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Supplemental Figure 1. Bimolecular Fluorescence Complementation (BiFC) of homomeric

P, trichocarpa 4CL3 and 4CL5.

4CL fusion proteins of N terminal or C terminal fragments of YFP. (A) to (C) 4CL3-YFPN +
4CL3-YFP€ and (D) to (F) 4CL5-YFPN + 4CL5-YFPC .
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Supplemental Figure 2. Quantification of the 4CL3 and 4CLS5 proteins by PC-IDMS.

Extracted ion chromatograms and associated SRM-mass spectra were measured for the surrogate
peptide (blue/green) and corresponding SIL peptide standard (red/orange) for (A) 4CL3 and (B)
4CL5. All chromatograms represent the LC retention times for the labeled surrogate peptide and
the tryptic peptide derived from the sample. The ion intensities of the five fragment ions
monitored by SRM for the respective peptide are shown, where the associated mass spectra have
a width of 0.002 m/z. The charge to mass ratios of the fragment ions are shown as m/z. The
intensity of the peptides is shown as intensity relative to the standard. In A, the blue peak is
shown relative to the red standard, while B shows the sample (green) compared to the standard
(orange). The position within the peptide of the cleavage products leading to the five specific
fragment ions are shown for A and B above the chromatograms. The bold residue in the peptide
represents the heavy isotope label of the synthetic peptide standard. Thin lines in the histograms

represent signal intensity as fragment relative abundance.
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Supplemental Figure 3. Mechanistic description of the inhibition and activation

effects on the rate of product formation using caffeic acid as substrate.

(A) This diagram parallels that of Figure 5B but has caffeic acid as substrate. Caffeic
acid has self-inhibition with a rate 1/k; which is considered in the 4CLS and in the
4CL3/4CL5 enzyme complex reactions. Other relationships between components are
the same as in Figure 5A and 8A. (B) describes the mathematical model for multiple
enzymes and single substrate with caffeic acid as substrate. The equation represents the
rate of total product formation associated with 4CL3, 4CL5 and the 4CL3/4CL5
complex, where kjq is a self-inhibition kinetic parameter for 4CLS and the 4CL3/4CL
complex. The definitions of other variables and parameters are the same as those in
Figure 8B. k1, k2 and 7y values represent the mean + standard deviation of 100

optimized values.
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Supplemental Figure 4. Mechanistic description and mathematical model including the

multiple inhibition effects on product formation with caffeic acid as the main substrate.

(A) Self-inhibition effects with a rate 1/k, are considered in the 4CL5 and 4CL3/4CL5
complex enzymatic reactions. Other relationships between components are the same as in
Figure 8A. We assume that the enzyme complex takes on the same characteristics due to
the dominance of the 4CLS5. The figure illustrates the mechanistic configuration for
substrate self-inhibition of caffeic acid in the presence of 4-coumaric acid and ferulic acid.
Again, k, is the self-inhibition binding rate for both E2 (4CL5) and the enzyme complex.
(B) A mathematical model for multiple enzymes and multiple substrates, with cafteic acid
as the main substrate, and with 4-coumaric acid and ferulic acid as inhibitors. The
equation represents the rate of total product formation associated with 4CL3, 4CL5 and
the 4CL3/4CL5 complex, where kjg is a self-inhibition kinetic parameter of 4CLS and the
4CL3/4CL complex and the definitions of other variables and parameters are the same as
those in k1, k2 and vy values represent the mean + standard deviation of 100 optimized

values.
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Supplemental Method

1. Mathematical Model Definitions, Details and Kinetic Parameters

I. Mathematical model for the rate of production formation using 4CL3 and 4CL5 as multiple
enzymes, and 4-coumaric acid as a single substrate

Equation - Figure 5C
Variables
[E1t] : 4CL3 total enzyme concentration (OnM — 40nM)
[E2t] : 4CLS5 total enzyme concentration (OnM — 40nM)
[S] : 4-coumatic acid substrate concentration

(28.28uM, 37.97uM, 50.625uM, 67.5uM, 90uM, 160uM)
Kinetic Constants
K., Michaelis-Menten constant for 4CL3 enzyme (47.04uM)
K., Michaelis-Menten constant for 4CLS enzyme (19.029uM)
kcqt,: Product rate constant for 4CL3 enzyme (15.267min™")
kcat,: Product rate constant for 4CLS5 enzyme (22.272min™")

Optimized parameters

ki, k», y : Figure 5C

II. Mathematical model for the rate of production formation using 4CL3 and 4CL5 as multiple
enzymes, and caffeic acid as a single substrate

Equation — Supplemental Figure 3B online
Variables
[E1t] : 4CL3 total enzyme concentration (OnM — 40nM)
[E2t] : 4CLS5 total enzyme concentration (OnM — 40nM)
[S] : 4-coumatic acid substrate concentration

(5.93uM, 7.91uM, 10.55uM, 14.06uM, 18.75uM, 25uM)
Kinetic Constants
K, Michaelis-Menten constant for 4CL3 enzyme (5.558 uM)
K, Michaelis-Menten constant for 4CLS enzyme (9 uM)
kcqt,: Product rate constant for 4CL3 enzyme (14.045 min™")
kcat,: Product rate constant for 4CLS enzyme (14 min™")
kis : Caffeic acid self-inhibition constant for 4CL5 enzyme (55.97uM)
Optimized parameters

ki, k>, y : Supplemental Figure 3B online
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III. Mathematical model for the rate of production formation using 4CL3 and 4CL5 as multiple
enzymes, 4-coumaric acid as a main substrate, and caffeic acid, and ferulic acid as inhibitors.

* Equation - Figure 8B

* Variables
[E1t] : 4CL3 total enzyme concentration (OnM — 40nM)
[E2t] : 4CLS5 total enzyme concentration (OnM — 40nM)
[S] : 4-coumatic acid substrate concentration

(17.8uM, 23.73uM, 31.64uM, 42.19uM, 100uM)

* Kinetic Constants
K, Michaelis-Menten constant for 4CL3 enzyme (18 uM)
Kin,: Michaelis-Menten constant for 4CL5 enzyme (83 uM)
kcqt,: Product rate constant for 4CL3 enzyme (54 min™")
kcat,: Product rate constant for 4CL5 enzyme (175 min™")
K3;,: Caffeic acid competitive inhibition constants for 4CL3 (9.22 uM)
K3;,: Ferulic acid competitive inhibition constants for 4CL3 (55.05 uM)
K5, : Caffeic acid competitive inhibition constants for 4CL5 (7.06 uM)
K5;,: Ferulic acid competitive inhibition constants for 4CL5 (335.54 uM)
K5, : Caffeic acid uncompetitive inhibition constants for 4CL5 (49.75 uM)
K5;,,: Ferulic acid uncompetitive inhibition constants for 4CL5 (178.21 uM)

* Optimized parameters

ki, k,, y : Figure 8B

IV. Mathematical model for the rate of production formation using 4CL3 and 4CL5 as multiple
enzymes, caffeic acid as a main substrate, and 4-coumaric acid and ferulic acid as inhibitors.

* Equation — Supplement Figure 4B online
* Variables
[E1t] : 4CL3 total enzyme concentration (OnM — 40nM)
[E2t] : 4CLS5 total enzyme concentration (OnM — 40nM)
[S] : 4-coumaric acid substrate concentration
(23.73uM, 31.64uM, 42.19uM, 56.25uM)
* Kinetic Constants
K., Michaelis-Menten constant for 4CL3 enzyme (3.53 uM)
Kin,: Michaelis-Menten constant for 4CLS enzyme (44.97 uM)

kcqt,: Product rate constant for 4CL3 enzyme (25.84 min™")
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kcat,: Product rate constant for 4CL5 enzyme (120.38 min™")

K3, 4-coumaric acid competitive inhibition constants for 4CL3 (43.73 uM)
K3;,: Ferulic acid competitive inhibition constants for 4CL3 (59.36 uM)

K35, 4-coumaric acid competitive inhibition constants for 4CL5 (122.70 uM)
K5;,: Ferulic acid competitive inhibition constants for 4CL5 (518.93 uM)
K355y, : 4-coumaric acid uncompetitive inhibition constants for 4CL5 (78.07 uM)
K5, Ferulic acid uncompetitive inhibition constants for 4CLS5 (372.06 uM)
k;s : Caffeic acid self-inhibition constant for 4CL5 enzyme (55.97 uM)

* Optimized parameters

ki, k>, y : Supplemental Figure 4B online

2. Model Derivation.

I. Explicit form of Equation 1 (Vit= Vacrs + Vacrs) in the text.

_ kcatl - [E1¢] - [S] kcatz - [E2¢] - [S]
ot T T K + 151 Ko, + [S]

II. Enzymatic Reaction Equation of the Interaction of 4CL3 and 4CL5
A. Diagrams

Figure 5B (4-coumaric acid), Supplemental Figure 3A online (caffeic acid)

B. Assumptions

The enzymatic reactions via Michaelis-Menten kinetics are constructed based on quasi-
equilibrium assumptions and the conservation of the total enzyme [1]. Terms, with *,
representing the inclusion of self-inhibition in each equation are applied for the model utilizing
caffeic acid as the main substrate only. Quasi-equilibrium assumes that the association and
disassociation between the components related to enzymes and substrates are in binding

equilibrium. Enzyme-substrate complexes are defined as:

[ElS]=K+m[E1][S] (S1)



Supplemental Data. Chen et al. (2014). Plant Cell 10.1105/tpc.113.119685

[EZS]=K+IQ[E2][S] (S2)

where K., and K, are the Michaelis constants for 4CL3 and 4CLS5, respectively.

The complex [E2(S),] considering self-inhibition is written as:

1

K
27

[E2S][S]=

s — [E2][SP", (83)

[E2(S),]

where Kjq is the self-inhibition constant.

The enzyme-complexes and their intermediates are represented as:

[B1E2]=-[E1][E2] (S4)
[(E1),E2]=- [E1E2] [E1]=I§[E1]2[E2] (S5)
[(E1;E2]=1 [(E1),E2][E1]=5 [E1]’[E2], (S6)

where £ is the interaction equilibrium constant between 4CL3 and 4CLS5, which is defined as :

dissociation constant (k;) / association constant (k) of two enzymes.

The binding between enzyme-complexes and substrates yields

[(EDsE2S]=c— [(ED;E21[S1= 1 [EIP[E2][S) (S7)

1

[(EDE2(S),]"= 1 [(ED)E2S][S]= pr— [E1P[E2][S]? (S8)

“Bmy Ris
- Conservation of Total Enzyme

Dimers and trimers were not included in the derivation of equations (S9) and (S10) because
they were undetected for both recombinant proteins and in SDX when both 4CL3 and 4CL5
are present. This model was built under the simplifying assumption that dimer and trimer

formation are transient in the reversible reaction.

The total (t) 4CL3 enzyme concentration is equal to the sum of species with 4CL3:
[Elt]=[E1]+[E1S]+3~[(E1)3E2]+3~[(E1)3Ezs]+3~[(E1)3E2(S)2]* (S9)

The total (t) 4CL5 enzyme concentration is equal to the sum of species with 4CL5:
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[E2t]=[E2]+[E2S]+[E2(S),] +[(E1)sE2]+[(E1)sE2S]+[(E1),E2(S),]" (S10)

C. Derivation of Rate Equation
- Definition of Unknown Parameters: &y, k,, ¥
sk definition

We assume that each enzyme component, involved in enzyme-enzyme interactions, can be
represented by constant proportions of total enzyme concentrations of 4CL3 or 4CLS: [El] =
a * [E1t], [E2] = B * [E2t], where a and B are constants between 0 and 1. These proportions
are constant under the simplifying assumption that other components, such as substrates, and
enzyme-enzyme intermediates do not significantly impact the proportions of 4CL3 and 4CL5

in the tetrameric complex.

These conditions yield

k%[El]Z[Ez]=‘% [E1t]°[E2t]=— [E1t]*[E2t], 0<o?p<l (S11)

1
)’
where k is the unknown equilibrium constant between 4CL3 and 4CL5, « is the proportion of
4CL3 in each enzyme-enzyme binding in terms of the total 4CL3 enzyme concentration, and
p is the proportion of 4CL5 in each enzyme-enzyme binding in terms of the total 4CL5

enzyme concentration. k; i1s a new constant involving the effects of a, f, and k on the rate

equation. It is defined as:
—=— (S12)

sk, definition

The enzyme concentration of 4CL3 involved in each enzyme-enzyme binding can be
represented as the constant proportion of total enzyme concentrations of 4CL3: [El] = a *

[E1t], based on the conditions mentioned as above in k; definition.

These conditions yield

k%[El 3=}%[E1t]3=ﬁ[Elt]2, 0<a®<1 (S13)
2
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where the definitions of & and « are the same as the definitions of those constants in the k;

definition. k&, is a new constant involving the effects of & and a on the rate equation. It is

defined as:

e (S14)

. Y definition

J~ represents the reaction rate constant for the enzyme-complex.

- [E1] Derivation

Equation S1, S2, S7, and S8 are substituted in S9, which is then written as:

[EL=[E1]+— [B1][ST+ = [BIP[E2]+ 5—— [E1P[E2][S}+ 5—— [EIP[E2][SP (S15)

my k3'Km2 k3' my Bis
This yields
Elt
TS — s, [SP (1)
S) 3 S S
1+ =)+ 5 [E1]?[E2]-(1+—+
( Kml k3[ ] [ ]( sz sz'Kis )
Using Equation S11, The expression of [E1] is written as:
Elt
[E1]= ElY (517)

2 *
(1+88)« Zrterepreag e L IS8

- [E2] Derivation

Equation S2, S3, S6, S7, and S8 are substituted in Equation S10, which is then written as:
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*

[E2t]=[E2]+I%[E2][S]+Kml' - [E21[S]’ +]%[E1]3[E2]+ —— [EIP[E2S)
1 *

— [E1]*[E2][S]? S18
Rk, EIPIELS (518)
This yields

[E2]= - [S][fzf] —— (519)
Using Equation S13, The expression of [E2] is written as:

[E2]- [E21] (520)

* 3

2

- Rate Equation

In our models, the product is formed by three enzymatic reactions: 1) free 4CL3, 2) free
4CLS, and 3) the 4CL3-4CLS5 complex. Dimer and trimer formation are transient in the
reversible reaction and do not contribute significantly to product formation. The total rate
equation is represented by the sum of the reactions of enzyme-substrate by free 4CL3, free

4CLS5, and the reaction of enzyme-complex- substrate by 4CL3-4CLS5, which is written as:

V= kcat1 [El S] + kCﬁtz [E2S] + 14 'kcatz [(E1)3EZS]' (821)

Equation S21 can be changed using Equation S1, S2, and S7 to:
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heay [E1][S] + eaty [E2][S] + ¥ ey [E13[E2][S S22
Vg [EUIS) g RS+ [s] (822)

Considering the derived expressions of [E1] and [E2] and after some algebraic manipulation

(See Equation S17 and S20 above), the final rate equation is

kear, [E1t][S] Kear, [E2t][ S](1+v([F;€1t])) 523)
. 3 K, [EI2[E20 . 8] S " -
Ko, IS+ %3[]mkkxg&g(&ﬁ]LwaLﬂn

II. Enzymatic Reaction Equation of the Interaction of 4CL3 and 4CL5 with Multiple Substrate
Inhibition

A. Diagrams

Figure 8A (4-coumaric acid), Supplemental Figure 4A online (caffeic acid)

B. Assumptions

The enzymatic reactions involved in the interaction of 4CL3 and 4CL5 with multiple substrates also
follow the general Michaelis-Menten kinetic assumptions as the process in Section 1. Terms, with *,
represent the self-inhibition effect in each equation, and are applied in the model with caffeic acid as a

primary substrate only.
- Quasi-equilibrium

The association and disassociation between the components, related to enzymes, substrates, and

inhibitors, are in binding equilibrium.

The equations representing enzyme-substrate or enzyme-enzyme complexes are the same as the

expressions from Equation S1 to Equation S8 in Section 1.

The competitive inhibitions of 4CL3 are represented by

1

[ElTl]=
K3,

[E1][11] (S24)
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1
[E112]=

[E1][12] (S25)

a3

i02

where K3;. and K3;., are the competitive inhibition constants for 4CL3.

The competitive and uncompetitive inhibitions of 4CL5 are represented by

[E211]= Kjlm [E2][11] (S26)
[E212]= K;icz [E2][12] (S27)
[E2S11]= o [E2S][Il]=m [E2][S][11] (S28)
[E2S12]= - [E2S][12]= m [E2][S][12] (S29)

where K5; and K5, are the competitive inhibition constants for 4CLS and K35;,, and KJ;,, are the

uncompetitive inhibition constants for 4CLS5.

The competitive and uncompetitive inhibitions of the enzyme-complex are represented by

[(ED);E211]=—— [(E1):E2][11]- 3‘1 [E1P[E2][11] (530)
[(E1)3E212)=—— [(E1);E2][12]=5—— [E1’[E2] [12] (531)
[(E1);E2SI1]= [(E1)3E2S][Il]=k3‘;[E1]3[E2][S][Il] (532)

iuy my iy
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[(E1);E2S12]=— [(E1)3EZS][II]=I{3‘;[E1]3[E2][S][12] (S33)

1 my B9iu,

where we assume that the inhibition constants for the enzyme-complex use the same values as the

inhibition constants for 4CL5.

- Conservation of Total Enzyme
The total (t) 4CL3 enzyme concentration is equal to the sum of species with 4CL3:
[E1t]=[E1]+[EIS]+[ELI]+[E112]+3-[(ED);E2]+3-[ (ET);E2S]+3-[ (E); E211]+3-[(EI);E2I2]

+3-[(ED;E2SI1 +3-[(ED);E2SI2]+3-[(ED:E2(S),]’ (S34)

The total (t) 4CL5 enzyme concentration is equal to the sum of species with 4CL5:
[E2t]=[E2]+[E2S]+[E211]+[E2IZ]+[E2(S)2]*+[E2SI1]+[E2SIZ]+[(EI)3E2]+[(EI)3EZS]

+[(ED;E2I1]+[(ED);E212] + [(EI)3EZSI1]+[(EI)3EZSI2]+[(EI)3E2(S)2]* (S35)
C. Derivation of Rate Equation

- Definition of Unknown Parameters: &k, k,, ¥

The same definition is applied as that in Section 1.

- [E1] Derivation
Equation S1, S6, S7, S8, S24, S25, S30, S31, S32, and S33 are substituted in Equation S34,

which is written as:

1
[Elt]z[El]JrK—ml [El][S]+K3

[E1][11]+

[El][12]+lj—3[E1]3[E2]+ —— [EIF[E2][S]

iCZ my

K3

iC1
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+

3 3 ; 3
e [E1] [E2][Il]+k3.K5. [E1] [E2][12]+k3.K [E1]3[E2][S]I1]

icy my “BJic

%

- 3 3 3 2
+k3_Km2.K5m2 [E1] [Ez][s][lz]+—k3-Km2~Kis [E1]*[E2][S] (536)

This yields

[Elt]

R e e X (e )

[E1]=

(S37)

Using Equation S11, The expression of [E1] is written as:
[E1t]

(1+][§‘n]1 +]£I31131 +1£I32132> +% [E1‘[]2[E2t]-(1+1?51i3l +]£I521c]2 +][<i1]1 . (HIgljl +K['I52132 +% ))

[E1]=

(338)

- [E2] Derivation

Equation S2, S3, S6, S7, S8, S26, S27, S28, S29, S30, S31, S32, and S33 are substituted in
Equation S35, which is written as:

*

[E2(]—[E2]+ — [E2][S]+

1
Ko, K3, [E2][T1]+ S [E2] [12]+sz v [E2][S]? +m [E2][S][11]
1 1
+K—m2'K5iu2 [E2][S][12]+k—3[E1]3[E2]+ Ko [E1]3[E2][S]+ N [E1]*[E2][11]

+

1 1
[E1]°[E2] [12]+k3.— [E1]°[E2] [S][Il]+k3.— [E1]*[E2][S][12]

3
k iCz my iul my iu2
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*

1
—— [E1P[B2][ST? $39
+k3-Km2~Kis[ PP[E2][S] (539)
This yields
[E2]= [E2d 3 (540)

B BB (B o )

Using Equation S13, The expression of [E2] is written as:

- [E21] (s41)

(1+ [l 1121 | 8] -<1+ [, [12] +@*>)'(1+<M>3)

K5iC1 K5iC2 sz K5iu1 K5iu2 Kis kZ

- Rate Equation
The total rate equation is written as:

V= kcat1 [El S] + kCﬁtz [Ezs] + V'kcatz [(E1)3EZS] (S42)

Equation S42 can be changed using Equation S1, S2, and S7:

V=

kca kca .kca
EIS] + 2 [B2][S] + 5

K, K, i Ko,

[E1]3[E2][S] (S43)

Considering the derived expressions of [E1] and [E2] above, the final rate equation is
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kear, [E1][S]

V=

+3'Kml[Eit]2[E2t] 1+ (1] . [12]  [s] 1+ ], [12]  [s]

K3; Ki

[ , [12]
(1+ +
Km1 (1 1] ji5iu2 jiiS

S
K3y, K3, 1) 0 K3, K5, " K

20104751

+

: (S44)
(K, (1 by (st gtk 2L By (Bl
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