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Appendix Note 1



Two molecules of A form the dimer AA. Concentrations are at a steady state determined by the law of
mass action according to this reaction network :

=>gA A =>dA
2A rl<=>r2 AA
AA =>dAA

where S, is the synthesis rate of A (units of concentration*time/-1), I, is the dissociation rate of
AA (units of concentrationA-1*timeA-1), T, is the association rate of A, and d,,d,, are
degradation rates (units of time/-1).

Let cA, cAA denote the concentrations of the two molecular species :

Because at equilibrium the concentration of A is constant :
Equation 1: s,+2r,C=d,Ca+2r,Ch
Because at equilibrium the concentration of AA is constant :
Equation2: r,c5=dasCan+71Can
Starting from equation 2, we get an expression for C,,
2
ryCa=dpaCpa+T1Cap
— 2
O—(dAA+r1)CAA_r2CA

2
ryCxp

M da tr,

. k .
With k4, defined as do+r,

Can=KasCr
Starting from equation 1 :
SA+2r,Can=d s Ca+ 21,5
0=2rzci+dAcA—sA—2rchA
By substituting caa:

2 2



r

m=—— ,weget TI,~rk,=d,k,, andtherefore :
d s+,

From the definition k

0=2r2ci+dAcA—sA—2r1cf‘kAA
0=2r,ca+d\Ca—54—27,Cak s
OZZCi(dAAkAA)+dACA—SA

Applying the quadratic formula :

:—bi\/b2—4aC: _dAi\/dix_4(2dAAkAA)(_SA)

c
A 2a 2(2d,,] (kAA)
= d,=Vd,+8d kS,
A= 4d ks
In the formula above, the coefficients are such that a>0 , b>0 , ¢<0 and thus

b<\b’—4ac .Itfollowsthat —b + b’—4ac isnon-negative, while -b — Vb’—4ac
non-positive. We therefore choose -p + Vb’ —4ac toobtaina non-negative value of Cp .

_—d,+\d +8d,, ks,
A= 4d o Kun

is
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Two molecules A and B form the dimers AA , AB and BB . Concentrations are at a
steady state determined by the law of mass action according to this reaction network:

=>sA A =>dA

=>sB B =>dB
2A  ri<=>12 AA
2B r3<=>r4 BB

A+B 15<=>r6 AB

AA =>dAA
BB =>dBB
AB =>dAB

where s,,s, are synthesis rates (units of concentration * time~-1), r,,r,,r; are dissociation rates
(units of timeA-1), r,,r,,rs are association rates (units of concentration/-1 * time/-1), and
d,,d,,,d,s,dg,,dgg,d, are degradation rates (units of time/-1).

Let C,,C44,Ca5,Chp,C  denote the concentrations of the five molecular species.

Because the concentration of A is constant:
. 2
Equation 1: s, + 2r,cyy + rsCpg = daCp + 21,C4 + T14CaCp

Because the concentration of AA is constant:
. 2
Equation 2: r,c, = dsCan + I'iCan

Because the concentration of AB is constant:
Equation 3: rgc,cy; = d zC,p + I'sCyp

A/B symmetry: The reaction network is symmetric with respect to the two lists of variables
[CasCansSarda,rysroydy,] and [Cy,Cpp,Sp,dg,Ts,rysdgg] . This means that any equation will

remain true if we simultaneously replace each of these parameters by the corresponding parameter from
the other list.

Starting from equation 1, we can get an expression for c,,

2
Sy + 2rCap + IsCppg = dsCu + 21,C + TgCxCp



2
dACA + 2r2CA + FGCACB - SA - I"SCAB
Cap =
2r,

Starting from equation 2, we can get another expression for c,,

rzci = dsuCupn + T Cpp
Co = —2—¢
d,+ry
r2

With k,, defined as
antry

2
Can = kaaCa
By equating these two expressions of ¢,, , we can get an expression for ¢ ,;

2
_dyCy + 2ryCy + TgCaCp — Sy — T'sCyp
kaaCn = B
ry

2 2
2r1kAACA = dACA + 2F2CA + I”GCACB - SA - T'5CAB
2 2
I”SCAB = dACA + 2r2CA + rGCACB - SA - 2r1kAACA
— 2
rsCag = daCa + 2(ry=rikp,)ch + recacy — S,

2
dacy + 2(r2_r1kAA)CA + I'sCaCp — Sy
CAB =
I's

r

da+r,

From the definition k,, =

2
dACA + 2dAAkAACA + I”GCACB - SA
Cap =
rS

Starting from equation 3, we can get another expression for ¢,

reCaCp = dapCag + TsCyp
C = riGC C
AB — ACs
dspt+Ts
) . g
Wwith k,; definedas ———
daptrs
Cap = KagCaCp

By equating these two values of c,, , we can get an expression for c,

,weget r,—rk,, = d,k,, andtherefore:



2
dACA + 2dAAkAACA + FGCACB - SA

KypCaCp = -

5
2
rSkABCACB == dACA + 2dAAkAACA + rGCACB - SA

(rSkAB_rG)CACB = dc, + 2dAAkAACi\ — Sa

dACA + ZdAAkAACZA - SA

Cp =
(rk as=re)Ca
r
From the definition k,, = dij- ,weget ry—r.k,, = d,zk,; and therefore:
AB*FTs
dACA + 2dAAkAAC124 - SA
Cp =

—dapkapCy
By applying the A/B symmetry to this equation, we can get another expression for ¢, :

2
dgcg + 2dpgkpsCp — Sp
—d 5k 45Cp

C, =

r4
dpg+r,

where kg, is defined as

—dapgkagCpcy = dpcp + 2dBBkBBC123 — Sp
0 = (dB+dABkABCA)CB + 2dBBkBBC?B — Sp
0= 2dBBkBBCé + (dB+dABkABCA)CB — Sp

Applying the quadratic formula:

_ —bi\/b2—4ac _ _(dB+dABkABCA) * \/(dB"'dABkABCA)Z + 8dpgkysSy

In the formula above, the coefficients are such that a>0 , b>=0 , ¢<0 and thus
b < Vb’—4ac .Itfollowsthat —b + Vb’—4ac is non-negative, while —b — vb’—4ac

non-positive. We therefore choose —b + Vb’—4ac to obtaina non-negative value of ¢, .

_(dB+dABkABcA) + \/(dB"'dABkABCA)Z + 8d kS,
4dppk pp

Cg =

is



By equating the two expressions that we obtained for ¢, , we get:

dACA + 2dAAkAAC124 - SA

—d 5K apCo

_(dB+dABkABCA) + \/(dB"'dABkABCA)Z + 8dpgkysSy
4dppkpgp

SA - dACA - 2dAAkAAC124
dypKapCa

_(dB+dABkABCA) + \/(dB"'dABkABCA)Z + 8dpgkypSy

4 dpgkps
Taking x = dyk,, , ¥y = dggkgy and z = d,zk,; , we obtain:
s, —d,c, — 2xc5 _ —(dg+zc,) + V(dg+zc, P + 8ys,
ZC, 4y
4ys, — dyd,c, — 8yxch = —dgzc, — 224 + V(dyzc,+2° ) + 8ysyz°c’

(dyzc,+2°c%) + (4ys, — dyd,c, — 8yxc’) = (dyzc,+2°c2 )} + 8ys, 2’

2

((decA+zzci) + (4ys, — 4yd,c, — 8yxci))2 = (dyzc,+2°c%) + 8ysyz°ch

2(dgzca+z°cy)(4ys, — 4ydac, — 8yxch)
+
(4ys, — d4yd,c, — 8yxc,)

2 2
8ysgz cy



8dys,yzc, — 8d,dgyzcy — 16dyxyzcy + 8s,yz°cy — 8d,yz°c) — 16xyz'chy
+
1655y’ — 16s,d,y°c, — 32s,xy°c, — 16s,d,y’c, + 16d,y°cs + 32d,xy’c),
2.2 4

— 32s,xy°cy + 32d,xy’c), + 64x°y'c),

2 2
8ysgz Ccy

8dgs,yzc, — 8dAdByzci\ — 16deyzci + 8sAyzzci\ — 8dAyzzc3A — 16xyzzci\
+
1655, y° — 16s,d,y°c, — 32s,xy°cy — 16s,d,y’c, + 16d,y°c, + 32d,xy’c),
— 32s,xy’ch + 32d,xy’c), + 64x’y’c), — 8yszz’c,

0

Dividing by y :

8dys,zc, — 8d,dgzch — 16dzxzcy + 8s,z°¢cy — 8d,z°c, — 16xz°¢Ch
+
165,y — 16s,d,yc, — 32s,xycy — 16s,d,yc, + 16d,yc, + 32d,xyc),
— 32s,xycy + 32d,xyc, + 64x’yc, — 8s,z°C’,

0

Dividing by 8:

2 3 2 2 2 3 2 4
dBSAZCA - dAdBZCA - 2dBXZCA + SAZ CA - dAZ CA - 2XZ CA
+
255y — 2s,d — 4 S — 2s,d + 2d5ych + 4d y
SaY SpdpYCy SaXYCyu SadaYCy AYCy AXYCy
2 3 2 4 2 2
— 4s,xyc, + 4d,xyc, + 8x yc, — szz°c,

0
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0 = (8x*y—2xz’)ch + (8d,xy—2dzxz—d,z°)c’,
+ (5,2 —d,dgz—8s,xy + 2d3y—s5z°)Ch + (Sadgz—4s,d,y)ca + 253y

0 = 2x(4xy—2")cy + (d,(8xy—72")—2dyzxz)C)
+ (2ydi+sa(2°—8xy)—d,dgz—2°sp)ch + su(dgz—4d,y)c, + 2shy

Dividing by z :

0 =2x[42Y—z|c% + c
z

X
dA(BTy—z)—Zde

2yd;,

V4

+

t S, dB—4dAl

V4

2 2y
Cy *+ S, CA+2SA;

Z—BQ) — d,dy — zsg
z

Eliminating x , y and z usingtheirdefinitions x = d ks , ¥ = dggkpg
z = dyzk,; , weobtain:

and

0

dk,,dggk
AAdejs = - dABkAB)C.i
+

3
Ca

ABkAB) - 2dBdAAkAA

This formula can be used to compute the values of the coefficients of the 4™ degree polynomial given
the values of the chemical parameters. The resulting values of the coefficients can then be used by a
numerical solver to compute the 4 possible values of ¢, (the 4 roots of the polynomial). The
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corresponding steady-state concentrations of the other molecular species can then be computed using
the formulas derived above.

2 2
dACA + 2dAAkAACA - SA SA - 2dAAkAACA - dACA SA/CA - ZdAAkAACA - dA
C, = = =
B
—dygkpC, daKapCa d \5K a5
oo = k0 = LCZ
AA — Raata — A
da+r;
Con = kp.Co = L&
BB — fpelB — B
dpgtr;
k i
C = c,C, = —(C,C
AB ABLACB ALB
dptrs

Among the 4 possible values of ¢, , the one that results in positive values for the concentrations of
all five molecular species is the physically correct solution.
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Appendix Figure S1. The equilibrium between homodimers and heterodimers is determined by
binding affinities.

A. Effect of variation in AGyinaas and AGuingss ON the percentage of heterodimers, similar to Figure 1G. The
dashed red line indicates the value of AGying s, Which is kept constant at -10 kcal/mol. Numbered labels
inside the heatmap indicate the different scenarios described in the rest of the panels.

B. Scenario 1): Directly after the duplication, the binding affinities of the three dimers are identical, leading
to a 25% AA:50% AB:25% BB equilibrium.

C. Scenario 2): Homomers dominate when the heterodimer has the weakest binding affinity.

D. Scenario 3): Heterodimers dominate when they have the strongest binding affinity.

E. Scenario 4): Homomers dominate when the binding affinity of the heterodimer is slightly stronger than
that of one of the homodimers but much weaker than the other one.

F. Scenario 5): Heterodimers dominate when the binding affinity of the heterodimer is slightly weaker than
that of one of the homodimers but much stronger than the other one.
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Appendix Figure S2. Effects of an extended range of different values of binding affinity (AGying,ae
and AGying,aa) on the equilibrium between homo- and heterodimers.

A-D. Effect of variation in AGuyingveras @Nd AGiingimaa ON the percentage of the heterodimer (HET AB) (A),
percentage of one of the homodimers (HM AA) (B), and the total activity (C), and fitness (D) of the
system. For panels A-D, AGuingnm 88 Was kept constant at -10 kcal /mol. The space in grey at the top of
each heatmap represents the sets of values for which the equation solver could not find an equilibrium,
because the polynomial coefficients (proportional to (kaa**kes)/kas, see equations 2 and 5 in Methods)
become too large.
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Appendix Figure S3. Trajectories of individual replicates of parametric simulations. Panels show
trajectories of 50 individual replicates of parametric simulations with different means and standard
deviations for the distribution of effects on AGyingim (Same data as in figure 2B). Replicates were colored
according to the equilibrium concentrations of complexes at the end of each simulation following the
classification outlined in section 4 of the methods: HET dominant: 70 <= pAB, HM dominant: 70 <= (pAA +
pBB), both HM and HET: 70 <= (pAB + pAA + pBB) AND 70 >= pAB AND 70 >= (pAA + pBB), monomers:
70 <= (pA + pB), ambiguous: 70 >= (pAB + pAA + pBB) AND 70 >= (pA + pB).
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Appendix Figure S4. Trajectories of individual replicates of simulations with structures. Panels
show trajectories of 50 individual replicates of simulations using the distributions of mutational effects
estimated for each PDB structure (same data as in figure 2C). Replicates were colored according to the
equilibrium concentrations of complexes at the end of each simulation following the classification outlined
in section 4 of the methods: HET dominant: 70 <= pAB, HM dominant: 70 <= (pAA + pBB), both HM and
HET: 70 <= (pAB + pAA + pBB) AND 70 >= pAB AND 70 >= (pAA + pBB), monomers: 70 <= (pA + pB),
ambiguous: 70 >= (pAB + pAA + pBB) AND 70 >= (pA + pB).
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Appendix Figure S5. No clear effects of structural properties of protein interaction interfaces on
the observed outcomes.

A-D. Distributions for all 104 structures tested for fraction of residues of the whole protein that are located
in the interface core (A), the average stickiness of the interface core and rim (B), the proportion of
residues in the interface core and rim that are within 4 Angstroms of their counterparts in the opposite
subunit (C), and the percentage of alpha helices and beta strands at the interface (D). Structures were
classified in panels A-D according to the outcome of their simulations from figure 3A. p-values were
calculated using Wilcoxon tests.

E. Percentages of heteromers at the end of the simulation for dimers with different ECOD architectures.
Architectures are classified according to their dominant secondary structure (alpha helices, beta strands,
or mixed).

Boxplots indicate the median (center lines) and interquartile range (hinges). Whiskers extend from the
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hinges of each box to the most extreme values that are at most 1.5 times the interquartile range away
from the hinges.
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Appendix Figure S6. Changes in the starting values for AGs,« and AGina do not alter the outcome
significantly. Simulations were run using the distributions of mutational effects for each PDB structure
and changing the starting parameters for AGrs and AGgine. Each combination of values was selected by

doubling or halving one of the reference parameters (AGris = -5 kcal/mol, AGging = -10 kcal/mol) while

keeping the other one constant.
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Appendix Figure S7. The cumulative sum of residuals of fixed mutations reflects the percentage of
heteromers. For each replicate of simulations with each structure, the residuals of fixed mutations up to
specific points in the simulation (5, 10, 25, 50, 100, 200 mutations) were added and compared to the
percentage of heterodimers at that point in the simulation.
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Appendix Figure S8. Trajectories of individual replicates for parametric simulations that allow
changes in synthesis rates. Individual replicates were colored based on the percentage of heteromers
at the end of the simulation following the classification outlined in section 4 of the methods: HET
dominant: 70 <= pAB, HM dominant: 70 <= (pAA + pBB), both HM and HET: 70 <= (pAB + pAA + pBB)
AND 70 >= pAB AND 70 >= (pAA + pBB), monomers: 70 <= (pA + pB), ambiguous: 70 >= (pAB + pAA +
pBB) AND 70 >= (pA + pB). The data shown are the same as in figure 4E.
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Appendix Figure S9. Divergence in synthesis rates between paralogs in simulations with
structures. Simulations were run using the distributions of mutational effects for all replicates of each of
the 104 PDB structures and different probabilities of mutations affecting synthesis rates. For each
simulation, the more abundant subunit and the least abundant subunit were distinguished. The dashed
line at 100 indicates the starting synthesis rate for both subunits. Boxplots indicate the median (center
lines) and interquartile range (hinges). Whiskers extend from the hinges of each box to the most extreme
values that are at most 1.5 times the interquartile range away from the hinges.
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Appendix Figure S10. Individual trajectories for parametric simulations with differences in specific
activities. Individual replicates were colored based on the percentage of heteromers at the end of the
simulation following the classification outlined in section 4 of the methods: HET dominant: 70 <= pAB, HM
dominant: 70 <= (pAA + pBB), both HM and HET: 70 <= (pAB + pAA + pBB) AND 70 >= pAB AND 70 >=
(pPAA + pBB), monomers: 70 <= (pA + pB), ambiguous: 70 >= (pAB + pAA + pBB) AND 70 >= (pA + pB).
The data shown are the same as in figure 5E.

24



