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Supplemental Information
Parameter Sensitivity Analysis

The model captures a range of degradation efficacy using different values of the input parameters. In
our simulations, we considered how changes in measurable parameters affected the resultant
degradation efficacy. Typically known or measurable parameters include concentration of target, ligase,
binary PROTAC affinity to POl and E3 and target half-life. We also identified 3 parameters kon, Kub, Kdeg
that are more difficult to measure having the least amount of direct measurement support, and
therefore jointly varied these over several orders of magnitude. In addition, we incorporated into the
analysis a ‘destab’ term, a tunable factor to offset the energetics of the ubiquitinated ternary complex
relative to the non-ubiquitinated; a multiplicative factor in ternary on and offrate such that k. Tub_PL
= destab*kon_TP*Krup/alpha; koff_TubP_L = destab*kon_PL*Kp/alpha. This is supported by the
experimental evidence that most stable ternary complexes lead to enhanced ubiquitination and
degradation rates, where the overall rate of dissociation of the ubiquitinated protein from the ternary
complex is likely to be much faster and not rate limiting 12 . While this implies weaker stability of
ubiquitinated ternary relative to the non-ubiquitinated ternary, no quantitative experimental data is
available. Thus sensitivity analysis was carried out on destab varying it over 10,000 fold, in addition to
the afore mentioned 3 parameters. Maximal degradation achieved over a range of concentrations
(Dmax) was computed, and parameter sensitivity of Dmax Was visualized by plotting Dmax changes with
respect to changes in 2 parameters with the other 2 held fixed at their nominal value for each pair of

combinations (see Fig S1).

Results demonstrated that most of the outcomes are well determined by parameters we can
measure (e.g. affinity to both target and E3 ligase, target and E3 half-life), and that the model can
generate a wide range of outcomes with Dmax trends that are holding over broad parameter ranges for
underdetermined parameters. We find that kon, kus, kaeg are sensitive parameters in the model, with
most of their sensitivity in the lower parameter value regimes and expected interdependencies to
increase or decrease degradation. Maximum degradation is achieved when all the rates are fast, but
there are limits on their values such that ko, > 10 uM™min™, kys> 0.1 min, kgeg > 0.01 min* does not lead
to further enhancement of degradation; maximum setpoint is determined when all the target is

degraded, for the current system parameters.
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For kon, sensitivity is seen in all regimes expected. For slow kon, Not much degradation is
observed because complex formation is inefficient. Most of the kon sensitivity is observed at values
below 1 uM™min™. A wide spectrum of degradation is observed at fast kon, driven by the ku, and kgeg
rates. The model is also sensitive to differences in ky,, which is a PROTAC and ligase dependent
parameter. In the case of a non-optimal PROTAC geometry for catalysis, a slow kb, rate of 0.001 min
significantly reduces degradation efficacy predicted by the model. For efficient ubiquitination, at a rate
of 0.1 min’%, the predicted degradation efficacy increases as expected and is also captured by the model.
Notably, we are simulating a target with intrinsic half-life of 24 hr (Kdeg,int “4.8 x 10-4 min™*), so 0.01 min?
is already at 20x the intrinsic rate, where PROTAC degradation is very efficient and only 5% of target is

remaining . Effects of kgegand kon Will change based on target half-life (see Fig. 8).

For destab changes over 10,000-fold, the results indicated that target degradation levels were
largely insensitive, for the remaining parameters used in the simulation. We hypothesize this is because
ubiquitinated ternary complex is never more than a small fraction of the total target such that changes
in relative stability of ubiquitinated to non-ubiquitinated ternary do not significantly impact increase in

degradation. See Figure S2 comparing ubiquitinated ternary to other species. This can be explored

further in future analyses.
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Figure S1. Results of sensitivity analysis plotting Dmax varying 2 parameters over 10,000 fold while
holding 2 others fixed. A. kon and kus varied at fixed kgeg 0f 1 min™ and destab 1, B. kon and kqgeg varied at
fixed kyb=0.1 min* and destab 1, C. ku, and kqeg varied at fixed kon 1000 uM™ min'* and destab 1, D. kyp
and destab at fixed kon=1000 uM™ min™ and kgeg =1 min™, E. keeg and destab varied at fixed kon=1000 uM"
Ymin?and kyb=0.1 min%, and F. ko and destab varied at fixed ku,=0.1 min™ and kqeg = 1 min*. Global
simulation parameters include [T]=[L]=0.01 uM, target half-life=24 hr, E3 half-life=24 hr, K»=0.01 uM,
Kei=1 uM, Kinace=0.1 min™* .

Reaction kinetics: covalent bond formation, degradation and PROTAC consumption-

To understand the interplay between the kinetics of covalent bond formation to E3 ligase/POl and
degradation, we compared the dynamics of each species in the system (Fig S2). We leveraged these

simulations to gain insight into the formation and dissipation of key ternary and ubiquitinated POl in the
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reaction, which are more challenging to measure experimentally. Notably, both covalent POl and E3
cases exhibit an initial transient increase in total ternary and ubiquitinated POI with similar temporal
profiles and greater magnitude in the covalent E3 case (Fig S2B,C), while for the reversible case the
transient for both species is flat (Fig S2A). In the case of a covalent E3 ligase PROTAC, total ternary and
ubiquitinated POI both reach a similar steady state and >99% POI degradation is achieved in 3 hours
(Supp Fig 2B). In contrast in the covalent POl PROTAC scenario, the disappearance of PROTAC occurs
significantly more rapidly, leading to a concomitant rapid loss of ternary and ubiquitinated POI that
coincides with recovery in target levels (Fig S2C). This is because PROTAC is consumed in every cycle of
target degradation, driving down the available PROTAC concentration remaining in the system. Over the
course of the reaction, >99% of covalent POl PROTAC is consumed, in contrast to only ~ 30% of total

PROTAC loss due to turnover of the covalent E3 ligase-PROTAC complex under similar conditions.

To test the difference in degradation efficacy between a covalent E3 ligase-PROTAC and a
“regenerating” covalent POI-PROTAC, we tested the hypothetical case where a fully functional PROTAC
can be regenerated during proteasomal degradation of the POl instead of being irreversibly lost on
turnover of the covalent POI-PROTAC complex. This approximates the case of a reversible covalent
inhibitor. As shown in the simulation results in Fig S2D, total PROTAC is now no longer consumed during
the reaction. Greater depth of degradation is observed for the covalent POI- PROTAC regeneration case
versus the original covalent POl PROTAC (compare 2D vs 2C), but this still falls short of the covalent E3
ligase PROTAC (2B) by ~2 fold. We hypothesize that the ~ two-fold enhancement in degradation in the
covalent E3 ligase system is due to greater catalytic cycling, underscoring the true catalytic benefit from
stabilizing the activated ligase complex. This value will likely be dependent on specific system

parameters.
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Figure S2. Kinetic simulations of Reversible and Covalent E3 and POI TPD reactions. Time courses
following total target, E3 ligase, and key ternary and ubiquitinated POl intermediates are shown under
the following conditions: fully reversible (no inactivation); Krp= 0.01 uM Kpi= 1uM (A) ; covalent E3
binding; Ke. =1 uM, Krp =0.01uM (B) ; covalent target binding; Ke. =0.01 uM, Krp = 1 uM (C); same as C
but allow regeneration of the PROTAC after a single round of target degradation (D).

Single [PROTAC] plotted in each kinetic trace representing concentration that yielded maximum
ternary complex at t=0 under each simulation condition; 0.11 uM for A, 0.01 uM for B, C, and D . Global
simulation parameters include [T]=[L]=0.01 uM, target half-life=24 hr, E3 half-life=24 hr, ko,=6000 pM-
min, kyp=0.1 min, kinact=1 mMin?, kgeg=1 min, with binary affinities varying as described above.
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Chemical Kinetic ODEs for Reversible and Covalent
PROTACs

Core Reversible Model: Binary and Ternary Com-

plex

dr T_-PL

—r = Ko ¥ TP+ kg "« TPL — (Kon % P+ kon x PL) + T
AP rp .

dL
= ki * PL+kyj" %« TPL — (kop % P+ kop x TP) % L

dt
%:kon*T*P—i—konl;L*TPL (TP 4+ ko L) % TP
df;L—kOn*P*LJrkonfL*TPL (KZEE 4 ko + T)  PL

(6)

Core Reversible Model: Ubiquitination and Degra-

dation Complex

dr

— = kegint * (To = T) + kL:F « TP + kLEY « TPL — (ko % P+ ko x PL) T
dt 9 ff of f

o
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dpP
E:kffj?*Towff*PL—(kon*T+kon*L)*P+kf;;*TubP—kon*Tub*P (8)

dL
= klif % PLAkl{ "« TPL — (kop % P+ kop x TP) % L

dt of f (9)
+ kb7 5 Ty PL — kg % Ty P L
drp TP_L T_P
= kon T % P+ ki7"« TPL — (k;off + kon % L) % TP — kgegint * TP (10)
dPL T_PL P_L
7:k:(m*P>|<L+/’<:off * TPL — (kyjf + kon xT) * PL (11)
+ kb Ty PL — kg, % Ty PL
dTPL
S = ko x TP # L+ kiop % PL# T — (kait ¥ + kY + kw) * TPL (12)
dlywPL Ty PL
= kyp ¥ TPL 4 kop % Tup P % L + kop % PL % Ty — (klub-
7 b * + x TpP* L+ * * T (Off (13)
+ ki) Ty PL
dT,, P
d; = kion % Tup % P+ kot 5 5 T PL — (k" + ko % L) % TP (14)
dT’LLb Tup-P Tup-PL
== kot x TP + ki " Ty PL — (kon * P 4 kon % PL 4 kgeg) * Typ (15)
AT
dcé ! = kdeg * Tub (16)
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Covalent E3 Model: Binary and Ternary Complex

dT
= klf « TP+ ki " « TPL — (K}« P+ kLT« PL) « T an
— (kLY % T)* PL+ (kif") « TPL,

ap T_P P_L TP PL
—r = hopf # TP+ kgpf s PL— (kg « T+ kb L) < P (18)
dL P_L TP_L PL PL
7 = Fogf # PLA kofg w TPL — (kg s P+ kg, « TP) + L (19)
drp TP TP_L T_P PL
— = kg ¥ T Pt kol « TPL — (kggf + kgl L) « TP (20)
dPL PL T_PL P_L TP PL
ek Koy * Px L+ kyrp "« TPL — (kyiy + Ky % T+ Kjpaer) * PL (21)
dI'PL PL TP T_PL TP_L PL

T = o # TP s Ltk PLxT — (kofy " + kofy") # TPL = kjpq » TPL (22)
dPL.
—— = kiky * PL+ klf "« TPL, — (k}F «T) % PL, (23)
dTPL
TC = kb x TPL+ kL« T« PL, — (klf") « TPL. (24)

Covalent E3 Model: Ubiquitination and Degradation
Complex

dT

— = Kaegine * (To = T) + kigp * TP+ kli{" « (TPL+ TPL,) (25)
— (kP x P+ kP « PL 4+ E'P « PL) + T

W WP wTP 4 KEE s« PL— (KIF « T+ kB  # L) 5 P+ KT0 « T, P

% — Noff of f on ¥ on ) off ub (26)

— kTP 5 Ty % P+ kéegmt * PL 4+ kgegmt x TP
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dL
= kiogin * (Lo — L) + klf « PL+ ki7" « TPL — (klF « P

dt (27)
+ kDL« TP) s« L+ kit s« Ty PL — kLE « TP x L
dTP TP TP_L T_P PL T
ek kow *T % P+k,ii xTPL— (kyrp +kyy % L) * TP — kg ¥ TP (28)
dPL _ EPEx Psx L+ E5PL « TPL — (KP:E + kTP « T« PL
7_ on ¥ * +0ff * _(off_‘_on>|< )* (29)
+ kf;;“ « Ty PL — kLo” « Ty« PL — Kl 0 % PL— K[k« PL

dTPL PL TP T_PL TP_L PL

o= KLV« TP s L+ kLY« PL« T — (kL5 " + k" + by + kb)) * TPL - (30)
dT,,PL

;t = kuy * TPL 4 kE* % Ty P % L + kT0F 5« PL % T, (31)

— (ki TP + kPt 4 kDR ) % T PL

dT,, P

d; = kL Ty 5 P+ kl" " s« Ty PL — (k" + kDF « L) % T P (32)
dTub o kTub,P % T P + kTub—PL % T PL . (kTubP % P

dt — off ub of f ub on (33)
+ kP s« PL A+ k5P % PLe + kaeg) # Tup + k570 % Tup PLe

dTye

di g = kdeg * Tub (34)
dPL, PL T_PL TP
— = Kinaet ¥ PL + koie ™ * TPL. — (k,,” *T) x PL. (35)

+ kf;;;” s (TwPLe) — kL” % Ty % PLo — Kl 1y * PLe

dTPL,

- = kiky * TPL+ kLY « T % PL. — (klit " + k) % TPL (36)

dTwPLe _ py

dt inact * TP L+ kup x TPLe + kg™ 5 Ty PLe = (ko ™) + TwPLe (37)

of f
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Covalent Target Model: Binary and Ternary Com-
plex

dT

o klsp * TP+ kit « TPL — (kLI « P+ kL' « PL) T (38)
dpP T_P P_L TP PL

E:koff*TP—kkoff*PL—(kon T+ k,, L) x P (39)

dL
— =kl « PL+ k"« TPL — (kLF « P+ kLl « TP) % L

dt (40)
+ kA« T.PL — (K}F « L) « TP

drp TP TP_L T_P PL TP
= kpp *T % P+ Fk,i™xTPL— (kyrp 4k, % L+ ko) x TP (41)
dPL PL T_PL P_L TP
Wzkon * Px L+ k"« TPL— (k¢ + kg, *T)* PL (42)
dI'PL PL TP T_PL TP_L TP

G = ko s TPx Lot kg« PL#T — (kI h + k)« TPL — k)L « TPL (43)
dT,P
—= kb« TP+ ki M« T.PL — (klF « L) « T.P (44)
dT,PL

o= kb * TPL+ KNE s TP« L — (K} 75) « T.PL (45)

Covalent Target Model: Ubiquitination and Degra-
dation Complex

dr

= hiegine * (To = T) + k3 * TP+ 7"« TPL— (k. % P4k}« PL)+ T (46)

dp
—r = ko # TP+ kgpp  PL = (kg T+ kgl s L)+ Pt by« T P
— k3T s Ty ¢ P A ke gimy * TP + ki iy % PL (47)

+ switch_regenerate  (kgeg * Teup P + k;gegmt x T.P)
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dL
= kb i * (Lo — L) + Kk« PL+ KIJE « TPL — (KDE % P+ kDE+ TP) « L

dt
+ ko7« Ty PL — kNP« TP x L+ kL« T.PL + kb 5 T, PL
—kPExT. P« L —EPE « T, P * L
dT'P TP TP_L T_P PL T
= kow *T % P+kyp* TPL — (k,ip + Ky, L) % TP — kgoping ¥ TP
— kP« TP
dPL PL T_PL P_L TP Tub-PL
= kow * Px Lt kypp ™ x TPL — (kyif + ko *T)x PL+k#y" x Tp PL
— ki P« Ty« PL — kY, iy % PL
dTPL
- = kL w TP s L+ kLT« PLxT — (k7" + k" + kw + ki o) * TPL
dT,,PL
;t = kyy, * TPL + kPF % TP % L + kTP « PL T,
= (o™ ko™ + Fintr) * T PL
dT,, P
_d; = kol s Typ % P+ kgth™F s« Ty PL — (k™ + kD % L) T P
— kij;lict * TubP
v _ 3P p o TP Ty PL — (KD 5 P4 kTP « PL 4 & T,
dt ot * Lup ™ ¥ of f * Lub _< on KL AR + deg)* ub
AT
deg = kdeg * (Tub + Tc,ubp)
dt
dTCP TP TP_L PL T
= Kinaet * TP + Ky * T.PL — (k,, *L)xT.P — Kegint * ToP
dT,PL
i Kimmer ¥ TPL + kDY s TP« L — (k7" + k) % T.PL

dT, »PL
2 = kI« T PL + ko * T.PL — k5" % T PL + kDY % TP+ L

dt inact
dT, .,P
citb = kLD % TP + k58" 5 Ty PL — T P % kigeg — kLF % Ty P % L
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