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Methods 3	  

 4	  

Coarse-grained sacculus model 5	  

Experimentally there are two models for conformation of the glycan strand, one with peptides 6	  

rotating 120˚, the other with peptides rotating 90˚ along the strand. A nuclear magnetic resonance 7	  

(NMR) study on a synthetic tetrasaccharide segment reported that adjacent disaccharides were 8	  

rotated 120˚ with respect to each other (1).  This suggests that only every third peptide stem on a 9	  

glycan strand would be co-planar, and protrude in the same direction. Earlier studies using X-ray 10	  

diffraction and molecular modeling on purified sacculi, and a recent solid-state NMR study on 11	  

intact whole cells, however, support a model in which each disaccharide is rotated by 90˚, such 12	  

that every other peptide stem is co-planar and protrudes in an alternating direction (2–4).  Our 13	  

own recent MD studies show that ~ 90˚ rotations are favored, but that the range of low-energy 14	  

conformations accessible to glycan strands is very broad (5). In cells, the rotation is likely more 15	  

regular because the growing tip of the strand is held tight within the active site of a 16	  

transglycosylase, and the strand proceeds from there directly to a transpeptidase which stitches it 17	  

into a planar network. Considering all these factors we adopted the 90˚ rotation model in which 18	  

every other peptide stem is co-planar and protrudes in an alternating direction.  19	  

 20	  

 21	  

 22	  

 23	  



Turgor pressure 24	  

To take into account the effect of turgor pressure, the volume enclosed by sacculus was 25	  

calculated as following. First, the sacculus surface was divided into a series of polygons with the 26	  

vertices at the positions of the glycan beads connected by either glycan springs or peptide 27	  

crosslinks. Then the centers of mass of the polygons were determined and each polygon was 28	  

further divided into a series of triangles by connecting its vertices to its center. Next, the sacculus 29	  

center was determined and a series of tetrahedrons were formed by connecting the vertices of the 30	  

triangles to the sacculus center. Finally the volume enclosed by the sacculus was calculated as 31	  

the sum of the tetrahedrons’ volumes. 32	  

While most measurements of turgor pressure within Gram-negative bacteria have been between 33	  

2 – 4 atm (6–8), a recent study reported it to be only 0.3 atm (9). In most of our simulations, we 34	  

used a turgor pressure of 3.0 atm. Simulations with a smaller turgor pressure (2.0 atm) gave 35	  

similar results. 36	  

 37	  

Enzyme movement 38	  

Generic transglycosylases, transpeptidases, and endopeptidases were modeled explicitly as 39	  

individual beads (Figure 1E). In later simulations glycosidic bond hydrolysis (Tail hydrolysis 40	  

hypothesis – Remodeler 1.6) and carboxypeptidation (Peptide maturation hypothesis – 41	  

Remodeler 1.8) were also modeled, though without explicit representation of the position and 42	  

diffusion of individual enzymes. Because in cells the major transglycosylases and 43	  

transpeptidases are peripheral membrane proteins embedded in the inner membrane, and the 44	  

enzymes are confined within the thin periplasmic space, the enzymes in our model were 45	  

constrained to the sacculus surface (Figure S1A) through Hookean spring-like forces normal to 46	  



the surface: 47	  

𝐹!"#$
(!) = −𝑘!"#$𝑑! 

where 𝑑! is the distance of enzyme i to the surface and the spring constant 𝑘!"#$ was chosen as 48	  

500 pN/nm. To model diffusion we introduced random forces on the enzymes. Each Cartesian 49	  

component was generated following a Gaussian distribution using the Box-Muller transformation 50	  

(10): 51	  

𝑟! = cos 2𝜋𝑢! −2  𝑙𝑛 𝑢!    

𝑟! = sin 2𝜋𝑢! −2  𝑙𝑛 𝑢!    

where 𝑢! and 𝑢! are two random numbers from a uniform 0 – 1 distribution. The random force 52	  

was obtained by scaling the Gaussian random number with a force constant of 500 pN. 53	  

 54	  

It is known that the outer-membrane lipoproteins LpoA and LpoB protrude down through the 55	  

sacculus to interact with and activate the bifunctional transglycosylases PBP1A and PBP1B, 56	  

which are partially embedded in the inner membrane (11, 12). Active transglycosylase-57	  

lipoprotein complexes cannot therefore cross through strands or crosslinks. To model this, as a 58	  

transglycosylase approached an edge of a hole in the network, a repulsive force was applied 59	  

(Figure S1B). For simplicity we assumed that each transglycosylase-lipoprotein complex 60	  

extended perpendicular to the sacculus surface. When the distance ∆𝑑 from its position to an 61	  

edge of the hole was less than ∆𝐷 = 0.5 nm, the repulsive force was calculated as: 62	  

𝐹! = 𝑘!
∆𝐷
∆𝑑 − 1

!

 

where 𝑘! = 100 pN is a force constant. 63	  

Transglycosylation 64	  



Enzymatic activities were modeled using “flags”. Transglycosylases were model to be “active” 65	  

(ready to synthesize new strands), “inactive” (not synthesizing but just diffusing around), 66	  

“precursor-loaded” (loaded with a precursor in the acceptor domain), “precursor-free” (not 67	  

loaded with a precursor), “strand-loaded” (donor domain holding a new strand), “strand-free” 68	  

(not holding a new strand), “translocated” (translocated to the strand tip after adding a new bead 69	  

to the strand, ready to be loaded with a precursor). Starting with an “inactive” transglycosylase, 70	  

the probability of being “activated” by interaction with a lipoprotein was given a probability of 71	  

once every 10! steps (because we are not aware of biochemical data on the rates of PG synthesis 72	  

enzymes in vivo, the time steps and probabilities here and below are arbitrary). Activated 73	  

transglycosylases became “loaded” with a PG precursor bead in the active site with a probability 74	  

of once every 10! time steps (Figure 1F). Upon loading, except in the case of the first bead in a 75	  

series, precursor beads were immediately linked to their predecessors in the growing strand. 76	  

Enzyme re-loading was prohibited until the enzyme “translocated” to the strand tip (13–15), 77	  

which occurred with a probability of once every 2 ∙ 10! time steps. After translocation, the 78	  

transglycosylase could either be reloaded with another bead, leading to further strand elongation, 79	  

or the strand could be terminated, with a probability of once every 10! steps, leaving the 80	  

transglycosylase again in an active but “strand-free” state. Active but strand-free 81	  

transglycosylases were “inactivated” with a probability of once every 5 ∙ 10! steps.  82	  

 83	  

 84	  

Transpeptidation 85	  

Transpeptidases were modeled to be “peptide-free” (not holding any peptide in their active sites), 86	  

“donor-loaded” (loaded with a peptide in the donor domain), and “acceptor-loaded (loaded with 87	  



a peptide in the acceptor domain). It has been established that transpeptidases first bind donor 88	  

peptides to form intermediary complexes that catalyze crosslink formation with acceptor 89	  

peptides (16–18). Transpeptidation was therefore modeled to happen in two successive events: 90	  

loading of a donor peptide and loading of an acceptor peptide/bond formation/transpeptidase 91	  

release. As a peptide-free transpeptidase diffused on the sacculus, whenever it moved to within a 92	  

reaction distance, 𝑑! = 2.0 nm, of a bead bearing an uncrosslinked peptide, the peptide was 93	  

loaded (became attached) to the transpeptidase with a probability as a function of the distance 𝑑, 94	  

𝑃 = (1− 𝑑/𝑑!)! (the enzyme became donor-loaded).  The loading probability of enzymes 95	  

beyond the reaction distance was zero. While the peptide could then be released with a smaller 96	  

probability, once in 10! steps, if the transpeptidase instead loaded an acceptor peptide as well (to 97	  

become acceptor-loaded), a new crosslink between the corresponding beads was added to the 98	  

model and the transpeptidase was released (became peptide-free again) (Figure 1F). Because the 99	  

fifth residues of peptides are quickly removed (19), preventing them from acting as donors, in 100	  

our model, only peptides on the growing strands could be donors (20).  101	  

 102	  

Relaxation  103	  

To relax sacculi after initial generation and during growth we used a simple MD simulation of 104	  

the coarse-grained model in which inertia of the beads was ignored. Displacements were 105	  

therefore simply linear functions of forces. Because sacculi are linked to the outer membrane 106	  

through lipoproteins (21, 22), and PBPs might exist in complexes with other proteins such as 107	  

MreBCD, RodA, or RodZ (23), the effective viscous drag coefficients of the PG beads and 108	  

enzymes are not known. The coefficients of the enzymes were therefore simply estimated as four 109	  

times that of the PG beads. To prevent the system from becoming unstable, we constrained the 110	  



maximal displacement in every time step to 0.005 nm. Simulation codes were written in Fortran 111	  

and trajectories of sacculus growth were visualized using VMD (Visual Molecular Dynamics) 112	  

(24). 113	  

 114	  

Rod shape characterization 115	  

As big holes on the sacculus might threaten the cell integrity we quantified hole sizes, defined as 116	  

the surface areas covered by the holes. A hole on the sacculus surface is a polygon whose edges 117	  

connect neighboring beads into a closed loop (Figure S1B). The hole was divided into triangles 118	  

each had two vertices on the hole and the third vertex is at the hole’s center of mass. The area 119	  

covered by the hole was defined as the hole size, calculated as the sum of the triangles’ areas. 120	  

To quantify bulges we calculated local radii. First a central line through the sacculus between the 121	  

polar caps was determined. This was done by constructing a central “axis” chain of beads 122	  

extending the cylinder length connected by unstretched springs of uniform spring constant. The 123	  

cylinder was then divided into segments, each corresponding to one axis bead. Each axis bead 124	  

was connected to all the PG beads in its corresponding segment via additional springs. 125	  

Relaxation of the axis beads was done by minimizing the energy 126	  

𝐸 =
1
2 𝑘! 𝑑!" − 𝑑!

! +
1
2 𝑘! 𝜃! − 𝜃!

! +
1
2 𝑘!"𝑙!"

! 

The first term is from the springs connecting the axis beads together where 𝑑!" is the distance 127	  

between bead i and bead j, 𝑘! = 10! pN/nm, 𝑑! = 2.0 nm. The second is from the bending 128	  

stiffness of the axis chain where 𝜃! is the angle at bead i, 𝑘! = 10!!" J, 𝜃! = 3.14 rad. The third 129	  

is from the springs connecting the axis beads to the sacculus where 𝑙!" is the distance between 130	  

axis bead i and PG bead j, and 𝑘!" = 10!! pN/nm. Sacculus straightness was defined as the ratio 131	  



of the end-to-end length (shortest path) to the contour length of the relaxed axis chain. Local 132	  

radii were calculated as the average distance from the local PG beads to the axis chain.  133	  

Finally we developed measures of sacculus “straightness”, defined as the ratio of end-to-end 134	  

length (shortest path) to the contour length of the central line, and surface “roughness”, defined 135	  

as the ratio of standard deviation to mean of the local radii. 136	  

 137	  

 138	  

Results 139	  

 140	  

Multi-enzyme complex hypothesis – Remodeler 1.1 141	  

In the multi-enzyme complex model, transglycosylase is tethered to transpeptidase and 142	  

endopeptidase (Figure S1C). As the enzymes diffused, if the distance 𝑑!" between two tethered 143	  

enzymes became larger than 𝐷! = 1.0 nm, a spring-like force 𝐹!" = −𝑘!" 𝑑!" − 𝐷! , where 144	  

𝑘!" = 10 pN/nm, was applied to draw them closer together. No constraints were applied on 145	  

either the relative positions of the enzymes with respect to each other or the temporal order of 146	  

their activities. 147	  

 148	  

 149	  

Bend-induced termination hypothesis – Remodeler 1.3 150	  

To implement the “bend-induced termination” hypothesis, at each time step, the bending energy 151	  

𝐸! of the uncrosslinked segments of each growing strand was calculated and then the termination 152	  

probability was multiplied by a factor of 𝑒!!/!!, where 𝐸! was chosen to be 0.5 ∙ 10!!" J. 153	  

 154	  



Fixed transglycosylase orientation hypothesis – Remodeler 1.4 155	  

We implemented a “fixed transglycosylase orientation” hypothesis that resisted deviation of the 156	  

growing strands’ orientation from the circumferential direction through a spring-like restoring 157	  

force exerted on both the strand tip and the enzyme, 𝐹!" = −𝑘!"𝛼, where 𝑘!" = 80 pN was a 158	  

force constant and 𝛼 was the deviation angle. As this hypothesis provided a directional constraint 159	  

on the movement of the complex, we now added a biased force on endopeptidase making it 160	  

move ahead and cleave only peptide bonds along the path of transglycosylase. If endopeptidase 161	  

was behind transglycosylase a distance ∆𝑑, a spring-like 𝐹!"#$ = −𝑘!"∆𝑑, where 𝑘!" = 5 pN/nm 162	  

was the spring constant, was exerted on the enzyme to push it forward. 163	  

 164	  

Crosslink before terminate hypothesis – Remodeler 1.5 165	  

To implement the “crosslink before terminate” hypothesis we changed the termination 166	  

probability to zero if endopeptidase was holding a peptide, and once every 2 ∙ 10! time steps if 167	  

endopeptidase was free (five times faster than before to maintain the same overall length 168	  

distribution of new strands). 169	  

 170	  

Tail hydrolysis hypothesis – Remodeler 1.6 171	  

To implement the “tail hydrolysis” hypothesis, glycosidic bonds within uncrosslinked glycan 172	  

tails were cleaved with a probability of once every 5 ∙ 10! time steps. 173	  

 174	  

Peptide maturation hypothesis – Remodeler 1.8 175	  

We added the “peptide maturation” hypothesis assuming that carboxypeptidases by competing 176	  

for penta-peptide substrates would sterically block transpeptidases from loading new peptides as 177	  



acceptors. Peptide maturation was modeled as a stochastic process that removed the fifth 178	  

residues of penta-peptides with a probability of once every 10! time steps. Once peptides 179	  

become matured, they could now be loaded on transpeptidases as acceptors as they are no longer 180	  

targeted by carboxypeptidases.  181	  

 182	  

Crosslink-dependent processivity hypothesis – Remodeler 1.9 183	  

To implement crosslink dependence of processivity a simple linear relationship was used. 184	  

Specifically, the termination probability was set to 𝑃!𝑁!", where 𝑃! was chosen to be once every 185	  

10! time steps, 5 times smaller than the previous value of the termination probability, and 𝑁!" 186	  

was the number of crosslinks on the growing strand. 187	  

 188	  

 189	  

 190	  

 191	  

 192	  
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Supplementary Figures 264	  

 265	  

 266	  

Figure S1. Schematic of forces constraining the enzymes. (A) The enzymes are constrained to 267	  

the sacculus surface by Hookean spring-like forces. (B) In complex with outer membrane 268	  

lipoproteins (cyan cylinder), active transglycosylase (orange) is constrained within holes formed 269	  

by surrounding strands and peptide crosslinks. (C) In the multi-enzyme complex model, 270	  

transglycosylase is tethered to transpeptidase (yellow) and endopeptidase (gray) by spring-like 271	  

forces. (D) Transglycosylase (orange) is linked to the tip of the growing strand by a spring-like 272	  

force. An enzyme, either endopeptidase or transpeptidase (yellow), once bound to a peptide 273	  

(red), is linked to the associated PG bead by a spring-like force. 274	  

 275	  

 276	  



 277	  

Figure S2. Remodeler 1.1. (A) Tethering enzymes into a complex was not sufficient to maintain 278	  

rod shape. (B) Details of formation of large holes: after crosslink cleavage (2), turgor pressure 279	  

moves existing strands apart (3 – 7), separating peptides (cyan arrows) from transpeptidase and 280	  

creating large holes (8 – 12). 281	  

 282	  

 283	  



 284	  

Figure S3. Remodeler 1.2. (A) Following addition of the “cleaved crosslink capture” hypothesis, 285	  

the biggest problem was the presence of many long bent strands. (B) Detail of strand bending: 286	  

when a barrier blocked enzyme movement (black arrows), further strand elongation led to 287	  

bending (cyan arrows). 288	  



 289	  

 290	  

Figure S4. Remodeler 1.3. (A) After the “bend-induced termination” hypothesis was added, the 291	  

next biggest problem was aggregation of new PG in particular areas (arrows). (B) Following 292	  

termination and upon re-initiation, at this point the enzyme complex could either continue 293	  

forward or reverse direction due to Brownian motion, leading to the aggregation of new strands. 294	  

A reversal event is shown. 295	  

 296	  



 297	  

Figure S5. Remodeler 1.4. (A) Schematic of the “fixed transglycosylase orientation” hypothesis: 298	  

the association of transglycosylase (PBP1B (3FWM) shown) with LpoB, MreBCD, RodA, and 299	  

RodZ in a large complex could prevent rapid changes of orientation. (B) Stabilizing 300	  

transglycosylase orientation decreased PG aggregation, but many holes (arrows) still formed as 301	  

the sacculus grew. (C) Details of hole formation: after crosslink cleavage (1), the two released 302	  



peptides (cyan arrows) were sometimes crosslinked to two different strands (3 and 6) due to 303	  

termination (4). The two new crosslinks (orange arrows) then failed to replace the stress-bearing 304	  

role of the original crosslink, producing holes. 305	  

 306	  

 307	  

Figure S6. Remodeler 1.5. Top panel: addition of the “crosslink before terminate” hypothesis 308	  

limited hole formation, but uncrosslinked PG tails caused defects by blocking enzyme movement 309	  

(arrow). Bottom panels: details of how a PG tail (arrow) formed  and later blocked enzyme 310	  

movement. 311	  

 312	  

 313	  



 314	  

Figure S7. Remodeler 1.6. Top panel: PG tail hydrolysis improved sacculus shape during 315	  

growth, but bulges still formed (arrows) in regions of new PG as the sacculus grew. Bottom 316	  

panel: the details of PG architecture in a bulging area (blue box in top panel) reveal that length 317	  

disparities between adjacent crosslinked glycan segments (numbers denote segment lengths in 318	  

tetrasaccharides) caused the surface to buckle. 319	  

 320	  



 321	  

Figure S8. Remodeler 1.7. (A) Schematic of two transpeptidases crosslinking on either side of 322	  

the new strand. Transpeptidases are visualized as ellipses with hypothetical donor domains in 323	  

green and acceptor domains in blue, highlighting how the two need to be oriented in opposite 324	  

directions. Two existing strands are shown in blue, new strand in green, peptides in red. (B) 325	  

Addition of the “paired transpeptidases” hypothesis maintained rod shape for one, but not two 326	  

generations. (C) Details of defect formation: rapid termination sometimes produced a loose 327	  



strand with only one crosslink (a), which could later lead to severe defects (b – s). 328	  

 329	  

 330	  

Figure S9. Remodeler 1.8. Top panel: addition of the “peptide maturation” hypothesis improved 331	  

order, but small defects from rapid termination still occurred (blue boxes). Middle and bottom 332	  

panels: strands with only two crosslinks (black arrows) due to rapid termination were sometimes 333	  

pulled longitudinal. Later these blocked enzyme movement (cyan arrows). 334	  

 335	  

 336	  



 337	  

Figure S10. Remodeler 1.9. (A) Addition of the “crosslink-dependent processivity” hypothesis 338	  

resulted in even better rod shape maintenance for the first generation, but straightness still clearly 339	  

deteriorated in the second generation. (B) Details of defect formation: when the last crosslink of 340	  

a terminated strand and the first crosslink on a newly initiated strand formed on the same side, it 341	  

caused the network to pucker. 342	  

 343	  

 344	  



 345	  

Figure S11. Remodeler 1.10. (A) Addition of the “first crosslink always on the same side” 346	  

hypothesis improved the smoothness of the sacculus surface, but some holes still formed 347	  

(arrows). (B) Details of hole formation: initially, the hole included four crosslinks (left). As an 348	  

enzyme complex entered, it cleaved one crosslink and created two new ones.  Before the 349	  

complex crossed the hole, termination sometimes occurred (arrow). Upon exiting, the complex 350	  

again cleaved one crosslink and formed two new ones, expanding the hole to include 6 crosslinks 351	  

(right). 352	  

  353	  

 354	  

Figure S12. Remodeler 1.11. (A) Schematic of the “hole-dependent processivity” hypothesis: as 355	  

lipoproteins (cyan) reach through holes to interact and activate transglycosylases (orange), 356	  



compared to smaller holes (left), larger holes (right) allow stronger interaction resulting in higher 357	  

enzyme processivity. (B) Addition of this hypothesis improved rod shape maintenance, but 358	  

straightness was still lost over generations. 359	  

 360	  

 361	  

Figure S13. Remodeler 1.12. Schematic comparing single-strand insertion to paired-strand 362	  

insertion. Inserting strands one at a time requires slight circumferential shifts of the two halves of 363	  

the sacculus to line up peptides (top panels). In contrast, inserting strands two at a time 364	  

eliminates the need for shifts (bottom panels). (B) In the paired-strand insertion mode, rod shape 365	  

was maintained well for many generations. (C) Plots of sacculus straightness (top) and surface 366	  

roughness (bottom) through four sacculus doublings for the single-strand (blue) and paired-367	  

strand (red) insertion modes. 368	  



 369	  

Figure S14. Remodeler 1.13. (A) Schematic of how the formation of temporary trimeric 370	  

crosslinks could coordinate the activity of transpeptidases and endopeptidases. (B) Schematic of 371	  

how transpeptidation could drive translocation. By crosslinking the growing strand to the 372	  

network (at the position of the red arrows), Tpase (PBP2 (3EQV) shown) could pull the strand 373	  

up, clearing the transglycosylase active site for the next transglycosylation event in a ratchet-like 374	  

fashion. (C) Remodeler 1.13 maintained rod shape through multiple generations of growth (blue 375	  

arrows) and division (red arrows). 376	  


