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Supplemental Materials 
 
 
Table S1. Table of reactions and underlying assumptions For each term, equations 
with reaction details are presented. Our assumptions regarding the associated cellular 
processes are summarized as follows: (1) FrzF adds methyl groups to conserved Glu 
residues of FrzCD and FrzG removes them. (2) Activated FrzCD increases FrzE activity 
(autophosporylation of the conserved His residue). (3) Activated FrzE does 
phosphotransfer to conserved Asp residues on FrzZ and FrzG. (4) Active FrzZ has 
increased affinity for the Mgl pathway, decreasing the (GAP) activity of MglB, which 
facilitates the activation of MglA. (5) Because FrzCD, F, E, and Z mutants demonstrate 
irregular reversals, there is likely a secondary signal (mot) below the level of the Frz 
pathway acting on MglA. (6) Activated MglA activates the two motility systems through 
FrzS and AglZ. (7) FrzS positively regulates S-motors (not modeled) and also feeds 
back on MglA. AglZ positively regulates A-motors (not modeled) and also feeds back on 
both MglA and FrzCD. Our assumptions regarding model construction are summarized 
as follows: (1) All species are present in large enough quantities that the rates of 
reactions can be modeled using deterministic approaches. (2) Enzymatic reactions are 
modeled using Michaelis-Menten kinetics and other reactions are modeled using mass-
action kinetics. (3) ATP concentration is present in large excess and is assumed to be 
constant during the time scale of the events modeled.  
 
Note that the enzymes catalyzing a reaction are shown in bold font. 

 
 

Reactions Kinetics 
Underlying mechanisms and 

assumptions 
References 

𝐹𝐹𝐹𝐹 → 𝐹𝐹𝐹𝐹∗ 
First order reaction 

kf= 1 s-1 

Conformational change of FrzF to 
FrzF* 

(51)

 

(1) 

𝐹𝐹𝐹𝐹∗ → 𝐹𝐹𝐹𝐹 

 

First order reaction 

kf=4 s-1 

Conformational change of FrzF* to 
FrzF

 

(51)

 

(1) 

𝐹𝐹𝐹𝐹 +𝑭𝑭𝑭𝑭∗ → 𝐹𝐹𝐹𝐹∗
  

 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=6 s-1 

His to Asp phosphorylation on FrzG 

catalyzed by FrzE* 

(2)
 

(2) 

𝐹𝐹𝐹𝐹∗ → 𝐹𝐹𝐹𝐹
  

First order reaction 

kf=1 s-1

 

Intrinsic phosphatase activity of 

FrzG* where the phosphotidyl-Asp 

bond is broken by water 

(2)
 

(2)
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𝐹𝐹𝐹𝐹𝐹 + 𝑭𝑭𝑭𝑭∗ → 𝐹𝐹𝐹𝐹𝐹∗

 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=1.3s-1 

Methylation reaction resulting in a  

conformational change of FrzCD, 

catalyzed by FrzF* 

(52)
 

(3)
 

𝐹𝐹𝐹𝐹𝐹∗ + 𝑭𝑭𝑭𝑭∗ → 𝐹𝐹𝐹𝐹𝐹
 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=0.5 s-1 

Demethylation reaction resulting in 

a conformational change of FrzCD, 

catalyzed by FrzG* 

(52)
 

(3) 

𝐹𝐹𝐹𝐹𝐹∗ + 𝑨𝑨𝑨𝑨∗ → 𝐹𝐹𝐹𝐹𝐹
 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=0.5 s-1 

Conformational change assumed to 

be catalyzed by AglZ* 

(38)
 

(4) 

𝐹𝐹𝐹𝐹 + 𝑭𝑭𝑭𝑭𝑭∗ → 𝐹𝐹𝐹𝐹∗
 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=6 s-1 

Protein-protein interaction between 

FrzE and FrzCD* leads to 

autophosphorylation by FrzE 

(25)
 

(5) 

𝐹𝐹𝐹𝐹∗ + 𝑭𝑭𝑭𝑨∗ → 𝐹𝐹𝐹𝐹
 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=3 s-1 

His to Asp phosphorylation on 

FrzE* catalyzed by FrzZ* 

(28)
 

(6) 

𝐹𝐹𝐹𝐹∗ + 𝑭𝑭𝑭𝑭∗ → 𝐹𝐹𝐹𝐹
 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=3 s-1 

His to Asp phosphorylation on 

FrzE* catalyzed by FrzG* 

(2)
 

(2) 

𝐹𝐹𝐹𝐹 + 𝑭𝑭𝑭𝑭∗ → 𝐹𝐹𝐹𝐹∗
 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=5 s-1 

His to Asp phosphorylation on FrzZ 

catalyzed by FrzE* 

(28)
 

(6) 

𝐹𝐹𝐹𝐹∗ → 𝐹𝐹𝐹𝐹 

 

First order reaction 

kf=1 s-1

 

Hydrolysis reaction 

(28)

 

(6) 

𝑀𝑀𝑀𝑀 → 𝑀𝑀𝑀𝑀∗
 

First order reaction 

kf=1.5 s-1

 

Conformational change of MglB to 
MglB*

 

(39)

 

(7)
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𝑀𝑀𝑀𝑀∗ + 𝑭𝑭𝑭𝑨∗ → 𝑀𝑀𝑀𝑀
 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=6 s-1 

Conformational change of MglB* to 
MglB mediated by FrzZ*

 

(3)
 

(8)
 

𝑀𝑀𝑀𝑀 + 𝑨𝑨𝑨𝑨∗ → 𝑀𝑀𝑀𝑀∗
 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=1 s-1 

Conformational change of MglA to 

MglA* assumed to be catalyzed 

byAglZ* 

(32)
 

(9) 

𝑀𝑀𝑀𝑀 + 𝑴𝑴𝑴 → 𝑀𝑀𝑀𝑀∗
 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=1 s-1 

Conformational change of MglA to 

MglA* assumed to be catalyzed by 

MotA 

(53)
 

(10) 

𝑀𝑀𝑀𝑀∗ + 𝑴𝑨𝑨𝑩∗ → 𝑀𝑀𝑀𝑀
 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=4 s-1 

GAP activity of MglB* results in 

MglA* being converted to MglA 

(3)
 

(8) 

𝑀𝑀𝑀𝑀∗ + 𝑭𝑭𝑭𝑺∗ → 𝑀𝑀𝑀𝑀
 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=4 s-1 

Conformational change of MglA* to 

MglA assumed to be catalyzed by 

FrzS* 

(54)
 

(11) 

𝑀𝑀𝑀𝐹 + 𝑴𝑨𝑨𝑨∗ → 𝑀𝑀𝑀𝐹∗
 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=5 s-1 

Conformational change of AglZ to 

AglZ* catalyzed by MglA* 

(32)
 

(9) 

𝑀𝑀𝑀𝐹∗ → 𝑀𝑀𝑀𝐹 

 

First order reaction 

kf=1 s-1

 

Conformational change of AglZ* to 

AglZ 

(32)

 

(9) 

𝐹𝐹𝐹𝐹 + 𝑴𝑨𝑨𝑨∗ → 𝐹𝐹𝐹𝐹∗
 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=4 s-1 

Conformational change of FrzS to 

FrzS* catalyzed by MglA* 

(33)
  

(12) 

𝐹𝐹𝐹𝐹∗ + 𝑭𝑭𝑭𝑺 → 𝐹𝐹𝐹S
 

Autocatalytic 

Enzymatic reactions 

KM=5x10-3 µM 

kcat=2 s-1 

Conformational change of FrzS* to 

FrzS by autocatalysis 

(55)
 

(13,14) 
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Figure S2.  
 

 
 
Figure S2. Model for disconnecting the two proposed feedback loops.  When the 
two nested feedback loops that interact to produce wild type reversal periods of ~6 
minutes are disconnected from each other, each is capable of producing oscillations of 
the motor pathway independently of the other. (a) Plot showing a decreased reversal 
period (~2.4 min) when AglZ-FrzCD feedback is terminated but the motor-MglA 
feedback is maintained. (b) Plot showing an increased reversal period (~6.1 min) when 
MglA-motor feedback is terminated but the AglZ-FrzCD feedback is maintained. (c) The 
reproduction of Figure 1b highlights (in burgundy) the feedback loops that were broken 
to produce the graphs shown here.  
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Figure S3.  
 

 
Figure S3. Refractory period and activation shift. In addition to oscillatory behavior 
in the basal state, the model should account for how behavior can change in response 
to a stimulus. (a) Graph of FrzCD over a single activity period with the sensitive and 
relative refractory periods labeled. Note that the cell can reverse faster in response to 
an external stimulus that occurs during the sensitive period compared to one in the 
relative refractory period. (b) The timing of protein activity, with respect to an oscillation 
cycle, shortens (see arrows) in response to an external stimulus during a relative 
refractory period. The grey lines denote protein activity without an external stimulus, as 
shown in Fig3a.  
    
 
Table S4. Parameter values. A single parameter set can be used for all modeled 
behaviors (with the exception of the stimuli). Simulations over a wide range (up to 
several orders of magnitude) of initial conditions, Michaelis constants and maximum 
velocity constants lead us to believe the fundamental oscillatory behavior of the model 
is robust. The choice of parameters used in the model was based on comparison with 
available experimental data.  
 
 
Figure Parameters   
Fig. 3,4, 
SI1-2 

Michaelis 
constants K=0.005 

FG0 = CD0 = E0 = 
Z0 = MglB0 = 
MglA0 = S0 = 
AglZ0 = 0.1 

 

 𝑘𝐹 𝐹=1 𝑘𝐺 𝐹
𝑚𝑚𝑚=6 𝑘1 = 1.3 
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 𝑘𝐹 𝑅=4 𝑘𝐺 𝑅=1 𝑘𝐶𝐶 𝑅
𝑚𝑚𝑚=0.5 

 𝑘𝐸 𝐹
𝑚𝑚𝑚=6 𝑘𝑍 𝐹

𝑚𝑚𝑚=5 𝑘𝑀𝑀𝑀𝑀 𝐹=1.5 
 𝑘𝐸 𝑅

𝑚𝑚𝑚=3 𝑘𝑍 𝑅 = 1 𝑘𝑀𝑀𝑀𝑀 𝑅
𝑚𝑚𝑚 =6 

 𝑘𝑀𝑀𝑀𝑀 𝐹
𝑚𝑚𝑚 =1 𝑘𝑀𝑀𝑀𝑍 𝐹

𝑚𝑚𝑚 =5 𝑘𝑆 𝐹
𝑚𝑚𝑚 = 4 

 𝑘𝑀𝑀𝑀𝑀 𝑅
𝑚𝑚𝑚 =4 𝑘𝑀𝑀𝑀𝐴 𝑅=1 𝑘𝑆 𝑅

𝑚𝑚𝑚=2 
Fig. 6 k2=0 (no external 

stimuli) 
k2=10 (external 
stimuli) 

∆t=0.5 (a and b) 

 Stim=3 (b) Stim=4.238 (c) ∆t=10 (c) 
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