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Supplementary Figure 25 | UPLC-UV purity of the cR4, peptide 3.

2.2.3.4 Synthesis of cyclic TAT (4)

Supplementary Scheme 3 | Synthetic scheme for the synthesis of a circular cell-penetrating TAT
peptide 4.

The synthesis of peptide 4 is outlined in Supplementary Scheme 3. First, a linear
peptide of the sequence (Fmoc)(Alloc)KrRrGrKkRr(OAII)E was synthesized on a Rink
amide resin (0.1 mmol, 0.14 mmol/g). Upper case letters correspond to L-, lower
case letters to D-amino acids. The couplings were performed using 5 eq. of amino
acid. Alloc- and OAIl protecting groups were removed using Pd(PPhs)s (58 mg, 0.5
eq.) in a mixture of CHCI3/AcCOH/NMM in a ratio of 37/2/1 for 2 h at ambient
temperature under argon atmosphere. To remove the Pd catalyst afterwards, the
resin was washed additionally with 0.2 M DIPEA/DMF. The cyclization of the peptide
was carried out using 1 eq. HATU and 2 eq. DIPEA in 8 mL DMF for 2 h at RT,
followed by capping. After Fmoc-removal (2x 20 min piperidine/DMF [1:4]), a linker
consisting of two repeats of [2-[2-aminoethoxy]ethoxy]acetic acid was introduced
before Boc-Cys was coupled to the N-terminus of this linker. These couplings were
each performed twice using 5 eq. of HOBY/DIC activated acid in DMF. After washing
and drying the peptide was cleaved from the solid support (4 h in 8 mL 95% TFA,
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2.5% TIS, 2.5% DTT), TFA evaporated via N,-stream and the peptide precipitated in
40 mL diethy lether. The peptide was purified using preparative HPLC method B to
yield a white trifluoroacetate (14 mg, 4.78 ymol, yield 4.8%, molar mass (peptide) =
1901 Da, molar mass (TFAg-salt) = 2927 Da) in good purity (see Supplementary Fig.
26). HRMS: m/z: 634.0493 [M+3H]** (calcd. m/z: 634.0429).
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Supplementary Figure 26 | UPLC-UV purity of the cTAT peptide 4.

2.2.3.5 Synthesis of linear R1o peptide §

The peptide of the sequence (Boc)(Trt)C(PEG).KrRrGrKkRrE was synthesized on a
Rink Amide resin (0.1 mmol, 0.14 mmol/g). Upper case letters correspond to L-,
lower case letters to D-amino acids. The couplings were performed using 5 eq. of
amino acid. After washing and drying the peptide was cleaved from the solid support
(5hin8 mL 95% TFA, 2.5% TIS, 2.5% DTT), TFA evaporated via Nz-stream and the
peptide precipitated in 40 mL diethy lether. The peptide was purified using
preparative HPLC method B to yield a white trifluoroacetate (25 mg, 11.2 pmol, yield
11%, molar mass (peptide) = 2229 Da, molar mass (TFA14-salt) = 3483 Da) in good
purity (see Supplementary Fig. 27). HRMS: m/z: 744,1214 [M+3H]** (calcd. m/z:
744.2298).
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Supplementary Figure 27 | UPLC-UV of the linear Ryo peptide 5.

2.2.3.6 Synthesis of linear TAT peptide 6

The peptide of the sequence (Boc)(Trt)C(PEG).KrRrGrKkRrE was synthesized on a
Rink Amide resin (0.1 mmol, 0.14 mmol/g). Upper case letters correspond to L-,
lower case letters to D-amino acids. The couplings were performed using 5 eq. of
amino acid. After washing and drying the peptide was cleaved from the solid support
(5hin8 mL 95% TFA, 2.5% TIS, 2.5% DTT), TFA evaporated via No-stream and the
peptide precipitated in 40 mL diethyl ether. The peptide was purified using
preparative HPLC method B to yield a white trifluoroacetate (30 mg, 15.63 pmol,
yield 16%, molar mass (peptide) = 1919 Da, molar mass (TFAs-salt) = 2945 Da) in
good purity (see Supplementary Fig. 28). HRMS: m/z: 640,3884 [M+3H]** (calcd.
m/z: 640.8433).
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Supplementary Figure 28 | UPLC-UV of the linear TAT peptide 6.
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2.2.3.7 Synthesis of Cy5-peptide 10

A linear peptide of the sequence (Boc)(Trt)C(PEG)2(Alloc)KG was synthesized on a
Rink Amide resin (0.1 mmol, 0.54 mmol/g). The couplings were performed using 5
eq. of amino acid. The Alloc protecting group was removed using Pd(PPhs)s (11.6
mg, 0.1 eq.) and PhSiH3z (25 eq., 270.5 mg, 308 pL) in dry DCM for 30 min at
ambient temperature under Argon atmosphere. To remove the Pd catalyst
afterwards, the resin was washed additionally with 0.2 M DIPEA/DMF. 2 eq. Cy5-
COOH S8 (for synthetic details see Supplementary section 2.2.5) was coupled using
2 eq. HATU/2 eq. DIPEA in 8 mL DMF for 2h at RT. After washing and drying the
peptide was cleaved from the solid support (5 h in 8 mL 95% TFA, 2.5% TIS, 2.5%
DTT), TFA evaporated via Ny-stream and the peptide precipitated in 40 mL
diethylether. The peptide was purified using preparative HPLC method C to yield a
white trifluoroacetate (60 mg, 56 ymol, yield 56%, molar mass (peptide) = 1062 Da)
in good purity (see Supplementary Fig. 29). HRMS: m/z: 1062.5767 [M+H]" (calcd.
m/z: 1062.5824).
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Supplementary Figure 29 | UPLC-UV of the Cy5-peptide 10.

2.2.4 Intein-cleavage experiments

0.5 mL of the dialyzed lysate of S2 or 1A was loaded on 125 pL pre-equilibrated (3x
1 mL equilibration buffer, 20 mM Tris-HCI, 0.5 M NaCl, 0.1% TritonX100, 1 mM
EDTA, pH 8.5) chitin beads via gravity-flow through (3x). The solid phase was
washed 6x with 1 mL equilibration buffer, flushed with 125 uL cleavage buffer (20
mM Tris-HCI, 0.5 M NaCl, 0.1% TritonX100, 1 mM EDTA, 100 mM MESNA, pH 8.5)
and incubated with 125 uL cleavage buffer for 2 h at RT.
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2.2.5 Synthesis

2.2.5.1 1,2 3,3-tetramethyl-3H-indolium iodide (S5)

The compound was synthesized according to a previously published procedure by
microwave irradiation of 2,3,3-trimethlyindolenine together with 1.2 eq. methyl iodide
for 20 min at 120 °C'®.

'H NMR (600 MHz, DMSO-ds) & = 7.93 — 7.88 (m, 1H), 7.85 — 7.80 (m, 1H), 7.66 —
7.57 (m, 2H), 3.97 (s, 3H), 2.77 (s, 3H), 1.53 (s, 6H).

3C NMR (151 MHz, DMSO) & = 195.98, 142.07, 141.57, 129.29, 128.79, 123.26,
115.09, 53.91, 34.69, 21.69, 14.12.

Data is in accordance with literature values?.

2.2.5.2 1-(5-Carboxypentyl)-2,3,3-trimethyl-3H-indolium iodide (S6)

A 10-ml microwave vessel equipped with a stirring bar was charged with 500 mg
2,3,3-trimethlyindolenine (3.140 mmol, 1.2 eq.), 510 mg 6-bromohexanoic acid
(2.615 mmol, 1.0 eq.) and 2 ml nitromethane. The mixture was irradiated for 1 h at
100 °C, cooled to room temperature and poored into 100 ml of cold ether. The
precipitate was collected by centrifugation, dissolved in 2 ml of methanol, again
precipitated with cold ether and collected. The purple oil was dried under high
vacuum to give a purple solid that was sufficiently pure for the next steps.

'H NMR (300 MHz, DMSO-ds) & = 8.01 (dd, J=6.2, 2.9, 1H), 7.86 (dd, J=5.7, 3.1,
1H), 7.61 (dd, J=5.8, 3.1, 2H), 4.48 (t, J=7.7, 2H), 2.88 (s, 3H), 2.22 (t, J=7.1, 2H),
1.91 — 1.78 (m, 2H), 1.54 (s, 6H), 1.63 — 1.34 (m, 4H).

3C NMR (75 MHz, DMSO) & = 196.58, 174.39, 141.92, 141.09, 129.42, 128.98,
123.61, 115.61, 54.24, 47.60, 33.45, 27.03, 25.46, 24.10, 22.08, 14.34.

Data is in accordance with literature values?'.

2.2.5.3 1,3 3-trimethyl-2-((1E,3E)-4-(N-phenylacetamido)buta-1,3-dien-1-yl)-3H-
indolium chloride (S7)

The compound was synthesized according to a previously published procedure from
1,2,3,3-tetramethyl-3H-indolium iodide and 1.1 eq. malonaldehyde dianilide
hydrochloride in a 1:1 mixture of acetic acid and acetic anhydride®".

'H NMR (600 MHz, DMSO-ds) & = 8.88 (d, J=13.2, 1H), 8.50 (dd, J=15.1, 11.2, 1H),
7.78 (d, J=7.4, 1H), 7.72 (d, J=7.9, 1H), 7.68 — 7.50 (m, 5H), 7.45 (d, J=7.6, 2H), 6.84
(d. J=15.1, 1H), 552 (dd, J=13.1, 11.3, 1H), 3.81 (s, 3H), 2.05 (bs, 3H), 1.70 (s, 6H).
3C NMR (151 MHz, DMSO) & = 181.02, 170.13, 156.83, 143.29, 142.28, 138.32,
130.88, 130.06, 129.20, 129.10, 128.89, 128.64, 123.15, 119.45, 114.58, 113.27,
112.25, 51.61, 33.65, 26.11, 23.71.

Data is in accordance with literature values?'.
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2.2.5.4 Cy5-COOH S8

2-((1E,3E,52)-5-(1-(5-carboxypentyl)-3,3-dimethylindolin-2-ylidene)penta-1,3-dienyl)-
1,3,3-trimethyl-3H-indolium iodide

The compound was synthesized according to a previously published procedure from
1,3,3-trimethyl-2-((1E,3E)-4-(N-phenylacetamido)buta-1,3-dien-1-yl)-3H-indolium
chloride and 1.1eq. 1-(5-Carboxypentyl)-2,3,3-trimethyl-3H-indolium iodide in
pyridine?’.

'H NMR (300 MHz, Chloroform-d) & = 8.61 (s, 1H), 8.06 (t, J=12.9, 2H), 7.40 — 7.30
(m, 4H), 7.25 — 7.05 (m, 4H), 6.77 (t, J=12.4, 1H), 6.27 (dd, J=17.9, 13.6, 2H), 4.02
(t, J=7.5, 2H), 3.66 (s, 3H), 2.55 — 2.26 (m, 2H), 1.87 — 1.63 (m, 4H), 1.73 (s, 6H),
1.72 (s, 6H), 1.61 — 1.43 (m, 2H).

3C NMR (75 MHz, CDCls) & = 173.29, 172.75, 153.40, 142.58, 141.81, 141.10,
140.86, 128.58, 128.53, 126.13, 125.06, 122.21, 122.08, 110.51, 110.43, 110.40,
103.87, 103.48, 49.32, 49.20, 44.12, 34.29, 32.11, 28.05, 27.92, 26.81, 26.17, 24.40.

Data is in accordance with literature values?'.
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2.2.6 Expressed protein ligation

2.2.6.1 GBP4-5,6-FAM S4

2 mL of partly refolded GBP44_g6-intein-CBD (S2) in 2 M urea were loaded on 1 mL
pre-equilibrated (3x 4 mL equilibration buffer, 20 mM Tris-HCI, 0.5 M NaCl, 0.1%
TritonX100, 1 mM EDTA, 2 M urea, pH 8.5) chitin beads via gravity-flow through (3x).
The solid phase was washed 6x with 5 mL equilibration buffer, flushed with 1 mL
cleavage buffer (20 mM Tris-HCI, 0.5 M NaCl, 0.1% TritonX100, 1 mM EDTA, 100
mM MESNA, 2 M urea, pH 8.5) and incubated with 1 mL cleavage buffer including
1.5 mg GBP4g7.133-5,6-FAM (S3, 512 nmol, 0.512 mM) for 18 h at RT. The ligation
mixture was eluted from the chitin beads and the resin washed with 6x 500 yL
washing buffer (20 mM Tris-HCI, 0.5 M NaCl, 2 M urea, pH 8.5). Product containing
fractions were pooled and 2x dialyzed against 20 mM Tris-HCI, pH 8.5, 0.5 M NaCl,
0.1 mM ox. glutathione, 1 mM red. glutathione for 3 h. The product was analyzed by
SDS-PAGE (Supplementary Fig. 3).

2.2.6.2 GBP4-cTAT 1B

2 mL of the dialyzed lysate of 1A was loaded on 1 mL pre-equilibrated (3x 4 mL
equilibration buffer, 20 mM Tris-HCI, 0.5 M NaCl, 0.1% TritonX100, 1 mM EDTA, pH
8.5) chitin beads via gravity-flow through (3x). The solid phase was washed 6x with 5
mL equilibration buffer, flushed with 1 mL cleavage buffer (20 mM Tris-HCI, 0.5 M
NaCl, 0.1% TritonX100, 1 mM EDTA, 100 mM MESNA, pH 8.5) and incubated with 1
mL cleavage buffer including 1.5 mg cTAT peptide 4 (512 nmol, 0.512 mM) for 18 h
at RT. The ligation mixture was eluted from the chitin beads and the resin washed 6x
with 500 pL washing buffer (20 mM Tris-HCI, 0.5 M NaCl, pH 8.5). Product containing
fractions were pooled, incubated for 2 h at 4°C with BioBeads (0.2 %/mL, BioRad,
USA) and the peptide excess removed by desalting columns Zeba Spin, 7 kDa
cutoff, 5 mL, Thermo Fisher Scientific Inc., USA). The solutlon was concentrated
(Amicon Ultra-0.5, 10000 CO, Merck KGaA, Germany) to 200 yL and rebuffered via
dilution/spin (7x addition of 300 pL) to 1x HEPES buffer (56 mM HEPES, 140 mM
NaCl, 2.5 mM KCI, 5 mM glycine, pH 7.5). For MS analysis, the reaction mixture was
precipitated by acetone, resolubilized in ddH,O and subjected to MALDI
measurements. Spectra are shown below (Supplementary Fig. 30).
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Supplementary Figure 30 | MALDI of the GBP4-cTAT reaction mixture after EPL.

2.2.6.3 GBP1-cTAT 2B

4 mL of the clear lysate of 2A was loaded on 1 mL pre-equilibrated (3x 4 mL
equilibration buffer, 20 mM Tris-HCI, 0.5 M NaCl, 0.1% TritonX100, 1 mM EDTA, pH
8.5) chitin beads via gravity-flow through (3x). The solid phase was washed 6x with 5
mL equilibration buffer, flushed with 1 mL cleavage buffer (20 mM Tris-HCI, 0.5 M
NaCl, 0.1% TritonX100, 1 mM EDTA, 100 mM MESNA, pH 8.5) and incubated with 1
mL cleavage buffer including 1.5 mg cTAT-CPP 4 (512 nmol, 0.512 mM) for 18 h at
RT. The ligation mixture was eluted from the chitin beads and the resin washed 6x
with 500 pL washing buffer (20 mM Tris-HCI, 0.5 M NaCl, pH 8.5). Product containing
fractions were pooled, incubated for 2 h at 4°C with BioBeads (0.2 %I/mL, BioRad,
USA) and the peptide excess removed by desalting columns Zeba Spin, 7 kDa
cutoff, 5 mL, Thermo Fisher Scientific Inc., USA). The solutlon was concentrated
(Amicon Ultra-0.5, 10000 CO, Merck KGaA, Germany) to 200 uL and rebuffered via
dilution/spin (7x addition of 300 pL) to 1x HEPES buffer (56 mM HEPES, 140 mM
NaCl, 2.5 mM KCI, 5 mM glycine, pH 7.5). The product was analyzed by ESI-MS.
ESI-MS are shown below (Supplementary Fig. 31 and 32).
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Supplementary Figure 31 | ESI-MS of GBP1-cTAT (2B).
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Supplementary Figure 32 | Deconvoluted mass of GBP1-cTAT (2B).

2.2.6.4 GBP1-linTAT 2D

4 mL of the clear lysate was loaded on 1 mL pre-equilibrated (3x 4 mL equilibration
buffer, 20 mM Tris-HCI, 0.5 M NaCl, 0.1% TritonX100, 1 mM EDTA, pH 8.5) chitin
beads via gravity-flow through (3x). The solid phase was washed 6x with 5 mL
equilibration buffer, flushed with 1 mL cleavage buffer (20 mM Tris-HCI, 0.5 M NacCl,
0.1% TritonX100, 1 mM EDTA, 100 mM MESNA, pH 8.5) and incubated with 1 mL
cleavage buffer including 1.5 mg linear TAT-CPP 6 (437 nmol, 0.43 mM) for 18 h at
RT. The ligation mixture was eluted from the chitin beads and the resin washed 6x
with 500 pL washing buffer (20 mM Tris-HCI, 0.5 M NaCl, pH 8.5). Product containing
fractions were pooled, incubated for 2 h at 4°C with BioBeads (0.2 %I/mL, BioRad,
USA) and the peptide excess removed by desalting columns (Zeba™ Spin, 7 kDa
cutoff, 5 mL, Thermo Fisher Scientific Inc., USA). The solutlon was concentrated
(Amicon Ultra-0.5, 10000 CO, Merck KGaA, Germany) to 200 yL and rebuffered via
dilution/spin (7x addition of 300 pL) to 1x HEPES buffer (56 mM HEPES, 140 mM
NaCl, 2.5 mM KCI, 5 mM glycine, pH 7.5). The product was analyzed by ESI-MS.
ESI-MS are shown below (Supplementary Fig. 33 and 34).
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Supplementary Figure 33 | ESI-MS of GBP1-linTAT (2D).
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Supplementary Figure 34 | Deconvoluted mass of GBP1-linTAT (2D).

2.2.6.5 GBP4-cR10 1C

2 mL of the dialyzed lysate was loaded on 1 mL pre-equilibrated (3x 4 mL
equilibration buffer, 20 mM Tris-HCI, 0.5 M NaCl, 0.1% TritonX100, 1 mM EDTA, pH
8.5) chitin beads via gravity-flow through (3x). The solid phase was washed 6x with 5
mL equilibration buffer, flushed with 1 mL cleavage buffer (20 mM Tris-HCI, 0.5 M
NaCl, 0.1% TritonX100, 1 mM EDTA, 100 mM MESNA, pH 8.5) and incubated with 1
mL cleavage buffer including 1.5 mg cR1,-CPP 3 (437 nmol, 0.43 mM) for 18 h at RT.
The ligation mixture was eluted from the chitin beads and the resin washed 6x with
500 uyL washing buffer (20 mM Tris-HCI, 0.5 M NaCl, pH 8.5). Product containing
fractions were pooled, incubated for 2 h at 4°C with BioBeads (0.2 %I/mL, BioRad,
USA) and the peptide excess removed by desalting columns ZebaT Spin, 7 kDa
cutoff, 5 mL, Thermo Fisher Scientific Inc., USA). The solutlon was concentrated
(Amicon Ultra-0.5, 10000 CO, Merck KGaA, Germany) to 200 yL and rebuffered via
dilution/spin (7x addition of 300 pL) to 1x HEPES buffer (56 mM HEPES, 140 mM
NaCl, 2.5 mM KCI, 5 mM glycine, pH 7.5). For MS analysis, the reaction mixture was
precipitated by acetone, resolubilized in ddH,O and subjected to MALDI
measurements. Spectra are shown below (Supplementary Fig. 35).
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Supplementary Figure 35 | MALDI of the GBP4-cR, (1C) reaction mixture after EPL. The starting
material GBP4 has a higher tendency to ionize compared to the cR4, conjugate (see SDS-PAGE in
Fig. 2e).
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2.2.6.6 GBP1-cR102C

4 mL of the clear lysate was loaded on 1 mL pre-equilibrated (3x 4 mL equilibration
buffer, 20 mM Tris-HCI, 0.5 M NaCl, 0.1% TritonX100, 1 mM EDTA, pH 8.5) chitin
beads via gravity-flow through (3x). The solid phase was washed 6x with 5 mL
equilibration buffer, flushed with 1 mL cleavage buffer (20 mM Tris-HCI, 0.5 M NacCl,
0.1% TritonX100, 1 mM EDTA, 100 mM MESNA, pH 8.5) and incubated with 1 mL
cleavage buffer including 1.5 mg cR,-CPP 3 (437 nmol, 0.43 mM) for 18 h at RT.
The ligation mixture was eluted from the chitin beads and the resin washed 6x with
500 uyL washing buffer (20 mM Tris-HCI, 0.5 M NaCl, pH 8.5). Product containing
fractions were pooled, incubated for 2 h at 4°C with BioBeads (0.2 %I/mL, BioRad,
USA) and the peptide excess removed by desalting columns Zeba Spin, 7 kDa
cutoff, 5 mL, Thermo Fisher Scientific Inc., USA). The solutlon was concentrated
(Amicon Ultra-0.5, 10000 CO, Merck KGaA, Germany) to 200 yL and rebuffered via
dilution/spin (7x addition of 300 pL) to 1x HEPES buffer (5 mM HEPES, 140 mM
NaCl, 2.5 mM KCI, 5 mM glycine, pH 7.5). The product was analyzed by ESI-MS.
Spectra are shown below (Supplementary Fig. 36 and 37).
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Supplementary Figure 36 | ESI-MS of GBP1-cR (2C).
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Supplementary Figure 37 | Deconvoluted mass of GBP1-cRy, (2C).
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2.2.6.7 GBP1-linR1o 2E

4 mL of the clear lysate was loaded on 1 mL pre-equilibrated (3x 4 mL equilibration
buffer, 20 mM Tris-HCI, 0.5 M NaCl, 0.1% TritonX100, 1 mM EDTA, pH 8.5) chitin
beads via gravity-flow through (3x). The solid phase was washed 6x with 5 mL
equilibration buffer, flushed with 1 mL cleavage buffer (20 mM Tris-HCI, 0.5 M NacCl,
0.1% TritonX100, 1 mM EDTA, 100 mM MESNA, pH 8.5) and incubated with 1 mL
cleavage buffer including 1.5 mg linear R4o-CPP 5 (437 nmol, 0.43 mM) for 18 h at
RT. The ligation mixture was eluted from the chitin beads and the resin washed 6x
with 500 pL washing buffer (20 mM Tris-HCI, 0.5 M NaCl, pH 8.5). Product containing
fractions were pooled, incubated for 2 h at 4°C with BioBeads (0.2 %I/mL, BioRad,
USA) and the peptide excess removed by desalting columns (Zeba™ Spin, 7 kDa
cutoff, 5 mL, Thermo Fisher Scientific Inc., USA). The solutlon was concentrated
(Amicon Ultra-0.5, 10000 CO, Merck KGaA, Germany) to 200 yL and rebuffered via
dilution/spin (7x addition of 300 pL) to 1x HEPES buffer (56 mM HEPES, 140 mM
NaCl, 2.5 mM KCI, 5 mM glycine, pH 7.5). The product was analyzed by ESI-MS.
Spectra are shown below (Supplementary Fig. 38 and 39).
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Supplementary Figure 38 | ESI-MS of GBP1-linR4q (2E).
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Supplementary Figure 39 | Deconvoluted mass of GBP1-linR4o (2E).
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2.2.6.8 GBP1-Cy5-S-S-cR1y 2G

4 mL of the clear lysate was loaded on 1 mL pre-equilibrated (3x 4 mL equilibration
buffer, 20 mM Tris-HCI, 0.5 M NaCl, 0.1% TritonX100, 1 mM EDTA, pH 8.5) chitin
beads via gravity-flow through (3x). The solid phase was washed 6x with 5 mL
equilibration buffer, flushed with 1 mL cleavage buffer (20 mM Tris-HCI, 0.5 M NacCl,
0.1% TritonX100, 1 mM EDTA, 100 mM MESNA, pH 8.5) and incubated with 1 mL
cleavage buffer including 1.5 mg Cy5-peptide 10 (1412 nmol, 1.41 mM) for 18 h at
RT. The ligation mixture was eluted from the chitin beads and the resin washed 6x
with 500 pL washing buffer (20 mM Tris-HCI, 0.5 M NaCl, pH 8.5). GBP1-Cy5 (2F)
containing fractions were pooled, incubated for 2 h at 4°C with BioBeads (0.2 g/mL,
BioRad, USA) to remove the excess Cy5-peptide. 2F in 200 yL 1x HEPES buffer (5
mM HEPES, 140 mM NaCl, 2.5 mM KCI, 5§ mM glycine, pH 8.5, 1 mg/mL) was
activated with 10 eq. Ellman’s reagent for 1h at ambient temperature. Excess of
Ellman’s reagent was removed by dialysis (dialysis membrane Spectra/Por® - MWCO
10000) against 1x HEPES buffer (5 mM HEPES, 140 mM NaCl, 2.5 mM KCI, 5 mM
glycine, pH 9.0) over night at 4°C. 1.5 mg of cR1,-CPP 3 (437 nmol, 0.43 mM) was
added and incubated for 18 h at ambient temperature. The peptide excess removed
by desalting columns (Zeba™ Spin, 7 kDa cutoff, 5 mL, Thermo Fisher Scientific Inc.,
USA). The solution was concentrated (Amicon Ultra-0.5, 10000 CO, Merck KGaA,
Germany) to 200 yL and rebuffered via dilution/spin (7x addition of 300 pL) to 1x
HEPES buffer (5 mM HEPES, 140 mM NaCl, 2.5 mM KCI, 5 mM glycine, pH 7.5).
The product was analyzed by ESI-MS. Spectra are shown below (Supplementary
Fig. 40 and 41).
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Supplementary Figure 40 | ESI-MS of GBP1-Cy5-S-S-cRy, (2G).
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Supplementary Figure 41 | Deconvoluted mass of GBP1-Cy5-S-S-cRo (2G).
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2.2.7 Mammalian cell culture

Human HelLa cells’, U20S 2-6-3 human osteosarcoma cells and mouse NIH Flp-In
3T3 fibroblast cells (see Supplementary Table 2) were cultured in Dulbecco’s
modified eagle medium (DMEM) supplemented with 10% fetal calf serum, 50 pg/mL
gentamicin and 2 mM glutamine. Cells expressing GFP-tagged proteins were
supplemented once a week with 2.5 ug/mL blasticidin for selection. Both cell lines
were grown at 37° C in a humidified atmosphere with 5% CO,. Media components
were purchased from Sigma-Aldrich, Germany.

2.2.8 Development of cell lines stably expressing nuclear GFP (and GFP-tagged

Mecp2)

2.2.8.1 Expression vectors:

For the generation of the expression vectors (see Supplementary Table 3) pFRT-B-
NGFP and pFRT-B-Mecp2G, pEF5/FRT/V5-D-TOPO (Invitrogen, USA) was used as
backbone plasmid. This plasmid contains a human EF-1alpha promoter to drive
expression of the gene of interest and includes a FRT (FIp-recombinase target) site
and an ATG-less gene coding for hygromycin resistance for selection in mammalian
cells. The hygromycin gene was excised by cutting with BstZ171 and Styl restriction
endonucleases and ligated to a similarly cut PCR amplified fragment containing an
ATG-less gene coding for blasticidin resistance, obtained from the pUB-Bsd vector
(Invitrogen, USA) with the following primers:

5’ tag aat cct tgg aat tca agg cca agc ctt tgt ctc a 3’
5’ tac atc gta tac gga att cag aca tga taa gat aca ttg 3’

In subsequent steps, NLS-GFP, as well as rat Mecp2-GFP'* cDNAs were cloned
downstream of the EF-1alpha promoter. The resulting plasmid constructs contain the
EF-1alpha promoter driving expression of the NLS-GFP or the Mecp2-GFP cDNAs
and the FRT site followed by an ATG-less blasticidin resistance gene.
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2.2.8.2 Host cell lines

Mouse (NIH Swiss) embryonic fibroblasts (Flp-In"-3T3) were purchased from
Invitrogen (Carlsbad, USA). These cells contain a FRT recombination site stably
inserted into the genome. The construct comprises a SV40 promoter driving
expression of an open reading frame composed of an ATG start codon followed by a
FRT site and a lacZeo fusion gene.

2.2.8.3 Transfection and selection of stably expressing cell lines

Flp-In"™-3T3 cells (described above) were co-transfected with a plasmid coding for
the Flp recombinase (pOG44; Invitrogen, California, USA) and pFRT-B-NGFP or
pFRT-B-Mecp2G, respectively using TransFectin'™ lipid reagent (Bio-Rad, USA)
according to the manufacturer's instructions. Upon co-transfection, the Flp
recombinase expressed from the pOG44 plasmid catalyzes the homologous
recombination of the FRT containing plasmids into the genomically integrated FRT
site in the host cells. This results in the insertion of the ATG-less blasticidin
resistance gene in frame with the ATG initiation codon in the host cells’ genome
leading to expression of the functional blasticidin resistance gene and concomitant
integration of the EF-1alpha promoter followed by the NLS-GFP or the Mecp2-GFP
cDNAs (see also Chagin et al., 2016)". This leads to disruption of the expression of
the lacZeo fusion gene. Positive clones of cells were selected by adding 2.5 pg/mL
blasticidin S (InvivoGen; California, USA) to the culture medium.

Stable expression of the nuclear GFP, as well as the GFP-tagged Mecp2 was
evaluated using fluorescence microscopy and found to be homogenous through the
cell population. In addition, the subcellular distribution of the proteins was validated
by fluorescence microscopy. The nuclear GFP fluorescence was correlated with
phase contrast images of the cells. Moreover, co-staining the Mecp2-GFP expressing
cells with the DNA dye DAPI confirmed the enrichment of Mecp2 at nuclear sites
corresponding to pericentric heterochromatin'™.

2.2.9 GFP fluorescence in vitro assay

0.5 yM GFP in PBS (1.8 mM KH2PO4, 10 mM NayHPO4, 2.7 mM KCI and 137 mM
NaCl, pH 7.4) was incubated with varying concentrations [0.00 — 0.80 yM) of
nanobody and change in fluorescence emission detected. GFP fluorescence spectra
were recorded with a Jasco FP-6500 spectrometer (Jasco Research Ltd., Canada)
using an excitation wavelength of 488 nm.

2.2.10 Circular dichroism

CD spectra were recorded with a Jasco J-720 spectrometer (Jasco Research Ltd.,
Canada) using a 0.1-cm-pathlength cuvette. Sample concentrations were typically 10
MM protein in 20 mM sodium phosphate buffer, 150 mM NaF (pH 7.2). All spectra
were recorded between 250 and 200 nm at 25 °C and 8 scans averaged without
smoothing. The spectrum of the buffer was subtracted from all protein samples.
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2.2.11 Ellman’s test for the detection of free cysteines

Free cysteines within recombinantly expressed and EPL derived nanobodies were
determined using Ellman’s reagentzz. For this, 50 yL DTNB (Dithionitrobenzoic acid)
stock solution (50 mM sodium acetate and 2 mM DTNB) were added to 840 uL of
molecular grade biology water and 100 pyL of 1M Tris-HCI pH 8.0. 1 pL of protein
sample was added to 99 pL to DTNB reagent, incubated at ambient temperature for
5 minutes and optical absorbance measured at 412 nm using a TECAN Safire
multiplate reader (Tecan Group, Switzerland). The molarity of the free sulfhydryl
groups was determined by dividing the absorbance by 13600 M'cm™.

2.2.12 Live cell confocal microscopy

Confocal images were collected using an Ultra VIEW VoX spinning disc system
(Perkin Elmer) on a Nikon Ti microscope equipped with an oil immersion Plan
Apochromat VC x60/1.45 NA (pixel size in XY = 111 nm, Z-step = 0.3 — 1 ym), with
laser lines at 488 nm, 561 nm, a differential interference contrast (DIC) setup, and a
temperature, humidity and CO; incubation control (ACU control, Olympus).

2.2.13 Nucleotide incorporation after cell-permeable antibody delivery

To analyze replication patterns after antibody delivery, we made use of an
established nucleotide analog pulse labeling and immunostaining for the incorporated
nucleotide analog’ with the modifications described below. Cells were pulse labeled
with 5 yM BrdU for 20 min at 37 °C. Cells were fixed for immunofluorescence in 4%
formaldehyde for 10 min at RT and permeabilized with 0.5% Triton X-100 for 15 min
at RT.

After blocking in 4% BSA/PBS for 1 h at RT, incorporated BrdU was recognized by
rabbit anti-BrdU antibody (1:500, Biomol GmbH, Hamburg, Germany) in conjunction
with 0.05 U/puL DNasel (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 37°C in 2%
BSA/100 mM sodium acetate/5 mM magnesium sulfate. Cells were then washed in
PBS (1.8 mM KHyPO4, 10 mM NayHPO4, 2.7 mM KCI and 137 mM NaCl, pH 7.4)
containing 0.01% Tween and 1 mM EDTA to stop DNasel digestion. Following
incubation with the secondary Alexa Fluor 594 conjugated goat anti rabbit IgG
antibody (1:500, The Jackson Laboratory, Bar Harbor, USA) in 4% BSA for 1 h at RT,
cells were washed 3x for 5 min and 1x for 30 min in PBS (1.8 mM KH2PO4, 10 mM
NazHPO4, 2.7 mM KCI and 137 mM NaCl, pH 7.4) containing 0.01% Tween. DNA
was counterstained with 1 ug/mL DAPI for 10 min at RT, before cells were washed
1x in PBS (1.8 mM KHyPO,4, 10 mM NayHPO,, 2.7 mM KCI and 137 mM NacCl, pH
7.4) containing 0.01% Tween, 1x in PBS (1.8 mM KH2PO4, 10 mM Na;HPOy4, 2.7 mM
KCl and 137 mM NaCl, pH 7.4) and 1x in ddH>O and mounted in Mowiol 4-88
embedding medium (Sigma-Aldrich, St. Louis, MO, USA).

2.2.14 Nucleolar labeling

To confirm the relocalization of GFP to the nucleolus driven by the cellular uptake of
GBP1-cR1o, we performed colocalization?® studies with the TAT-TAMRA peptide
(previously proposed as a nucleolar marker for living cells* '®) and in fixed cells using
an antibody for nucleophosmin/B23, a protein present in the granular component of
the nucleolus and fibrillarin localized in the dense fibrillar component of the nucleolus.
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2.2.15 Automatic computerized cellular uptake quantification

The cell-permeable nanobody nucleolar relocalization assay allows the
implementation of methods to automatically quantify cellular uptake. The specific
implementation of a computerized method would naturally depend on multiple
variables, in particular the expression levels and distribution of GFP, or GFP-fusion
proteins, within the cells. To illustrate this approach, we developed a simple code to
automatically quantify the number of cells displaying uptake of the cell-permeable
nanobody and apply it in the quantifications shown in Movie 1 and Supplementary
Fig. 13. In Supplementary Fig. 42 is shown the flow code used for the automatic
segmentation and counting of the number of cells that display a relocalization of GFP
tagged PCNA to the nucleolus. First, based on the GFP fluorescence signal a plane
was selected from a z-stack of images based on the maximum GFP fluorescent
signal. Next, to segment and count the number of cells and cells with signal
relocalized to the nucleolus we applied the Otsu's method®* to automatically
determine a threshold necessary to subtract the background signal. This threshold
was applied and the image was binarized. The disconnected pixels or areas within
the nucleus were joined by filling the spaces by applying a morphological dilation of
the image using a disk matrix with a radius of one pixel followed by a morphological
erosion using a disk matrix of 4 pixels. Next, the connected regions within the final
binary image were automatically counted (as matrix blocs) by performing a
connected components analysis. To count the cells displaying nucleolar
accumulation, a morphological binarization was applied in which a threshold 25 %
higher than the Otsu's threshold used to segment the nuclei was used, followed by
the same steps to connect the nucleolar fractions within the individual nucleus and
count the number of cell displaying GFP nucleolar relocalization. This processes was
automatically done for each time point in the relocalization computation done for the
time-lapse relocalization assays shown in Supplementary Fig. 13b and Movie 1.

51



Select z plane based
on GFP signal

Apply a threshold to
select the
nucleolus / nucleus
x-’ [ Binarize the image ]
L J
Fill spaces
within the
nucleolus / nucleus
@«

Count number of
nucleolus / nucleus

Supplementary Figure 42 | Flow code and steps implemented for the automatic segmentation of the
nucleolus and nucleus.

2.2.16 Intracellular nanobody quantification

To quantify the intracellular concentration of the cell-permeable nanobody we used
the fluorescently labeled cell-permeable nanobody GBP1-ss-cR1 (2G). As shown in
Supplementary Fig. 19a, we quantified the average fluorescence intensity of 5 yM of
the cell-permeable nanobody in an empty well (ROI-Ex). Then the cells where
incubated in the presence of 5 uM of the cell-permeable nanobody for 1 h, washed
and imaged. The background (ROI-Out) and the average intracellular fluorescence
intensity in individual cells (ROI-In) were determined. These values were plugged into
the equation shown in Supplementary Fig. 19a to estimate the intracellular
concentration based on the intracellular fluorescence signal.

2.2.17 Protein-protein interactions - Fluorescence three Hybrid method (F3H)

Protein-protein interactions were studied using PCNA fluorescent fusions and
p53/Hdm2 fluorescent fusions (Supplementary Table 3).

To visualize the oligomerization of PCNA using the F3H, HeLa Kyoto cells stably
expressing mCherry- PCNA7 were used and transiently transfected with GFP tagged
PCNA as described before?

U20S cell lines were transiently transfected using PEI (poly-ethyleneimine; 1 mg/ml
in ddH20, neutralized with HCI). For the transfection, 200 yl DMEM serum-free with
12 pl of PEI was vortexed for 2 min and added to 200 pl serum-free DMEM with 4 ug
DNA. After incubating the DNA-PEI mixture for 15 min at room temperature, the
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solution was added to the cells drop wise and incubated overnight at 37 °C and 5%
COa.

Next, the cells were incubated for 1 h in the presence of the cell-permeable
nanobody GBP1-cR+, (2C), washed and imaged.

2.2.18 Cell-permeable nanobody interaction with its antigen using microscale
thermophoresis

To validate that the cell-permeable nanobody GBP1-cR1 (2C) retains a strong GFP
binding affinity by microscale thermophoresis we used the Monolith NT.115 (Nano
Temper Technologies GmbH) as described previously for GBP1>. The GBP-cR1, was
titrated from 500 nM (a concentration higher than the expected dissociation constant
Ky = 0.59 nM)1 down to sub stoichiometric concentrations with respect to GFP (kept
at 50 nM). As control similar measurements were done in the absence of GBP-cRo.
The samples were loaded in 100 um diameter glass capillaries. An infrared laser was
used to create spatial temperature increase of 25 um diameter. This rise in
temperature induced a spatial concentration distribution change that was visualized
using the GFP fluorescence signal. The thermophoresis of the proteins was
measured by measuring the change in concentration between the initial state and the
steady state. The fluorescence is monitored continuously before and after laser-
induced heating, showing the homogeneous distribution of GFP, and the changes
induced after infrared-laser heating. At low nanobody concentrations, the profile in
Supplementary Fig. 10 reflects the thermophoresis of the unbound state, whereas at
high concentrations it reflects the bound state of the cell-permeable nanobody
(GBP1-cR1p) and its antigen (GFP). The fraction bound (f) is a linear superposition of
the bound and unbound states Fnorm = f . Fooundt (1-f) . Funbound- From this binding
curve, the dissociation constant Ky was calculated.
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2.3 Protein sequences

2.3.1 GBP4 (1)
MADVQLQESGGGSVQAGGSLRLSCAASGDTFSSYSMAWFRQAPGKECELVSNIL

RDGTTTYAGSVKGRFTISRDDAKNTVYLQMVNLKSEDTARYYCAADSGTQLGYVA
VGLSCLDYVMDYWGKGTQVTVSSA

2.3.2 GBP4-int-CBD (1A)

MADVQLQESGGGSVQAGGSLRLSCAASGDTFSSYSMAWFRQAPGKECELVSNIL
RDGTTTYAGSVKGRFTISRDDAKNTVYLQMVNLKSEDTARYYCAADSGTQLGYVG
AVGLSCLDYVMDYWGKGTQVTVSSACITGDALVALPEGESVRIADIVPGARPNSDN
AIDLKVLDRHGNPVLADRLFHSGEHPVYTVRTVEGLRVTGTANHPLLCLVDVAGVP
TLLWKLIDEIKPGDYAVIQRSAFSVDCAGFARGKPEFAPTTYTVGVPGLVRFLEAHH
RDPDAQAIADELTDGRFYYAKVASVTDAGVQPVYSLRVDTADHAFITNGFVSHATG
LTGLNSGLTTNPGVSAWQVNTAYTAGQLVTYNGKTYKCLQPHTSLAGWEPSNVPA
LWQLQ

2.3.3 GBP1(2)
MADVQLVESGGALVQPGGSLRLSCAASGFPVNRYSMRWYRQAPGKEREWVAGM

SSAGDRSSYEDSVKGRFTISRDDARNTVYLQMNSLKPEDTAVYYCNVNVGFEYWG
QGTQVTVSSAAA

2.3.4 GBP1-int-CBD (2A)

MADVQLVESGGALVQPGGSLRLSCAASGFPVNRYSMRWYRQAPGKEREWVAGM
SSAGDRSSYEDSVKGRFTISRDDARNTVYLQMNSLKPEDTAVYYCNVNVGFEYWG
QGTQVTVSSAAACITGDALVALPEGESVRIADIVPGARPNSDNAIDLKVLDRHGNPV
LADRLFHSGEHPVYTVRTVEGLRVTGTANHPLLCLVDVAGVPTLLWKLIDEIKPGDY
AVIQRSAFSVDCAGFARGKPEFAPTTYTVGVPGLVRFLEAHHRDPDAQAIADELTD
GRFYYAKVASVTDAGVQPVYSLRVDTADHAFITNGFVSHATGLTGLNSGLTTNPGV
SAWQVNTAYTAGQLVTYNGKTYKCLQPHTSLAGWEPSNVPALWQLQ
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