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Conjugation of CPMV with FLAG-tag peptide:
In order to investigate the reactivity of 4FB groups and the optimal hydrazone reaction conditions applicable to CPMV particles, a
negatively-charged FLAG-tag peptide containing a C-terminal hydrazinopyridine group was conjugated to the VNP surface in the
presence of different concentrations of the nucleophilic catalyst aniline. At neutral pH, hydrazinopyridines react readily with
benzaldehyde groups. With no aniline present, up to 80 hydrazone bonds were formed after 2 h and up to 240 bonds were formed after 24
h (Figure S1). The number of hydrazone bonds per particle was determined in situ and in real time by UV/vis spectrometry using the
absorption coefficient of the hydrazone bond ( 354 nm = 29,000 M-1 cm-1) and the molar extinction coefficient of CPMV ( 260 nm =
8.1 g-1 L cm-1) (Figure S1). When aniline was added to a final concentration of either 10 mM or 100 mM, the maximum coverage of all
300 addressable benzaldehyde groups was achieved after just 1 h (Figure S1). Maximum labeling efficiency, i.e. 300 peptide per particle,
was achieved using 10 mM aniline. with a 2:1 molar excess of hydrazinopyridine groups over 4FB. Increased aniline concentrations
resulted in comparable labeling efficiency, however the data were less reproducible.
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Figure S1. Characterization of CPMV labeling with the biotinylated FLAG-peptide. (A) Real-time reaction kinetics of hydrazone bond
formation with no aniline, 10 mM aniline and 100 mM aniline. Error bars represent the average standard deviations. (B) UV/vis
spectrometry data of purified CPMV-4FB-FLAG particles after 2 h incubation with 0, 10 and 100 mM aniline as the catalyst. (C)
Denaturing gel electrophoresis of intact CPMV particles (10 g) using a 4–12% Bis-Tris gel. Western blotting using streptavidin-alkaline
phosphatase was used to detect the N-terminal biotin tag. (D) ECL dot blot of purified FLAG-tagged CPMV particles. The number of
biotin labels (FLAG peptide displays biotin) per particle was determined using standardized biotin concentrations and Chemidoc XRS
software.
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Table S1: Optimization of the CPP attachment reaction by hydrazone chemistry
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Colocalization with transferrin and EEA1:
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Figure S2: (A-C) Evaluating the co-internalization of transferrin-Texas Red and immunofluorescence-labeled CPMV/CPMV-R5 using
HeLa cells and confocal microscopy. Transferrin-Texas Red (Invitrogen, in red) and CPMV particles were incubated with HeLa cells for
1 h and detected using a primary rabbit anti-CPMV-antiserum and a secondary goat anti-rabbit-AF488 antibody (in green). The nucleus
was stained with DAPI (in blue). (A) Wild type CPMV; (B) CPMV-R5L; (C) CPMV-R5H. Imaging was performed using a Biorad 2100
confocal microscope with a 60x oil objective. (D-F) Evaluating the co-localization of immunofluorescence-labeled CPMV/CPMV-R5
with early endosome antigen 1 (EEA1) in HeLa cells by confocal microscopy. Time course of CPMV uptake. CPMV particles detected
using a primary rabbit anti-CPMV-antiserum and a secondary goat anti-rabbit-AF555 antibody (red). EEA1 detected using a primary
mouse anti-EEA1 antibody and a secondary goat anti-mouse-AF488 antibody (green). Cell nuclei are stained with DAPI (blue). (D) Wild
type CPMV; (E) CPMV-R5L; (F) CPMV-R5H. Imaging was performed using a Biorad 2100 confocal microscope with a 60x oil
objective.
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