
Trp26, Tyr67, Pro68, Serl131, Vall33, Aspl57, His159, Alal60, Asnl75, Serl176, Trpl77,
Ser205, Phe207); hCATB (GIn23, Cys29, Trp30, Pro76, His110, Glul71, Alal73, Gly198,
His199, Ala200, Asnl29, Ser220, Trp221, Glu245, Val247); hCATH (GIn135, Cysl41,
Leul85, Pro186, Ser250, Ala252, Asn280, His281, Ala282, Asn301, Ser302, Trp303, Cys327,
Ser329); hCATL (Asnl8, GInl9, Cys25, Trpl6, Leu69, Met70, Ser133, Alal35, Aspl62,
His163, Gly164, Ser188, Trp189, Ala214, Ser216); and hCATZ (GIn22, His23, Cys31, Trp32,
Asp76, Ser152, Asnl179, His180, Val181, Asn200, Ser201, Trp202, His234, Thr236). Residues
of hCATB that interact with the D-peptide substrate (-rkyyG-) are depicted as purple sticks.
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cleavage site sequence logo

Pepsin B (Canis lupus familiaris)
A01.002

P/aeg/Ge/F ! lafy/R/L/- (based on 25 cleavages)
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Proteinase K (Engyodontium album)
S08.054

V/-I-/- 1 -I-/-/- (based on 47 cleavages)
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Supplementary Data S7. Cleavage patterns of proteases toward L-amino acid substrates.
Data were obtained from MEROPS - the Peptidase Database®?. No corresponding cleavage
profiles are available for human or mouse carboxylesterases 1 and 2. Yellow-marked areas:
Uppercase letters indicate strong preference, lowercase letters indicate low preference. Except
for pepsin, which is derived from porcine gastric mucosa during experiments, the sources of
all other proteases align with the species origins depicted in the figure.

a Ac-AAPF (COO-CH,) -FG b z-Fr-aMC C Ac- (AEEA) 2-RKYYG- (AEEA)
Peptide Peptide Peptide
' v
4 c s 10 . } s 10 : o s t
hCES1 hCATH * hCATZ
; é l'i 1'0 ‘Il é é 1'0 4 é 8
hCES2

d Ac- (AEEA) 2-LYGWGYW- (AEEA)

Peptide

Supplementary Data S8. Evaluation of protease activity under reaction conditions using
known L-peptide substrates. Reaction conditions for each protease are detailed in the
Methods section. In the HPLC chromatograms, black arrows indicate the remaining substrate
(substrate sequence shown above).


https://www.ebi.ac.uk/merops/cgi-bin/pepsum?id=S08.054;type=P
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N537
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2 pg/mL

42.9%
82.1%
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100%

42.0%
83.3%
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100%

Enzyme Reaction
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13.7%
24.2%
38.4%
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14.3%
25.6%
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concentration time (hour) CATL N238
4 27.8% 2%
8 41.3% 3%
20 pg/mL 12 47.4% 5%

16
24

51.9%
61.6%

9%
10%

Supplementary Data S9. Phylogenetic analysis of ten cathepsins. a, Tree constructed from
amino acid sequences of ten cathepsins. Ancestral nodes of cathepsin B and L are purple;
cathepsin V and L (high sequence similarity) are highlighted in dark blue. b-¢, The ancestral
sequence of cathepsin B (N537; b) and cathepsin L (N238; ¢) were successfully expressed, and
their heterochiral cleavage activity towards the corresponding optimal D-peptide substrates

were validated.



527  Supplementary Table S1. Information of D-amino acids and Gly. The enantiomeric purity
528  of certain amino acids is provided by GL Biochem. The molar ratio of amino acids used in
529  the mixture is shown.

Amino acid E;i:it:;?,zglc Molar ratio
a 99.86 0.75
d >99.9 1.20
e 99.84 1.00
f >99.9 0.60
G 100 0.70
h >09.9 0.78
1 99.37 2.29
k 99.94 1.00
| >09.9 0.77
m 99.52 0.71
n >09.9 1.20
p 99.89 0.86
q >99.9 1.00
r 99.74 1.10
S 99.92 0.71
t 99.98 0.98
v 99.9 1.80
w 99.86 0.70
y >99.9 0.71
530
531  Supplementary Table S2. Sequences included in Library #1.
Sequence Sequence
1 Ac-wspGGGx,as 7 Ac-wspGx,GGas
2 Ac-wspGGGx,as 8 Ac-wspGx,GGas
3 Ac-wspGGGxs3as 9 Ac-wspGx3GGas
4 Ac-wspGGx;Gas 10 Ac-wspx,GGGas
5 Ac-wspGGx,Gas 11 Ac-wspx,GGGas
6 Ac-wspGGx3Gas 12 Ac-wspx3GGGas
532 xi=k+s+d+G+m+l+w
533 X2=n+h+e+a+t+y
534 X3=q+r+v+p+i+f
535 X =X1tX2+X3
536 Ac-wsp- and -as- were appended to the N-terminus and C-terminus of the target screening

537  sequences to ensure successful HPLC analysis of the peptide cleavage. These appended D-
538  peptides also ensure that any observed proteolytic activity results from the recognition of D-
539  peptide substrates. This principle was applied to subsequent experiments. All samples were
540 incubated at 37°C for 36 hours.
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Supplementary Table S3. All tested sequences in Library #1 by papain.

Sequence

Sequence

Sequence

1-1

1-3
1-4
1-5
1-6
1-7

Ac-wspGGGkas
Ac-wspGGGsas
Ac-wspGGGdas
Ac-wspGGGGas
Ac-wspGGGmas
Ac-wspGGGlas
Ac-wspGGGwas

2-1

2-3
2-4
2-5
2-6
2-7

Ac-wspGGGnas
Ac-wspGGGhas
Ac-wspGGGecas
Ac-wspGGGeas
Ac-wspGGGaas
Ac-wspGGGtas
Ac-wspGGGyas

3-1

3-3
3-4
3-5

Ac-wspGGGgas
Ac-wspGGGras
Ac-wspGGGvas
Ac-wspGGGpas
Ac-wspGGGias
Ac-wspGGGEfas

4-1
4-2
4-3
4-4
4-5
4-6
4-7

Ac-wspGGkGas
Ac-wspGGsGas
Ac-wspGGdGas
Ac-wspGGGGas
Ac-wspGGmG/as
Ac-wspGGlG/as
Ac-wspGGwG/ as

5-1
5-2
5-3
5-4
5-5
5-6
5-7

Ac-wspGGnGas
Ac-wspGGhG/as
Ac-wspGGcGas
Ac-wspGGeGas
Ac-wspGGaGas
Ac-wspGGtG/as
Ac-wspGGyG/as

6-1
6-2
6-3
6-4
6-5
6-6

Ac-wspGGgG/as
Ac-wspGGrG/as
Ac-wspGGvG/as
Ac-wspGGpGas

Ac-wspGGiG/as
Ac-wspGG£G/as

7-1
7-2
7-3
7-4
7-5
7-6
7-7

Ac-wspGkG/Gas
Ac-wspGsGGas
Ac-wspGdGGas
Ac-wspGGGGas
Ac-wspGmG/Gas
Ac-wspGlG/Gas
Ac-wspGwG/Gas

8-1
8-2
8-3
8-4
8-5
8-6
8-7

Ac-wspGnGGas
Ac-wspGhGGas
Ac-wspGeGGas
Ac-wspGeGGas
Ac-wspGaGGas
Ac-wspGtGGas
Ac-wspGyG/Gas

9-1
9-2
9-3

9-5
9-6

Ac-wspGgGGas
Ac-wspGrG/Gas
Ac-wspGvG/Gas
Ac-wspGpGGas
Ac-wspGiG/Gas
Ac-wspGEG/Gas

10-1
10-2
10-3
10-4
10-5
10-6
10-7

Ac-wspkGGGas
Ac-wspsGGGas
Ac-wspdGGGas
Ac-wspGGGGas
Ac-wspmGGGas
Ac-wsplGGG/as
Ac-wspwGGG/as

11-1
11-2
11-3
11-4
11-5
11-6
11-7

Ac-wspnGGGas
Ac-wsphGGGas
Ac-wspcGGGas
Ac-wspeGGGas
Ac-wspaGGGas
Ac-wsptGGGas
Ac-wspyGGGas

12-1
12-2
12-3
12-4
12-5
12-6

Ac-wspgGGGas
Ac-wsprGGGas
Ac-wspvGGGas
Ac-wsppGGGas
Ac-wspiGGGas
Ac-wsp£fGGGas

Slash denotes the cleavage site by papain. The presumable recognized D-amino acids in
different peptides are highlighted in red. Sequences highlighted in orange exhibited cleavage
yields exceeding 80% in mixed peptides after 36 hours at 37°C with papain. The concentration

of papain was 235 nM, and of substrates was 40 pM.




549  Supplementary Table S4. Preferred sequences recognized by papain based on Library #1.

Sequence Yield (36 h)
4-7 Ac-wspGGwWG/as > 90%
6-6 Ac-wspGGEG/as > 90%
7-7 Ac-wspGwG/Gas > 90%
5-7 Ac-wspGGyG/as > 40%
8-7 Ac-wspGEG/Gas > 40%
550 Slash denotes the cleavage site by papain.
551
552  Supplementary Table SS5. Sequences included in Library #2.
Sequence Sequence
13 Ac-AEEA-wsaGGz;z;a-AEEA 25 Ac-AEEA-wsaGz,Gz;a-AEEA
14 Ac-AEEA-wsaGGz,z;a-AEEA 26 Ac-AEEA-wsaGz,Gz;a-AEEA
15 Ac-AEEA-wsaGGz;z,a-AEEA 27 Ac-AEEA-wsaGz,Gz,a-AEEA
16 Ac-AEEA-wsaGGz,z,a-AEEA 28 Ac-AEEA-wsaGz,Gz,a-AEEA
17 Ac-AEEA-wsaGz,z,Ga-AEEA 29 Ac-AEEA-wsaz,Gz,Ga-AEEA
18 Ac-AEEA-wsaGz,z,Ga-AEEA 30 Ac-AEEA-wsaz,Gz,Ga-AEEA
19 Ac-AEEA-wsaGz,z,Ga-AEEA 31 Ac-AEEA-wsaz,Gz,Ga-AEEA
20 Ac-AEEA-wsaGz,z,Ga-AEEA 32 Ac-AEEA-wsaz,Gz,Ga-AEEA
21 Ac-AEEA-wsaz,z,GGa-AEEA 33 Ac-AEEA-wsaz,GGz,a-AEEA
22 Ac-AEEA-wsaz,z,GGa-AEEA 34 Ac-AEEA-wsaz,GGz,a-AEEA
23 Ac-AEEA-wsaz,z,GGa-AEEA 35 Ac-AEEA-wsaz,GGz,a-AEEA
24 Ac-AEEA-wsaz,z,GGa-AEEA 36 Ac-AEEA-wsaz,GGz,a-AEEA
553 zi=r+d+1
554 z=k+ety
555 Z2=27Z1+2
556 Ac-AEEA-wsa- and -a-AEEA- were appended to the N-terminus and C-terminus of the

557  target screening sequences to ensure successful HPLC analysis of the peptide cleavage. All
558  samples were incubated at 37°C for 36 hours.

559

560



561  Supplementary Table S6. Observed sequences recognized by papain based on Library #2.

Main cleaved Intact peptide MW
Sequence fragment (kDa)
MW (kDa)
20-1 Ac-AEEA-wsaGyyG/a-AEEA 990.40 1205.52
20-2 Ac-AEEA-wsaG/yyGa-AEEA 607.25 1205.52
25-1 Ac-AEEA-wsaGrG/z,a-AEEA 820.37 1191.59, 1150.51, 1148.57
25-2 Ac-AEEA-wsaGlG/z;a-AEEA 777.35 1148.57,1107.50, 1105.55
27-1 Ac-AEEA-wsaGrG/z,a-AEEA 820.37 1163.58, 1164.53, 1198.55
27-2 Ac-AEEA-wsaGlG/z,a-AEEA 777.35 1120.57, 1121.51, 1155.53
28-1 Ac-AEEA-wsaGkG/z,a-AEEA 792.36 1135.58,1136.52, 1170.55
28-2 Ac-AEEA-wsaGyG/z,a-AEEA 827.33 1170.55,1171.49, 1205.51
29-1 Ac-AEEA-wsalG/1Ga-AEEA 720.33 1105.56
29-2 Ac-AEEA-wsalGlG/a-AEEA 890.44 1105.56
30-1 Ac-AEEA-wsayG/z:Ga-AEEA 770.31 1198.55, 1157.48, 1155.53
30-2 Ac-AEEA-wsayGlG/a-AEEA 940.42 1155.54
30-3 Ac-AEEA-wsayGrG/a-AEEA 983.43 1198.56
30-4 Ac-AEEA-wsaeGlG/a-AEEA 906.40 1121.52
31-1 Ac-AEEA-wsalG/yGa-AEEA 720.33 1155.54
31-2 Ac-AEEA-wsalGyG/a-AEEA 940.41 1155.53
31-3 Ac-AEEA-wsarGyG/a-AEEA 983.43 1198.55
314 Ac-AEEA-wsaeGyG/a-AEEA 942.35 1157.48
32-1 Ac-AEEA-wsayG/yG/a-AEEA 770.31, 990.39 1205.52
32-2 Ac-AEEA-wsayG/kG/a-AEEA 770.31, 955.42 1170.55
32-3 Ac-AEEA-wsakGyG/a-AEEA 955.42 1170.55
562 Slash denotes the cleavage site by papain.

563



564  Supplementary Table S7. Sequences that were individually synthesized for papain
565  validation.

Sequence 37°C,36 h
33 Ac-AEEA-wsaka-AEEA 0%
34 Ac-AEEA-wsaea-AEEA 0%
35 Ac-AEEA-wsaya-AEEA 0%
36 Ac-AEEA-wsaGka-AEEA 0%
37 Ac-AEEA-wsaGea-AEEA 0%
38 Ac-AEEA-wsaG/ya-AEEA 2%
39 Ac-AEEA-wsakGa-AEEA 0%
40 Ac-AEEA-wsaeGa-AEEA 0%
41 Ac-AEEA-wsayG/a-AEEA 13%
42 Ac-AEEA-wsaGkGa-AEEA 0%
43 Ac-AEEA-wsaGeGa-AEEA 0%
44 Ac-AEEA-wsaGyG/a-AEEA 22%
45 Ac-AEEA-wsaGGkGa-AEEA 0%
46 Ac-AEEA-wsaGGeGa-AEEA 0%
47 Ac-AEEA-wsaGGyG/a-AEEA 24%
48 Ac-AEEA-wsayG/ka-AEEA 5%
49 Ac-AEEA-wsayG/ea-AEEA 3%
50 Ac-AEEA-wsayG/ya-AEEA 40%
51 Ac-AEEA-wsakGyG/a-AEEA 3%
52 Ac-AEEA-wsaeGyG/a-AEEA 20%
53 Ac-AEEA-wsayGyG/a-AEEA 92%
54 Ac-AEEA-wsayGkG/a-AEEA 6%
55 Ac-AEEA-wsayGeG/a-AEEA 4%
56 Ac-AEEA-wsaGkG/ya-AEEA 5%
57 Ac-AEEA-wsaGeGya-AEEA 0%
58 Ac-AEEA-wsaGyG/ya-AEEA 53%
59 Ac-AEEA-wsaGyG/ka-AEEA 11%
60 Ac-AEEA-wsaGyG/ea-AEEA 5%
61 Ac-AEEA-wsaGlGka-AEEA 0%
62 Ac-AEEA-wsaGlGea-AEEA 0%
63 Ac-AEEA-wsaGlG/ya-AEEA 28%
566 Slash denotes the cleavage site by papain. The highlighted sequences exhibited superior

567 cleavage yields, and peptide 53 was selected as a candidate for further optimization.
568



569  Supplementary Table S8. Positional scan with a single mutation at P2 based on peptide
570 Ac-AEEA-wsayGyG/a-AEEA.

P2 scan 37°C,36 h  37°C,6 h 37°C,1h

64 Ac-AEEA-wsayGrG/a-AEEA 16%

65 Ac-AEEA-wsayGhG/a-AEEA 0%

66 Ac-AEEA-wsayGkG/a-AEEA 6%

67 Ac-AEEA-wsayGeG/a-AEEA 4%

68 Ac-AEEA-wsayGsG/a-AEEA 0%

69 Ac-AEEA-wsayGaG/a-AEEA 0%

70 Ac-AEEA-wsayGpG/a-AEEA 0%

71 Ac-AEEA-wsayGaG/a-AEEA 0%

72 Ac-AEEA-wsayGvG/a-AEEA 18%

73 Ac-AEEA-wsayG1G/a-AEEA 16% 3%

74 Ac-AEEA-wsayGfG/a-AEEA 98% 25% 17%

75 Ac-AEEA-wsayGwG/a-AEEA 98% 95% 21%

76 Ac-AEEA-wsayGyG/a-AEEA 92% 24% 7%
571 Slash denotes the cleavage site by papain.

572
573  Supplementary Table S9. Positional scan with a single mutation at P1’ based on peptide
574  Ac-AEEA-sayGwG/a-AEEA.

P1’ scan 37°C,36 h  37°C,6 h 37°C,1h

77 Ac-AEEA-sayGwG/h-AEEA 82% 17%
78 Ac-AEEA-sayGwG/k-AEEA 20%

79 Ac-AEEA-sayGwG/e-AEEA 26%

80 Ac-AEEA-sayGwG/s-AEEA 61%

81 Ac-AEEA-sayGwG/g-AEEA 47%

82 Ac-AEEA-sayGwG/p-AEEA 0%

83 Ac-AEEA-sayGwG/a-AEEA 84% 54% 18%
84 Ac-AEEA-sayGwG/v-AEEA 29%

85 Ac-AEEA-sayGwG/1-AEEA 98% 75% 20%
86 Ac-AEEA-sayGwG/ £-AEEA 98% 69% 19%
87 Ac-AEEA-sayGwG/w-AEEA 98% 71% 21%
88 Ac-AEEA-sayGwG/y-AEEA 98% 86% 23%

575 Slash denotes the cleavage site by papain.

576

577



578  Supplementary Table S10. Positional scan with a single mutation at P1 based on peptide
579 Ac-AEEA-sayGwG/a-AEEA.

P1 scan 37°C,36 h
89 Ac-AEEA-sayGwh/a-AEEA 0%
90 Ac-AEEA-sayGwk/a-AEEA 0%
91 Ac-AEEA-sayGwe/a-AEEA 0%
92 Ac-AEEA-sayGws/a-AEEA 0%
93 Ac-AEEA-sayGwqg/a-AEEA 0%
94 Ac-AEEA-sayGwp/a-AEEA 0%
95 Ac-AEEA-sayGwa/a-AEEA 0%
96 Ac-AEEA-sayGwv/a-AEEA 0%
97 Ac-AEEA-sayGwl/a-AEEA 0%
98 Ac-AEEA-sayGwf/a-AEEA 0%
99 Ac-AEEA-sayGww/a-AEEA 0%
100 Ac-AEEA-sayGwy/a-AEEA 0%
580 Slash denotes the cleavage site by papain.

581

582  Supplementary Table S11. Positional scan with a single mutation at P3 based on peptide
583 Ac-AEEA-sayGwG/a-AEEA.

584
585

586

P3 scan 37°C,36 h  37°C,1h

101 Ac-AEEA-sayhwG/a-AEEA 0%

102 Ac-AEEA-saykwG/a-AEEA 0%

103 Ac-AEEA-sayewG/a-AEEA 0%

104 Ac-AEEA-sayswG/a-AEEA 28% 2%
105 Ac-AEEA-saygwG/a-AEEA 0%

106 Ac-AEEA-saypwG/a-AEEA 1%

107 Ac-AEEA-sayawG/a-AEEA 42% 2%
108 Ac-AEEA-sayvwG/a-AEEA 2%

109 Ac-AEEA-saylwG/a-AEEA <1%

110 Ac-AEEA-sayfwG/a-AEEA <1%

111 Ac-AEEA-saywwG/a-AEEA <1%

112 Ac-AEEA-sayywG/a-AEEA <1%

Slash denotes the cleavage site by papain.




587  Supplementary Table S12. Positional scan with a single mutation at P4 based on peptide
588 Ac-AEEA-sayGwG/a-AEEA.

P4 scan 37°C,36 h  37°C,6h 37°C,1h

113 Ac-AEEA-saGGwG/a-AEEA 6%

114 Ac-AEEA-sahGwG/a-AEEA 32%

115 Ac-AEEA-sakGwG/a-AEEA 3%

116 Ac-AEEA-saeGwG/a-AEEA 28%

117 Ac-AEEA-sasGwG/a-AEEA 20%

118 Ac-AEEA-sagGwG/a-AEEA 12%

119 Ac-AEEA-sapGwG/a-AEEA 30%

120 Ac-AEEA-saaGwG/a-AEEA 18%

121 Ac-AEEA-salGwG/a-AEEA 33%

122 Ac-AEEA-salGwG/a-AEEA 30%

123 Ac-AEEA-safGwG/a-AEEA 98% 77% 17%
124 Ac-AEEA-sawGwG/a-AEEA 96% 71% 10%

589 Slash denotes the cleavage site by papain.

590

591  Supplementary Table S13. Positional scan with a single mutation at P5 based on peptide
592  Ac-AEEA-sayGwG/a-AEEA.

PS scan 37°C,36 h  37°C,6 h  37°C,1h
125 Ac-AEEA-sGyGwG/a-AEEA 84% 8%
126 Ac-AEEA-shyGwG/a-AEEA 81% 8%
127 Ac-AEEA-skyGwG/a-AEEA 76% 9%
128 Ac-AEEA-seyGwG/a-AEEA 96% 41% 10%
129 Ac-AEEA-ssyGwG/a-AEEA 69% 8%
130 Ac-AEEA-sqyGwG/a-AEEA 89% 11%
131 Ac-AEEA-spyGwG/a-AEEA 99% 97% 41%
132 Ac-AEEA-svyGwG/a-AEEA 99% 94% 37%
133 Ac-AEEA-s1yGwG/a-AEEA 98% 99% 48%
134 Ac-AEEA-sfyGwG/a-AEEA 98% 97% 27%
135 Ac-AEEA-swyGwG/a-AEEA 98% 94% 25%
136 Ac-AEEA-syyGwG/a-AEEA 98% 66% 13%
593 Slash denotes the cleavage site by papain.

594
595



596  Supplementary Table S14. Sequences included in the test.

P1’-PS combination Sequence 37°C,1h

137 P5 =1, AEEA2 Ac-AEEA2-s1yGwG/a-AEEA 40%
138 P5S=LPl’=y Ac-AEEA2-s1yGwG/v-AEEA 53%
139 P5=1,PI’=1 Ac-AEEA2-s1yGwG/1-AEEA 37%
140 P5=1,Pl=a Ac-AEEA2-slyGwa/a-AEEA 0%
141 P5=1,P3=a Ac-AEEA2-slyawG/a-AEEA 3%
142 P5=1,P4=oF Ac-AEEA2-s1£fGwG/a-AEEA 18%
143 P5=1P4=w Ac-AEEA2-s1wGwG/a-AEEA 15%
144 P5=1,PI’=y,Pl=a Ac-AEEA2-s1yGwa/y-AEEA 0%
145 PS=1,PI’=y,P3=a Ac-AEEA2-s1yawG/y-AEEA 9%
146 P5=1,P3=a,P4="f Ac-AEEA2-s1fawG/a-AEEA 2%
147 P5 =1, PI’=y, P3=a, P4=f Ac-AEEA2-s1fawG/y-AEEA 6%

597 Slash denotes the cleavage site by papain. AEEA2 (AEEA-AEEA) was used to facilitate

598  HPLC analysis.

599

600  Supplementary Table S15. Positional scan with a single mutation at P6 based on peptide
601  Ac-AEEA2-1yGwG/y-AEEA.

P6 scan 37°C,1h
148 Ac-AEEA2-1yGwG/vy-AEEA 41%
149 Ac-AEEA2-G1yGwG/y-AEEA 32%
150 Ac-AEEA2-r1yGwG/y-AEEA 23%
151 Ac-AEEA2-11yGwG/y-AEEA 42%
152 Ac-AEEA2-k1yGwG/y-AEEA 20%
153 Ac-AEEA2-1yGwG/y-AEEA 42%
154 Ac-AEEA2--1yGwG/y-AEEA 56%
155 Ac-AEEA2-g1yGwG/y-AEEA 48%
156 Ac-AEEA2-p1yGwG/y-AEEA 31%
157 Ac-AEEA2-21yGwG/y-AEEA 31%
158 Ac-AEEA2-11yGwG/y-AEEA 33%
159 Ac-AEEA2-£1yGwG/y-AEEA 44%
160 Ac-AEEA2-w1yGwG/y-AEEA 39%
161 Ac-AEEA2-v1yGwG/y-AEEA 40%
602 Slash denotes the cleavage site by papain.

603

604



605  Supplementary Table S16. Positional scan with a single mutation at P2’ based on peptide
606 Ac-AEEA2-1yGwG/y-AEEA .

P2’ scan 37°C,1h
162 Ac-AEEA2-1yGwG/yr-AEEA 35%
163 Ac-AEEA2-1yGwG/yh-AEEA 31%
164 Ac-AEEA2-1yGwG/yk-AEEA 24%
165 Ac-AEEA2-1yGwG/ye-AEEA 26%
166 Ac-AEEA2-1yGwG/ys-AEEA 40%
167 Ac-AEEA2-1yGwG/yq-AEEA 30%
168 Ac-AEEA2-1yGwG/yp-AEEA 24%
169 Ac-AEEA2-1yGwG/vya-AEEA 38%
170 Ac-AEEA2-1yGwG/y1-AEEA 61%
171 Ac-AEEA2-1yGwG/yf-AEEA 61%
172 Ac-AEEA2-1yGwG/yw-AEEA 73%
173 Ac-AEEA2-1yGwG/yyv-AEEA 72%
P6 and P2’ combination 37°C,1h
174 Ac-AEEA2-51yGwG/yw-AEEA 75%
175 Ac-AEEA2-s1yGwG/yy-AEEA 77%
176 Ac-AEEA2-g1yGwG/yw-AEEA 83%
177 Ac-AEEA2-q1yGwG/yy-AEEA 82%
607 Slash denotes the cleavage site by papain.
608
609  Supplementary Table S17. Sequences included in ~-wsaGGjGG- and -wsaG]jjGG-.
Sequence Sequence
Bl Ac-AEEA-wsaGGj,GG-AEEA B7 Ac-AEEA-wsaG3j,j.GG-AEEA
B2 Ac-AEEA-wsaGGj,GG-AEEA B8 Ac-AEEA-wsaG3j,j,GG-AEEA
B3 Ac-AEEA-wsaGGj;GG-AEEA B9 Ac-AEEA-wsaG3j,j:GG-AEEA
B4 Ac-AEEA-wsaGj;j:GG-AEEA | B10  Ac-AEEA-wsaGj;3:GG-AEEA
B5 Ac-AEEA-wsaGj;j.GG-AEEA B11 Ac-AEEA-wsaGj3j.GG-AEEA
B6 Ac-AEEA-wsaGj;j3;GG-AEEA | B12  Ac-AEEA-wsaGj;jsGG-AEEA
610 ji=h+a+p+y
611 jo=r+s+d+f
612 j3=k+et+tv+w
613 j=jit+j2t]s
614 -wsa- and -as- were appended to the N-terminus of the target screening sequences to

615  ensure successful HPLC analysis of the peptide cleavage. These appended D-peptides also
616  ensure that any observed proteolytic activity results from recognizing D-peptide substrates. This
617  principle was applied to subsequent experiments. All samples were incubated at 37°C for 36
618  hours.

619
620



621  Supplementary Table S18. Observed sequences recognized by hCATB based on Library
622 #3.

Sequence 37°C,36 h
B1-1 Ac-AEEA-wsaGGyG/G-AEEA 10%
B1-2 Ac-AEEA-wsaGGhG/G-AEEA 3%
B2-1 Ac-AEEA-wsaGGE£G/G-AEEA 10%
B2-2 Ac-AEEA-wsaGGrG/G-AEEA 3%
B3-1 Ac-AEEA-wsaGGwG/G-AEEA 11%
B4-1 Ac-AEEA-wsaGyyG/G-AEEA 8%
B4-2 Ac-AEEA-wsaGpyG/G-AEEA 5%
B5-1 Ac-AEEA-wsaGy£G/G-AEEA 6%
BS5-2 Ac-AEEA-wsaGafG/G-AEEA 4%
BS-3 Ac-AEEA-wsaGp£G/G-AEEA 4%
B6-1 Ac-AEEA-wsaGywG/G-AEEA 6%
B6-2 Ac-AEEA-wsaGawG/G-AEEA 7%
B6-3 Ac-AEEA-wsaGpwG/G-AEEA 5%
B6-4 Ac-AEEA-wsaGpvG/G-AEEA 5%
B7-1 Ac-AEEA-wsaGfyG/G-AEEA 12%
B7-2 Ac-AEEA-wsaGEpG/G-AEEA 5%
B7-3 Ac-AEEA-wsaGryG/G-AEEA 4%
B7-4 Ac-AEEA-wsaGsyG/G-AEEA 4%
B7-5 Ac-AEEA-wsaGshG/G-AEEA 3%
B8-1 Ac-AEEA-wsaGf£G/G-AEEA 5%
B9-1 Ac-AEEA-wsaGfwG/G-AEEA 7%
B9-2 Ac-AEEA-wsaGswG/G-AEEA 3%
B9-3 Ac-AEEA-wsaGrwG/G-AEEA 3%
B10-1 Ac-AEEA-wsaGwyG/G-AEEA 6%
B10-2 Ac-AEEA-wsaGwpG/G-AEEA 5%
623 Slash denotes the cleavage site by hCATB. The concentration of hCATB was 20 nM, and

624  of substrates was 40 uM. Only sequences with more than 5% cleavage products of BI-B12 are
625  presented. The D-amino acid, highlighted in red, was recognized as P2 or P3, while Gly was
626 P1.

627

628



629  Supplementary Table S19. Sequences that were individually synthesized for validation.

Sequence 37°C,24 h

B1-1 Ac-AEEA-wsaGGyG/G-AEEA 40%
B2-1 Ac-AEEA-wsaGGE£G/G-AEEA 31%
B3-1 Ac-AEEA-wsaGGwG/G-AEEA 35%
B4-1 Ac-AEEA-wsaGyyG/G-AEEA 55%
B5-1 Ac-AEEA-wsaGy£G/G-AEEA 44%
Bo6-1 Ac-AEEA-wsaGywG/G-AEEA 43%
B6-2 Ac-AEEA-wsaGawG/G-AEEA 32%
B6-3 Ac-AEEA-wsaGpwG/G-AEEA 6%

B6-4 Ac-AEEA-wsaGpvG/G-AEEA 10%
B7-1 Ac-AEEA-wsaGfyG/G-AEEA 34%
B7-2 Ac-AEEA-wsaGEfpG/G-AEEA 21%
B8-1 Ac-AEEA-wsaGEf£G/G-AEEA 31%
B9-1 Ac-AEEA-wsaGEfwG/G-AEEA 35%
B10-1 Ac-AEEA-wsaGwyG/G-AEEA 39%
B10-2 Ac-AEEA-wsaGwpG/G-AEEA 28%

630 Slash denotes the cleavage site by hCATB.

631
632  Supplementary Table S20. Positional scan with a single mutation at P2 based on peptide
633 Ac-AEEA2-GGxG/G-AEEA.

P2 scan 37°C,12 h
B13 Ac-AEEA2-GGrG/G-AEEA 19%
B14 Ac-AEEA2-GGhG/G-AEEA 19%
B15 Ac-AEEA2-GGkG/G-AEEA 12%
B16 Ac-AEEA2-GGeG/G-AEEA 1%
B17 Ac-AEEA2-GGsG/G-AEEA 6%
B18 Ac-AEEA2-GGgG/G-AEEA 1%
B19 Ac-AEEA2-GGpG/G-AEEA 2%
B20 Ac-AEEA2-GGaG/G-AEEA 1%
B21 Ac-AEEA2-GG1G/G-AEEA 3%
B22 Ac-AEEA2-GGE£G/G-AEEA 15%
B23 Ac-AEEA2-GGwG/G-AEEA 17%
B24 Ac-AEEA2-GGyG/G-AEEA 20%
634 Slash denotes the cleavage site by hCATB.

635



636  Supplementary Table S21. Positional scan with a single mutation at P3 based on peptide
637 Ac-AEEA2-GGyG/G-AEEA.

P3 scan 37°C,12 h

B25 Ac-AEEA2-GryG/G-AEEA 11%
B26 Ac-AEEA2-GhyG/G-AEEA 24%
B27 Ac-AEEA2-GkyG/G-AEEA 13%
B28 Ac-AEEA2-GeyG/G-AEEA 4%

B29 Ac-AEEA2-GsyG/G-AEEA 17%
B30 Ac-AEEA2-GqyG/G-AEEA 11%
B31 Ac-AEEA2-GpyG/G-AEEA 4%

B32 Ac-AEEA2-GayG/G-AEEA 30%
B33 Ac-AEEA2-G1lyG/G-AEEA 8%

B34 Ac-AEEA2-GfyG/G-AEEA 19%
B35 Ac-AEEA2-GwyG/G-AEEA 19%
B36 Ac-AEEA2-GyyG/G-AEEA 30%

638 Slash denotes the cleavage site by hCATB.

639

640



641  Supplementary Table S22. Positional scan with a single mutation at P4, PS5 based on
642  peptide Ac-AEEA2-GGyyG/G-AEEA.

P4 scan 37°C,12 h
B37 Ac-AEEA2-GGyyG/G-AEEA 29%
B38 Ac-AEEA2-GryyG/G-AEEA 70%
B39 Ac-AEEA2-GhyyG/G-AEEA 76%
B40 Ac-AEEA2-GkyyG/G-AEEA 71%
B41 Ac-AEEA2-GeyyG/G-AEEA 20%
B42 Ac-AEEA2-GsyyG/G-AEEA 36%
B43 Ac-AEEA2-GqyyG/G-AEEA 39%
B44 Ac-AEEA2-GpyyG/G-AEEA 44%
B45 Ac-AEEA2-GayyG/G-AEEA 40%
B46 Ac-AEEA2-GlyyG/G-AEEA 45%
B47 Ac-AEEA2-GfyyG/G-AEEA 69%
B48 Ac-AEEA2-GwyyG/G-AEEA 60%
B49 Ac-AEEA2-GyyyG/G-AEEA 53%
PS scan 37°C,12 h
B50 Ac-AEEA2-rGyyG/G-AEEA 94%
B51 Ac-AEEA2-hGyyG/G-AEEA 70%
B52 Ac-AEEA2-kGyyG/G-AEEA 71%
BS3 Ac-AEEA2-eGyyG/G-AEEA 15%
B54 Ac-AEEA2-sGyyG/G-AEEA 33%
B55 Ac-AEEA2-qGyyG/G-AEEA 34%
B56 Ac-AEEA2-pGyyG/G-AEEA 41%
B57 Ac-AEEA2-aGyyG/G-AEEA 31%
BS8 Ac-AEEA2-1GyyG/G-AEEA 67%
B59 Ac-AEEA2-£GyyG/G-AEEA 68%
B60 Ac-AEEA2-wGyyG/G-AEEA 68%
B61 Ac-AEEA2-yGyyG/G-AEEA 55%
643 Slash denotes the cleavage site by hCATB.

644
645



646  Supplementary Table S23. Positional scan with a single mutation at P1’ based on peptide
647 Ac-AEEA-rkyyG/-AEEA.

P1’ scan 37°C,1h
B62 Ac-AEEA2-rkyyG/r-AEEA 0%
B63 Ac-AEEA2-rkyyG/h-AEEA 6%
B64 Ac-AEEA2-rkyyG/k-AEEA 0%
B65 Ac-AEEA2-rkyyG/e-AEEA 19%
B66 Ac-AEEA2-rkyyG/s-AEEA 3%
B67 Ac-AEEA2-rkyyG/q-AEEA 8%
B68 Ac-AEEA2-rkyyG/p-AEEA 0%
B69 Ac-AEEA2-rkyyG/a-AEEA 3%
B70 Ac-AEEA2-rkyyG/1-AEEA 48%
B71 Ac-AEEA2-rkyyG/ £-AEEA 71%
B72 Ac-AEEA2-rkyyG/w-AEEA 80%
B73 Ac-AEEA2-rkyyG/y-AEEA 71%
648 Slash denotes the cleavage site by hCATB.
649
650  Supplementary Table S24. Combination of preferred amino acids at P3 and P4.
P3-P4 combination 37°C,6 h 37°C,1h
B74 Ac-AEEA2-rrhyG/G-AEEA 87% 17%
B75 Ac-AEEA2-rryyG/G-AEEA 94% 26%
B76 Ac-AEEA2-rhhyG/G-AEEA 59% 7%
B77 Ac-AEEA2-rhyyG/G-AEEA 81% 13%
B78 Ac-AEEA2-rkhyG/G-AEEA 56% 7%
B79 Ac-AEEA2-rkyyG/G-AEEA 90% 24%
B80 Ac-AEEA2-rfhyG/G-AEEA 38% 4%
B81 Ac-AEEA2-rfyyG/G-AEEA 62% 9%
651 Slash denotes the cleavage site by hCATB.

652
653
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655
656

Supplementary Table S25. X-ray structure statistics of Ac-rkyyG-hCATB complex.

Ac-rkyyG-hCATB (9XHR)

Wavelength
Resolution range
Space group
Unit cell
Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma (1)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
CcC*
Reflections used in refinement
Reflections used for R-free
R-work
R-free
CC (work)
CC (free)
Number of non-hydrogen atoms
macromolecules

ligands

solvent
Protein residues
RMS (bonds)
RMS (angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor
macromolecules

ligands

solvent

1.5418

30.78 - 1.5 (1.554 - 1.5)
P212121
31.0984 81.3307 94.2191 90 90 90
223427 (14062)
39111 (3823)
5.7(3.7)

99.70 (98.79)
18.48 (4.09)
9.89

0.05729 (0.2362)
0.06207 (0.275)
0.02309 (0.1371)
0.999 (0.935)

1 (0.983)

39106 (3823)
2003 (195)
0.1708 (0.1895)
0.1944 (0.2048)
0.956 (0.851)
0.950 (0.872)
2407

2001

52

354

255

0.398

5.68

96.84

3.16

0.00

3.72

20.89

14.98

11.59

40.34

30.39
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Supplementary Table S26. X-ray structure statistics of Ac-YYG-hCATB complex.

Ac-YYG-hCATB (9VAS)

Wavelength
Resolution range
Space group
Unit cell
Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma (1)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
CcC*
Reflections used in refinement
Reflections used for R-free
R-work
R-free
CC (work)
CC (free)
Number of non-hydrogen atoms
macromolecules

ligands

solvent
Protein residues
RMS (bonds)
RMS (angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor
macromolecules

ligands

solvent

1.5418

28.35- 1.5 (1.554 - 1.5)
P212121
30.6169 75.096 97.6422 90 90 90
169204 (10587)
36878 (3545)
4.6 (3.0)

99.64 (97.68)
23.98 (2.40)
8.82

0.0836 (0.3868)
0.09278 (0.4687)
0.03863 (0.2588)
0.992 (0.788)
0.998 (0.939)
36874 (3543)
1784 (180)
0.1892 (0.2571)
0.2200 (0.2878)
0.956 (0.676)
0.947 (0.685)
2189

1949

32

208

254

0.302

6.77

96.43

3.57

0.00

1.45

1.32

12.00

10.94

12.33

21.90
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664
665
666
667
668

Supplementary Table S27. hCATB cleavage of pD-peptide sequences with a “spacer” at the

C-terminus.
Sequence 37°C,0.5h 37°C, 10 min
B82 Ac-AEEA2-rrhyG/-spacer-AEEA 49%
B83 Ac-AEEA2-rryyG/-spacer-AEEA 94% 57%
B84 Ac-AEEA2-rhhyG/-spacer-AEEA 34%
B85 Ac-AEEA2-rhyyG/-spacer-AEEA 94% 42%
B86 Ac-AEEA2-rkhyG/-spacer-AEEA 48%
B87 Ac-AEEA2-rkyyG/-spacer-AEEA 100% 65%
BS8 Ac-AEEA2-rfhyG/-spacer-AEEA 28%
B89 Ac-AEEA2-rfyyG/-spacer-AEEA 92%

Slash denotes the cleavage site by hCATB. For the application of antibody-drug
conjugates (ADCs), the C-terminus of D-peptides was appended with 3-(4-Aminophenyl)
propionic acid, a substitute for the self-immolative p-aminobenzyl carbamate (PAB) spacer.

The “spacer” refers to 3-(4-Aminophenyl) propionic acid. Sequences were synthesized and
compared based on Supplementary Table S24.



669
670

671
672

Supplementary Table S28. In vitro stability of anti-HER2 ADCs in plasma from different
species.

Human Plasma (n = 3)

Time ()ADC (ug/mL)mAb (ug/mL)ADC/mAb (%)Eelative residual ADC (%)
0.00 10.269 0.953 28.2 100.0
0.17  [0.266 1.000 26.6 94.3
1.00  [0.246 1.073 22.9 81.2
ADC-rkyyG-MMAE 300 [0.262 1.093 23.9 84.9
8.00 (0.176 0.791 22.3 79.0
14.00 {0.160 0.782 0.5 72.7
28.00 [0.171 0.851 0.1 71.3
0.00  [0.280 0.731 38.4 100.0
0.17  10.255 0.732 34.9 91.0
1.00  [0.226 0.741 30.6 79.7
ADC-VC-MMAE 300 [0.196 0.686 8.5 74.4
8.00 [0.151 0.723 20.8 54.3
14.00 [0.138 0.651 21.2 55.2
28.00 [0.122 0.767 15.9 41.3
Mouse Plasma (n = 3)
Time ()ADC (ug/mL)mAb (ug/mL)ADC/mAb (%)Eelative residual ADC (%)
0.00 [0.447 0.349 128.0 100.0
0.17 [0.427 0.375 113.9 89.0
1.00  [0.350 0.365 95.9 74.9
ADC-rkyyG-MMAE 555 504 0.349 84.2 65.8
8.00  [0.289 0.331 ’7.4 68.3
14.00 {0.248 0.288 36.2 67.4
0.00  [0.280 0.289 96.7 100.0
0.17  {0.050 0.306 16.5 17.0
1.00  [0.035 0.314 11.1 11.5
ADC-VC-MMAE 3.00  [0.031 0.310 10.1 10.5
3.00  (0.034 0.298 11.6 12.0
14.00 {0.032 0.229 14.0 14.4
Rat Plasma (n = 3)
Time (d)ADC (ug/mL)mAb (ug/mL)ADC/mADb (%)relative residual ADC (%)
0.00 [0.319 0.352 90.8 100.0
0.17  10.288 0.341 34.6 93.2
1.00  [0.266 0.327 81.3 89.6
ADC-rkyyG-MMAE 5" =557 0303 76.3 84.1
8.00  [0.188 0.261 71.9 79.3
14.00 [0.163 0.211 77.0 84.9
0.00  0.279 0.369 75.7 100.0
0.17 [0.282 0.340 82.9 109.4
1.00  [0.238 0.326 73.0 96.4
ADC-VC-MMAE 3.00 [0.180 0.271 66.4 7.7
.00 [0.111 0.200 55.6 73.3
14.00 [0.083 0.161 51.6 68.2




673  Supplementary Table S29. In vivo PK parameters for anti-HER2 ADCs in mice.

ti2 total mAb AUC otal mab AUCapc
@day) ~ U2APCEW)Gauemi)  mepgmL)
ADC-rkyyG-MMAE 13.46 7.05 173.81 89.92
ADC-VC-MMAE 28.40 0.31 188.54 5.78

674

675  Supplementary Table S30: Cleavage yield of substrates by cathepsin proteases.

Cathepsin -rkyyG- -Val-Cit- -GGFG-
B 100% 100% 50%
A 0 100% 95%
C 0 100% 65%
L 0 100% 98%
S 0 60% 20%
\% 0 100% 100%
676 All reactions were processed at 37°C for 12 hours. Details can be found in the
677  Supplementary methods.
678
679  Supplementary Table S31. Sequences included in Library #3.
Sequence
C1 Ac-AEEA-rkyyv;-spacer-AEEA
C2 Ac-AEEA-rkyyv,-spacer-AEEA
C3 Ac-AEEA-rkyyvs-spacer-AEEA
680 vi=k+s+d+G+m+1+w
681 vz=nt+h+e+a+t+y
682 vi=qt+tr+v+p+i+f
683 V=Vt Vv2+vs
684

685  Supplementary Table S32. Sequences recognized by mCES1c based on Library #3.

Sequence 37°C,24 h
C1-1 Ac-AEEA-rkyyG/-spacer-AEEA 23%
C1-2 Ac-AEEA-rkyyw/-spacer-AEEA T7%
C2-1 Ac-AEEA-rkyyy/-spacer-AEEA 9%
C3-1 Ac-AEEA-rkyy£/-spacer-AEEA 41%
686 Slash denotes the cleavage site by mCES1c. The concentration of mCES1c was 33.7 nM,

687  and of substrates was 40 uM. Only Gly, D-Trp, D-Tyr, and D-Phe could be recognized at P1 by
688 mCESIc, with D-Trp being the most effective. This confirms that P1 is compatible with D-
689  amino acids.

690



691  Supplementary Table S33. Positional scan with a single mutation at P2, P3 based on
692  peptide Ac-AEEA-rkyyw-spacer-AEEA for mCESl1ec.

P2 scan 37°C,12 h
C4 Ac-AEEA-rkyGw/-spacer-AEEA 2%
Cs Ac-AEEA-rkyrw/-spacer-AEEA 8%
Co Ac-AEEA-rkyhw/-spacer-AEEA 9%
Cc7 Ac-AEEA-rkykw/-spacer-AEEA 11%
C8 Ac-AEEA-rkyew/-spacer-AEEA 5%
9 Ac-AEEA-rkysw/-spacer-AEEA 10%
C10 Ac-AEEA-rkyqw/-spacer-AEEA 6%
Cc1 Ac-AEEA-rkypw/-spacer-AEEA 4%
C12 Ac-AEEA-rkyaw/-spacer-AEEA 16%
C13 Ac-AEEA-rkylw/-spacer-AEEA 31%
C14 Ac-AEEA-rkyfw/-spacer-AEEA 14%
C15 Ac-AEEA-rkyww/-spacer-AEEA 5%
C16 Ac-AEEA-rkyyw/-spacer-AEEA 14%
P3 scan 37°C,12 h
C17 Ac-AEEA-rkGyw/-spacer-AEEA 0%
C18 Ac-AEEA-rkryw/-spacer-AEEA 0%
C19 Ac-AEEA-rkhyw/-spacer-AEEA 0%
C20 Ac-AEEA-rkkyw/-spacer-AEEA 0%
C21 Ac-AEEA-rkeyw/-spacer-AEEA 0%
C22 Ac-AEEA-rksyw/-spacer-AEEA 0%
C23 Ac-AEEA-rkqyw/-spacer-AEEA 0%
C24 Ac-AEEA-rkpyw/-spacer-AEEA 5%
C25 Ac-AEEA-rkayw/-spacer-AEEA 21%
C26 Ac-AEEA-rklyw/-spacer-AEEA 26%
C27 Ac-AEEA-rkfyw/-spacer-AEEA 7%
C28 Ac-AEEA-rkwyw/-spacer-AEEA 36%
693 Slash denotes the cleavage site by mCESlc.

694
695



696  Supplementary Table S34. Positional scan with a single mutation at P4, PS5 based on
697  peptide Ac-AEEA-rkwlw-spacer-AEEA for mCESl1c .

P4 scan 37°C,1h

C29 Ac-AEEA2-rGwlw-spacer-AEEA 5%

C30 Ac-AEEA2-rrwlw-spacer-AEEA 39%
C31 Ac-AEEA2-rhwlw-spacer-AEEA 15%
C32 Ac-AEEA2-rkwlw-spacer-AEEA 13%
C33 Ac-AEEA2-rewlw-spacer-AEEA 23%
C34 Ac-AEEA2-rswlw-spacer-AEEA 23%
C35 Ac-AEEA2-rqwlw-spacer-AEEA 51%
C36 Ac-AEEA2-rpwlw-spacer-AEEA 6%

C37 Ac-AEEA2-rawlw-spacer-AEEA 21%
C38 Ac-AEEA2-rlwlw-spacer-AEEA 94%
C39 Ac-AEEA2-rfwlw-spacer-AEEA 32%
C40 Ac-AEEA2-rwwlw-spacer-AEEA 19%
C41 Ac-AEEA2-rywlw-spacer-AEEA 15%

PS scan 37°C,12 h
C42 Ac-AEEA2-Gkwlw-spacer-AEEA 53%
C43 Ac-AEEA2-rkwlw-spacer-AEEA 81%
C44 Ac-AEEA2-hkwlw-spacer-AEEA 95%
C45 Ac-AEEA2-kkwlw-spacer-AEEA 72%
C46 Ac-AEEA2-ekwlw-spacer-AEEA 40%
C47 Ac-AEEA2-skwlw-spacer-AEEA 59%
C48 Ac-AEEA2-gkwlw-spacer-AEEA 79%
C49 Ac-AEEA2-pkwlw-spacer-AEEA 76%
C50 Ac-AEEA2-akwlw-spacer-AEEA 67%
Cs1 Ac-AEEA2-1kwlw-spacer-AEEA 79%
C52 Ac-AEEA2-fkwlw-spacer-AEEA 83%
Cs3 Ac-AEEA2-wkwlw-spacer-AEEA 69%
C54 Ac-AEEA2-ykwlw-spacer-AEEA 97%
P4-P5 combination 37°C,1h
C5s5 Ac-AEEA2-r1lwlw-spacer-AEEA 94%
C56 Ac-AEEA2-h1lwlw-spacer-AEEA 57%
Cs7 Ac-AEEA2-flwlw-spacer-AEEA 43%
Cs8 Ac-AEEA2-ylwlw-spacer-AEEA 65%
698 Slash denotes the cleavage site by mCES1c. P4 plays a crucial role in enhancing cleavage

699 efficiency, with the reaction time set at 1 hour. The top reaction D-amino acids at P4 and P5
700  were combined, and —r1wlw— was identified as the best.

701
702



703  Supplementary Table S35. Single-point mutation scanning of the P2, P1, and P1’ positions
704  in the D-peptide substrate of hCATL.

P1’ scan 37°C,24 h
L1 Ac-AEEA2-rkyyG/ r-spacer-AEEA 5%
L2 Ac-AEEA2-rkyyG/h-spacer-AEEA <1%
L3 Ac-AEEA2-rkyyG/k-spacer-AEEA 204
L4 Ac-AEEA2-rkyyG/e-spacer-AEEA 4%
LS Ac-AEEA2-rkyyG/s-spacer-AEEA 39,
L6 Ac-AEEA2-rkyyG/qg-spacer-AEEA 204
L7 Ac-AEEA2-rkyyG/p-spacer-AEEA <1%
L8 Ac-AEEA2-rkyyG/a-spacer-AEEA 4%
L9 Ac-AEEA2-rkyyG/1-spacer-AEEA 10%
L10 Ac-AEEA2-rkyyG/ £-spacer-AEEA 5%,
L11 Ac-AEEA2-rkyyG/w-spacer-AEEA 99,
L12 Ac-AEEA2-rkyyG/y-spacer-AEEA 7%

P1 scan 37°C,24 h
L13 Ac-AEEA-rkyyG/-spacer-AEEA 49%,
L14 Ac-AEEA-rkyyh/-spacer-AEEA 1%
L15 Ac-AEEA-rkyys/-spacer-AEEA <1%
L16 Ac-AEEA-rkyyp/-spacer-AEEA 0%
L17 Ac-AEEA-rkyya/-spacer-AEEA 0%
L18 Ac-AEEA-rkyyl/-spacer-AEEA <1%
L19 Ac-AEEA-rkyyw/-spacer-AEEA 0%
L20 Ac-AEEA-rkyyy/-spacer-AEEA 0%

P2 scan 37°C,24 h
L21 Ac-AEEA2-GGrG/-G-AEEA 3%
L22 Ac-AEEA2-GGhG/-G-AEEA 4%,
L23 Ac-AEEA2-GGkG/-G-AEEA 1%
L24 Ac-AEEA2-GGeG/-G-AEEA 29
L25 Ac-AEEA2-GGsG/-G-AEEA <1%
L26 Ac-AEEA2-GGgG/-G-AEEA <1%
L27 Ac-AEEA2-GGpG/-G-AEEA <1%
L28 Ac-AEEA2-GGaG/-G-AEEA <1%
L29 Ac-AEEA2-GG1G/-G-AEEA 3%
L30 Ac-AEEA2-GGE£G/-G-AEEA 499,
L31 Ac-AEEA2-GGwG/-G-AEEA 50%
L32 Ac-AEEA2-GGyG/-G-AEEA 50%

705 Slash denotes the cleavage site by hCATL. The threshold for cleavage yield is set at 1%.

706



707  Supplementary Table S36. Single-point mutation scanning of the P5, P4, and P3 positions
708  in the D-peptide substrate of hCATL.

P3 scan 37°C,24 h
L33 Ac-AEEA2-GGyG/-G-AEEA 20%
L34 Ac-AEEA2-GryG/-G-AEEA 6%
L35 Ac-AEEA2-GhyG/-G-AEEA 8%
L36 Ac-AEEA2-GkyG/-G-AEEA 9%,
L37 Ac-AEEA2-GeyG/-G-AEEA 6%
L38 Ac-AEEA2-GsyG/-G-AEEA 7%
L39 Ac-AEEA2-GqyG/-G-AEEA 50,
L40 Ac-AEEA2-GpyG/-G-AEEA 1%
L41 Ac-AEEA2-GayG/-G-AEEA 26%
L42 Ac-AEEA2-GlyG/-G-AEEA 12%
L43 Ac-AEEA2-GfyG/-G-AEEA 11%
L44 Ac-AEEA2-GwyG/-G-AEEA 18%
L45 Ac-AEEA2-GyyG/-G-AEEA 99

P4 scan 37°C,24 h
L46 Ac-AEEA2-GGyyG/-G-AEEA 12%
L47 Ac-AEEA2-GryyG/-G-AEEA 20%
L48 Ac-AEEA2-GhyyG/-G-AEEA 379%
L49 Ac-AEEA2-GkyyG/-G-AEEA 7%
L50 Ac-AEEA2-GeyyG/-G-AEEA 13%
L51 Ac-AEEA2-GsyyG/-G-AEEA 1%
L52 Ac-AEEA2-GqyyG/-G-AEEA 1%
L53 Ac-AEEA2-GpyyG/-G-AEEA 17%
L54 Ac-AEEA2-GayyG/-G-AEEA 13%
L55 Ac-AEEA2-G1yyG/-G-AEEA 22%
L56 Ac-AEEA2-GfyyG/-G-AEEA 34%
L57 Ac-AEEA2-GwyyG/-G-AEEA 550
L58 Ac-AEEA2-GyyyG/-G-AEEA 29%

PS scan 37°C,24 h
L59 Ac-AEEA2-rGyyG-G-AEEA 14%
L60 Ac-AEEA2-hGyyG-G-AEEA 17%
Lé61 Ac-AEEA2-kGyyG-G-AEEA 10%
L62 Ac-AEEA2-eGyyG-G-AEEA 11%
L63 Ac-AEEA2-sGyyG-G-AEEA 14%
L64 Ac-AEEA2-pGyyG-G-AEEA 15%
L65 Ac-AEEA2-aGyyG-G-AEEA 14%
L66 Ac-AEEA2-1GyyG-G-AEEA 17%
L67 Ac-AEEA2-£GyyG-G-AEEA 249%
L68 Ac-AEEA2-wGyyG-G-AEEA 25%
L69 Ac-AEEA2-yGyyG-G-AEEA 3%
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Supplementary Videos

Supplementary Video S1

200 ns molecular dynamics simulation of hCATB in complex with the D-pentapeptide (—
rkyyG-). The protease is shown in cartoon representation (gray), and the substrate is depicted
as sticks (cyan). Water molecules and ions are omitted for clarity.

Supplementary Video S2

200 ns molecular dynamics simulation of hCATB in complex with the L-tripeptide (-YYG-).
The protease is shown in cartoon representation (gray), and the substrate is depicted as sticks
(cyan). Water molecules and ions are omitted for clarity.

Supplementary Video S3

200 ns molecular dynamics simulation of hCATB in complex with the D-tripeptide (—rkyyG-).
The protease is shown in cartoon representation (gray), and the substrate is depicted as sticks
(cyan). Water molecules and ions are omitted for clarity.

Supplementary Video S4

200 ns molecular dynamics simulation of papain in complex with the L-peptide (—
LYGWGYW-). The protease is shown in cartoon representation (gray), and the substrate is
depicted as sticks (cyan). Water molecules and ions are omitted for clarity.

Supplementary Video S5

200 ns molecular dynamics simulation of papain in complex with the D-peptide (-lyGwGyw-).
The protease is shown in cartoon representation (gray), and the substrate is depicted as sticks
(cyan). Water molecules and ions are omitted for clarity.

Supplementary Video S6

200 ns molecular dynamics simulation of mCES1c in complex with the L-peptide (—RLWLW-).
The protease is shown in cartoon representation (gray), and the substrate is depicted as sticks
(cyan). Water molecules and ions are omitted for clarity.
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Supplementary Video S7

200 ns molecular dynamics simulation of mCES1c in complex with the D-peptide (—rlwlw—).
The protease is shown in cartoon representation (gray), and the substrate is depicted as sticks
(cyan). Water molecules and ions are omitted for clarity.

Supplementary Video S8

200 ns molecular dynamics simulation of mCES1c in complex with the D-peptide (—rIwlw-).
At 40 ns into the simulation, the protease undergoes a pronounced conformational change,
allowing the substrate to enter the active pocket. The protease is shown in cartoon
representation (gray), and the substrate is depicted as sticks (cyan). Water molecules and ions
are omitted for clarity.
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