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Table S1. siRNA sequences

siRNA Source Target Sequence*
Seq 7 . Luc sense: AAcGcuGGGcGuuAAucAAdTdT—Biotin
q antisense: UUGAUUAACGCCCcAGCGUUdTsdT
Seq | o Factor VII sense: AF647—GGAucAucucAAGucuuAcdTsdT
q antisense: GUAAGACUuGAGAuUGAuccdTsdT
Seq F . Luc sense: Cy5.5—AAcGcuGGGcGuuAAucAAdTsdT
(Cy5.5 labeled) antisense: UUGAUUAACGCCcAGCGUUdTsdT
SeqF Integrated DNA L sense: AACGCUGGGCGUUAAUCAAATIT
(unlabeled) Technologies ue antisense: UUGAUUAACGCCCAGCGUUITAT
AllStar negative . Negative
control siRNA Qiagen control N/A
(Cy5-labeled)
AllStar negative . Negative
control siRNA Qiagen control N/A
(unlabeled)
Silencer Negative  Thermo Fisher Negative N/A
Control #1 siRNA Scientific control
siGENOME PLK1
Human PLKA GE Dharmacon (human) N/A
siRNA
GFP Duplex | GE Dharmacon GFP N/A

* Lower case letters indicate bases with 2’0OMe modifications.

** Provided by Alnylam Pharmaceutics.



Table S2. Model variables

Compartment Variable

Description*

S Free siRNA in the extracellular space
p& Free carrier in the extracellular space
Extracellular SP™ siRNA/carrier complex in the extracellular space
space (Ex) R Free surface receptor
PR™ Free carrier bound to surface receptor
SPR™ siRNA/carrier complex bound to surface receptor
S Free siRNA in the endosome
p=" Free carrier in the endosome
Endosome SPE" siRNA/carrier complex in the endosome
(En) RE" Free receptor in the endosome
PR™" Free carrier bound to endosomal receptor
SPR™" siRNA/carrier complex bound to endosomal receptor
sv Free siRNA in the cytoplasm
P Free carrier in the cytoplasm
Cytoplasm SPYY . siRNA/carrier complex in the cytoplasm
c RISC™ Free RISC in the cytoplasm
(Cy) SRISC" Activated RISC in the cytoplasm
M‘fy Target mRNA in the cytoplasm
T Target protein in the cytoplasm

* All variables are in units of moles.



Table S3. Model parameters (part 1)

Group Parameter Description Value Source
numR Number of receptors per cell 2.8 x 10° (1)
Ro™ Initial concentration of surface receptors 7.0x10""M Calculated’
Ro™" Initial concentration of endosomal receptors 6.1x10*M (r:r?:;ilit;g;:;?
R e 5 -1 Measured
Receptor (R) kim Internalization rate 48x10°s experimentally
k;;n Receptor synthesis rate 33x10"s" (r:r?:;lélit;g;:;m
k{ﬁg Degradation rate of receptors in the endosome 3.7%x10°s” (2)
4 1
ki’;" Degradation rate of free siRNA (S) in the endosome 14x107s 3)
4 1
kif" Degradation rate of free carrier (P) in the endosome 10x107s (4)
Set t |
kSP,En Degradation rate of the siRNA/carrier complex (SP) in 10x10%s" © ;eE:ua
deg the endosome : kde’g ¢
Degradation sc 5.1x10%s”
kde’gy Degradation rate of free siRNA in the cytoplasm ’ (5, 6)
42x10°s"
kP’Cy Degradation rate of free carrier in the cytoplasm * s 7
deg
fgt Set t [
kSP,Cy Degradation rate of the siRNA/carrier complex in the 42x107s © ;ecqua
deg cytoplasm kde,g Ya
Endosomal Rate of endosomal release 3.0x10°s” Locally fitted
release release
Mo Initial concentration of target mRNA (M) in the cytoplasm 7.3 x 10" M (8)
T Initial concentration of target protein (T) in the cytoplasm 2.1 x 107 M ex’gﬂ:r?;iﬁiuy
-15
kM Synthesis rate of target mRNA in the cytoplasm 1'11 ): 10 (7,9)
Expression of syn M's
target protein M : : 6 1 Calculated from
M kdeg Degradation rate of target mMRNA in the cytoplasm 1.5x107s mass balance®
k;n Synthesis rate of target protein in the cytoplasm 2.7%x107%s (r:r?:;lélit;g;g?
deeg Degradation rate of target protein in the cytoplasm 9.7x10° s (10)
RISC,™ Initial concentration of free RISC in the cytoplasm 32x10°M 3)
1 -
S7RISC pssociation rate of free SIRNA and RISC ?j x10°M™ 3)
RNAI
' [ 5-RISC-M 2.9 % 10" M
on Association rate of activated RISC and mRNA ‘s Locally fitted
Compartment Ve Extracellular volume 1x10%L exenmenaly
volumes Ven Endosomal volume 1x10™L (11)
Vey Cytosolic volume 3x10"L (12)
Cell number 4 Total number of cells 1.5 x 10* exsgr?;'gsg”y
1. RE* = % where N4 is Avogadro’s constant
AVEx
Fn _ ke RE*VEy
2. Ry = detgg'Z'VEn
3. kyn = ki RG”

4. The degradation rate of the siRNA-carrier complex was set to equal that of the more stable component (i.e., the more
stable species protects the lesser stable species from degradation, as observed with p19 and siRNA (13)).
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Table S4. Model parameters (part 2)

Parameter Description Value'
kSeE Association rate of siRNA and carrier in the extracellular space 1.0 x 10° M's™ (14)
kj}"f" Dissociation rate of siRNA and carrier in the extracellular space Varied (part of simulation)
korrn Dissociation rate of siRNA and carrier in the endosome Set to equal k77
korr” Dissociation rate of siRNA and carrier in the cytoplasm Set to equal kyrf™ °

kS PRExX  Association rate of siRNA and receptor-bound carrier in the extracellular space  Set to equal k375> °
ko fREx Dissociation rate of siRNA and receptor-bound carrier in the extracellular space ~ Set to equal k77~ *
ko f®E"  Dissociation rate of siRNA from the receptor-bound complex in the endosome Set to equal k, 7" °
oRE Association rate of the carrier and receptor in the extracellular space 1.8 x 10° M's™
kfff;“ Dissociation rate of carrier and receptor in the extracellular space 4.0x10*s"
KoREn Association rate of the carrier and receptor in the endosome 2.0x10°M"s”
koREn Dissociation rate of the carrier and receptor in the endosome 40x10*s"
kSP-REx Association rate of the complex and receptor in the extracellular space 1.6x10°M"s™
ko ®E Dissociation rate of the complex and receptor in the extracellular space 1.5x%x10%s”
k3E-REn  Association rate of the complex and receptor in the endosome 4.1x10°M's”
kyr %" Dissociation rate of the complex and receptor in the endosome 24x10"s"

1. Measured experimentally unless otherwise noted. The extracellular space was modeled as a pH 7.4 environment, and
the endosome pH 5.5.
2. Based on compartment pH. The affinity of p19 does not significantly differ between the two pHs (15).

3. As siRNA loading did not affect receptor binding by the targeted carrier (Figure 2b), we assumed that p19 and the
EGFR binder function independently within the targeted carrier and that siRNA binding kinetics would not be affected by
the carrier’s association state to EGFR.



Table S5. Off-rates for model validation

Fold difference

-1
Clone Off-rate (s™) (Relative to p19)
p19 7.2x 107 1
p19""°K 1.2 x 10™ 6
p19°™" 1.8 x 107 40
p19N‘I5K,G16R 44 x 10.4 160

The off-rates were estimated as described in Model Construction: Receptor-mediated uptake of siRNA.



Figure S1. Model equations
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Figure S1. Model equations (continued)
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Model construction

RNA interference. The model for RNA interference developed here was adapted from Bartlett et
al. (3) to create a simplified representation. As with the former model, the total number of RISCs
available to form activated RISCs was assumed to remain constant, and dissociation of activated
RISC was chosen to be negligible (3). We additionally assumed that dissociation of the activated
RISC/mRNA complex is negligible and that the target mMRNA is immediately cleaved to liberate
RISC. The association rate between activated RISC and mRNA was fitted using experimental
data from the literature correlating the number of siRNAs in the cytoplasm and the resulting
degree of knockdown (Figure S2).

100 - B
//’ o

90+ , /

80+ /

70t /
§ /
3 60t
2
8 50+ “,"
c /
X 401
S /

30+ ‘,»"

/ —Simulated Knockdown
20+ Gilleron et al. (GFP)
4 Liu et al. (GFP)
L o Overhoff et al. (ICAM-1)
10 / Wittrup et al. (GFP)
0 — . .
102 104 108

# of cytoplasmic siRNA

Figure S2. Simulation result for RNA interference. Open circles indicate experimental data, and
the solid line represents simulation results.

Receptor-mediated uptake of siRNA. Receptor-mediated internalization implemented by
Hackel et al. (16) was simplified to create a net-internalization model capturing the essence of
receptor-mediated uptake. As the targeting Fn3 used in this study (clone E6) was demonstrated
not to affect surface EGFR levels (16), we assumed that surface EGFR levels are maintained at
steady-state throughout the simulation and binding of the targeted carrier does not affect the rate
of internalization. Non-specific uptake of siRNA was negligible in the dynamic concentration
range (Figure 3d), and receptor-bound carriers were allowed to capture free siRNA as observed
on the yeast surface. To represent the media change that was performed after 6 hours during the
transfection experiments, the concentrations of free species in the extracellular space were set to
zero at 6 hours. This effectively removed the siRNA source in the system.

To simplify model simulations, the association rate of the carriers were fixed at 1 x 10° M
s (14), such that their affinity was varied by changing the dissociation rate only. With this on-
rate, an effective off-rate was fitted for p19-E18 using experimentally measured uptake kinetics in
Figure 4a (Figure S3). The fitted off-rate closely matched experimentally reported values (17),
although the effective affinity of p19 calculated in this manner was lower than measured values.
We speculate that the strong temperature-dependence of p19’s affinity or the presence of a
nucleic acid competitor in the culture medium may have caused this discrepancy.

10



Model construction (continued)
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Figure S3. Receptor-mediated uptake of the p19-E18/siRNA complex. Open circles represent
experimental data, and solid lines represent simulation results.

Endosomal release. A first-order rate of endosomal release was fitted using the uptake and
silencing data of p19-E18. In the absence of experimental evidence suggesting otherwise, we
assumed that the rate of escape is equal for all species. This assumption is consistent with the
PFO pore (25-30 nm (18)) being larger than all three free species (6-8 nm; Figure 2c).
Considering competition from multiple intracellular proteins, including nucleases, which contain
binding domains for dsRNA (19), we assumed that siRNA rebinding to its carrier is unlikely once
dissociated inside the cell. The resulting simulation dependably recapitulated the qualitative
behavior of silencing (Figure S4).
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Figure S4. Simulation result for RNA silencing by p19-E18. Open circles represent experimental
data, and solid lines represent simulation results.
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Figure S5. Model predictions of silencing by the higher affinity carriers. Model validation
performed by predicting the silencing behavior of the higher affinity carriers. The off-rates of the
higher affinity p19 clones were extrapolated based on experimentally measured fold-differences
in affinity (Supplementary Table S5). Silencing simulated using these off-rates and experimental
data (Figure 3a) were in good agreement, with the silencing potencies continually improving with

higher affinity.
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Figure S6. Expression yields of affinity-matured p19 clones. The p19 clones were expressed in
E. coli as sumo-fusions and purified as described in Materials and Methods. The yields reported
here are from a single batch.
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Figure S7. Non-reduced SDS-PAGE of p19 fusion proteins. The expected molecular weight of
the p19-E18 and p19-E6 monomers are 27 kDa and 31 kDa, respectively. Dimerization may
occur when the embedded cysteine in p19 is exposed following denaturation.
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Figure S8. SEC analysis of p19 fusion proteins. For each construct, the targeting moiety is
indicated at the top and the p19 moiety on the left. 30 ug of each construct was analyzed as
described in Materials and Methods.
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Figure S10. Silencing controls. All experiments were performed with A431-d2EGFP cells. Unless
otherwise noted, cells were treated with the respective constructs for 6 hours, then with fresh
media for 18 hours. (a) Cells were treated with p19-E18 or p19-E6 carriers loaded with GFP

siRNA. (b) Cells were treated with the targeted, PFO-based endosome—disrupting9 aqent
C225.2/PFQT*ALTY (20) or the targeting antibody C225.2 alone, without PFQ™*

49V (c) Cells

were treated with p19-E18 orB1 9-E6 carriers loaded with negative-control siRNA. The

90A,L491V

concentration of C225.2/PFO

was fixed at 5 nM. (d) Cells were transfected using the

Lipofectamine RNAIMAX reagent following manufacturer’s instructions. Cells were either
incubated with the lipid-siRNA complexes for 6 hours then with fresh media for 18 hours, or with
the lipid-siRNA complexes for 24 hours without changing the media.

16



150000
100000
>
T
14
50000
0 T T
First treatment p19-E18/Seql  p19N13KGI6RE18/Seql  Trypsinizaton  Trypsinization
Second treatment  Trypsinizaton  Trypsinization p19-E18/Seql  p19N15KG16R.E18/Seq|

Figure S11. Trypsinization removes surface-bound siRNA. Fluorescently labeled siRNA (Seq I)
was loaded onto the carriers p19-E18 or p19"'**®"®”_E18 and incubated with the adherent A431-
d2EGFP cell line on ice to prevent endocytosis (1 hour at 20 nM). The incubation was performed
either before or after trypsinizing the cells, followed by flow cytometry. Washes were performed
between steps with cold PBSA. The trypsinization step completely removed surface-bound siRNA
from both carriers (columns 1-2), which may be due to potential cleavage of p19. It is unknown
whether trypsin stripped the surface-bound carriers as well. The carriers/siRNA complex bound to
cells as expected if not exposed to trypsin (columns 3-4).
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Figure S12. Competitor against receptor binding titrates siRNA uptake. Both experiments were
performed in A431-d2EGFP cells. (a) Fluorescently labeled siRNA (Seq I) was loaded onto the
carriers p19-E18 or p19N15K'G16R—E18 by mixing. 20 nM of the respective carrier/siRNA complexes
were incubated with cells for 6 hours at 37°C, in the presence of varying concentrations of sumo-
E18. The number of internalized siRNA was then quantified as described in Materials and
Methods. (b) GFP siRNA was loaded onto the carriers p19-E18 or p19N15K‘G16R—E18 by mixing. 20
nM of the respective carrier/siRNA complexes were incubated with cells for 6 hours at 37°C, in
the presence of varying concentrations of sumo-E18 and a fixed concentration of the PFO-based
endosome-disrupting agent (C225.2/PFO™ "1 '5 nM). The constructs were then replaced
with fresh media, and GFP expression was measured at 24 hours.
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Carriers with very high affinity (kj; =107°s" ) sequester siRNA in the cytoplasm, preventing the
release of free siRNA and its subsequent incorporation into RISC. In contrast, carriers with very

low affinity (kj; =1075"") are unable to internalize siRNA.
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Supplementary Methods

1. Expression and purification of p19

P19 expression. The p19, p19-E6 and p19-E18 constructs were cloned into the vector pE-
SUMO (LifeSensors) and transformed into chemically competent Rosetta 2 (DE3) E. coli
(Novagen). An overnight starter culture was diluted 1:100 into Terrific Broth (TB) containing
antibiotics (50 mg/L kanamycin and 34 mg/L chloramphenicol) and incubated at 37°C for several
hours. When the ODgq reached 1.9 — 2.1, the culture was induced with 1 mM IPTG and
transferred to 20°C for overnight expression. Cell pellets were harvested by centrifugation at
5000 xg for 20 min at 4°C, then stored at -20°C until purification.

P19 purification. Bacterial pellets were resuspended in cold sonication buffer (2x PBS containing
3% glycerol, 1% triton X-100 and EDTA-free protease inhibitors (Roche), pH 7.5) and lysed by
sonication on ice. Following centrifugation at 20,000 xg for 60 min, the supernatant was incubated
with cobalt resin (Clontech) for 1 hr at 4°C. The resin was then transferred to a gravity flow
column and washed with increasing concentrations of imidazole (2x PBS containing 5 mM, 10
mM and 15 mM imidazole, pH 7.5). A wash step with 2x PBS containing 1 M NaCl was included
in-between the steps with 5 mM and 10 mM imidazole, to aid in the removal of non-specifically
bound nucleic acids. Sumo-tagged p19 was eluted with 2x PBS containing 250 mM imidazole and
concentrated to a smaller volume. The sumo tag was removed from p19 by overnight digestion
with sumo protease (added at a 1:40 ratio by mass) at 4°C while dialyzing into 1x PBS. Cleaved
sumo and sumo protease, both of which contain his tags, were removed by incubation with cobalt
resin (Clontech) for 1 hr at 4°C. The flow-through containing cleaved p19 was collected and
buffer-exchanged into 20 mM bis-tris containing 10 mM NaCl, pH 6.5. Anion exchange
chromatography (AEX) was performed using a HiTrap Q HP anion exchange column (GE
Healthcare Life Sciences) with an increasing salt gradient from 10 mM to 500 mM NaCl. A small
peak absorbing strongly at 260 nm separated early, likely containing fugitive nucleic acids. The
dominant peak eluting at approximately 200 mM NaCl was collected and concentrated for
subsequent size-exclusion chromatography (SEC). Preparatory SEC was performed using a
HiLoad 16/600 Superdex 75 pg column (GE Healthcare Life Sciences) in PBS, where p19 eluted
mostly as a monomeric peak. Final samples in PBS were sterile-filtered then flash frozen in
single-use aliquots, and stored at -80°C.

2. Parameter measurements

Steady-state GFP expression levels. The number of GFP molecules expressed in untreated
A431-d2EGFP cells was calculated using AcGFP/EGFP flow cytometer calibration beads
(Clontech) on an Accuri C6 cytometer (BD Accuri Cytometers). Measurements were performed
during multiple passages, the median value of which was used.

Net internalization rate of EGFR. An EGFR binder engineered on the fibronectin scaffold (clone
EI3.4.3 (16)) was labeled with Alexa Fluor 647 following manufacturer’s instructions (Life
Technologies). The labeled binder was incubated with A431 cells at 20 nM in complete media for
0 — 25 hours in a reverse time course. Incubation was performed either in the presence or
absence of excess competitor (unlabeled EI3.4.3) to determine the degree of non-specific uptake,
if any. The background-subtracted fluorescence at each time point was fitted to obtain a first-
order rate of internalization.
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