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SIMULATION SETUP AND METHODOLOGY

All simulation systems were built and equilibrated in the molecular simulation package CHARMM.' Each system was built utilizing the
CHARMM-GUI* Membrane Builder** online tool for constructing protein/membrane complexes for molecular dynamics (MD) simula-
tions. The major components of R. sphaeroides membranes are phosphatidylcholine (PC), phosphatidylglycerol (PG), and phosphatidyleth-
anolamine (PE);*” past simulation work modeled this species’ membrane as an equimolar mixture of POPE and POPG.® For simplicity, we
chose an equimolar mixture of POPE and POPC for the lipid composition in all simulations, though the results we present are not likely to be
influenced by the specific chemical nature of the lipid membrane. In all cases, the approximate size of the system was 95 x 95 x 190 A® contain-
ing ~180,000 atoms. Ions were added to produce a 0.15 M NaCl solution; the exact number of ions was slightly adjusted to achieve an overall
charge-neutral system. The CHARMM-GUT” also solvates the system with TIP3P water molecules. In all simulations, the protein, lipids, and
nucleotide base (UDP) were described by the CHARMM36 with CMAP correction force field,”"* the carbohydrates by the CHARMM C35
force field,"*'* and water was described with the TIP3P model.'*"

After each system was built, the CHARMM-GUTI* minimization/relaxation protocol was followed. This consists of several rounds of mini-
mization followed by 375 ps of MD with varying levels of harmonic restraints on different parts of the system. More specifically, a modified
version of the CHARMM-GUI equilibration scheme was employed, in which six cycles of equilibration were performed, gradually reducing
the force constants of restraints placed on various parts of the system. Cycle 1 also includes five rounds of minimization; each round of mini-
mization includes 250 steps each of steepest descent (SD) and Adopted Basis Newton-Raphson (ABNR) minimization before MD com-
mences. Table S1 details the timestep, number of steps, and various restraining forces on the system during minimization and equilibration.

Table S1. Simulation details for minimization and equilibration, based on CHARMM-GUI protocol.

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5 cycle 6

Timestep (fs) 1 1 1 2 2 2
Number of steps|| 25,000 25,000 25,000 50,000 50,000 50,000
FORCES (kcal/mol)

Backbonef 10.0 10.0 25 1.0 0.5 0.0
Sidechain|| 5.0 5.0 1.0 0.0 0.0 0.0

Ligand]| 10.0 10.0 1.0 0.0 0.0 0.0

Force (Water)]| 2.5 2.5 1.0 0.5 0.1 0.0
Force (Lipid tail)|| 2.5 2.5 1.0 0.5 0.1 0.0
Force (Lipid head)| 2.5 2.5 1.0 0.5 0.1 0.0

Force (Water) is the force constant on water molecules to keep them from entering the hydrophobic core of the lipid bilayer during minimi-
zation and equilibration, Force (Lipid tail) is the force constant to keep the lipid tail away from the hydrophobic core during equilibration, and
Force (Lipid head) is the force constant to keep the lipid head groups close to their target values. Note that all of these restraints are ‘turned off
for the last round of equilibration as well as all subsequent production runs.

The following parameters were utilized for the MD simulations utilizing the NAMD'® simulation package: periodic boundary conditions, 2
fs timestep, CHARMM forcefield as described above, 12 A nonbonded interaction cutoff, SHAKE'***-constrained hydrogen bonds, 12 A
nonbonded interaction cutoff, and temperature of 300 K. The ensemble simulated is the Np. Y, T ensemble; this involves a constant number
of atoms, constant pressure in the z dimension (normal to the lipid bilayer surface), constant surface tension in the plane of the bilayer, and
constant temperature. The normal pressure (p.) is set to 1 bar (controlled by the Langevin piston Nose-Hoover method), and the surface
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tension in the xy plane (Yy) is set to 0.0 dynes/cm. The three orthogonal box dimensions of the periodic cell are allowed to fluctuate inde-
pendently. Long range electrostatics beyond the real-space nonbonded interaction cutoff are computed using particle mesh Ewald*'** sum-
mation with a 6 order B-spline interpolation and a grid size of 96x96x180.

The CHAMBER™ program was used to convert the CHARMM protein structure file, coordinate file, and associated force field files to an
AMBER topology file and coordinate file. The Sander program of the AMBER™ software package (version 12) was used to perform the um-
brella sampling (US) simulations. Amber12’s> ‘targeted MD’ utility enables US along RMSD-based coordinates. The starting configurations
for each of the US windows was produced by pulling the cellulose chain ‘backwards’ (from the ‘up’ state, i.e. post-translocation state) toward
the active site targeting various RMSD values to the appropriate reference structure. This was done in approximately thirty increments of 0.25
A in magnitude. Each increment was run for 10 ps. The final configuration from each of these increments is the starting point for an US simu-
lation in that window.

The ‘opposite side’ configuration (as in cellulose, see main text Figure 3b) was constructed with the protein configuration and the cellulose
chain from the crystal structure with cyclic-di-GMP and UDP bound (PDB code 4P00).>* The basis for the protein configuration in the ‘same
side’ configuration (see main text Figure 3e) was the crystal structure with cyclic-di-GMP and UDP bound (PDB code 4P00).> The cellulose
configuration originated from the crystal structure with the cellulose chain in the ‘down’ state, pre-translocation (PDB code 4HG6).”” The
two glucose rings closest to the active site were deleted, and then a single glucose ring was added in their place in the same configuration as the
penultimate glucose. The system was then equilibrated for 400 ps of unrestrained MD.

For the opposite side scenario, the reference structure for the cellulose chain comes from the crystal structure with an elongated cellulose
chain and lacking cyclic di-GMP (PDB code 4HG6).” For the same side scenario, the reference structure comes from crystal structure with
cyclic di-GMP and UDP bound (PDB code 4P00).>* The RMSD coordinate utilized is the C1 and C4 atoms of the glucose rings within the
transmembrane region. In each case, this comprises 14 total carbon atoms that are restrained in the US simulations. Note that in each case,
the restrained atoms are all in the transmembrane region; thus all atoms in the cellulose chain that are near the active site are unrestrained.
The tMD force constant is 70 kcal/mol/A” Approximately 36 US windows were utilized for each scenario, spaced 0.25 A apart. Potentials of
mean force (PMF) were constructed by the weighted histogram analysis method (WHAM)*® (code from Alan Grossfield*’) from the last 3 ns
of 30 total ns of US. As with the unrestrained MD simulations, the US is performed in the Np, Y, T ensemble with p, set to 1 bar, Y, set to 0.0
dynes/cm, and thermostat temperature of 300 K.
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DYNAMICS OF THE GLUCOSE RING TWIST

French and coworkers have published extensively on energy surfaces for cellobiose.””* In general, the energetics for cellobiose to twist
around its glycosidic bond are tracked via ¢- two-dimensional contour maps, where @ is the dihedral angle H1-C1-O1-C4’ and ¥ is the
dihedral angle H4’-C4’-O1-C1.”* We have tracked the ¢ and  dihedral angles for the RMSD=3.00 A umbrella sampling window. This is the
first window wherein the rotation around the glycosidic bond is observed and thus represents the most likely point for the rotation in the
physical system. We have then imposed the results on the ¢-{ map from French et al. (Figure 4 in that publication).”” The result is seen in the
figure below. The black circles represent our data for the aforementioned umbrella sampling window. The data cluster into three groups: the
first is shown surrounded by blue shading, followed by the green, and finally the orange (progression shown by the red arrows). These results
correspond quite nicely with the results of French et al. The final, low-energy, opposite-side configuration (orange shading) rests in the global
minimum in the energy surface. The initial same-side state (blue shading) sits about 4-6 kcal/mol higher.
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In order to analyze the dynamics of ring puckering, we have tracked the Cremer-Pople parameters for the newly added glycosyl ring during
the ring twist. The results are presented below in the form of a Stoddart diagram. The data shown are for the RMSD = 3.00 A umbrella sam-
pling window, as in the above graph (i.e. during a complete ring twisting trajectory). As shown by this plot, there is no significant change in
the ring pucker away from the *C: conformation during the rotation, nor did we observe any non-chair conformations in other windows.
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BCS SEQUENCE ALIGNMENT

1 19 20 30 40 50 69
Rhodobacter_sphaeroides_BcsA GTVRAKARSPLRVVPVLIJF PFGLLAARE VAP SA[QIGL TALSAVVL VAL TP FA
Citreicella sp SE45 ..., MV|LL|T V|IVIVILAA|TIFIATP|VIEALFA|LVGV|SI[S IWLLKRFA
Salipiger_mucosus_DSM 16094 .. .MTGKRGFMSIATIALLG I|T I|I|LAAAI4TAV|S|VIQAF LIAT|II SVA[L IWLLKRFV
Roseivivax_halodurans_JCM 10272 ......... MTRFATWGL|A J|P|VLIF|LA[S|VI4T S I|V|A[Q|G LMA|L|T T|C|A|V I|Y[VLKPFV
Roseivivax_atlanticus . ...... .. MSQGAAWAL|A P|I LIF|LA[S|V)4T S V|S|V|QJA LMAV|V T|V|T|I I|FF|VMKPFV
Oceanicola sp_S124 = ... ML L|Ly P|L LIF|LA[S|I)4I S V|G|T|Q|G L L|AL|L TICIAM I|Y|GLKPMV
Tistrella mobilis_KA081020-065 ....... MVAQRFGRLALG AL LIAIAAAQIZV SLIP|AIQII VLMILLILAAMAVLKGTR
Methylobacterium sp_88A . ........... MRSA[LRW AVLIAILLISIQIZT S T|QD|QLAMS|ILICAMAAMIVLWIFF
Pelagibacterium halotolerans = ............. MRA|T T|F! G|T V|I|A I|T|Lj@V S LIQ[V|H|L I T|A|VILF|LIGIVML|V IK|TLR
Agrobacterium_ tumefaciens = . ........... MSKV|I SV, C|V L|V|T I|T|L)gdV S L|QAH|L I A|TA|T S|LIV|IL LIA|IT I K|SLN
Bosea_sp 117 L. MRKA|L I|A I|VV|F|L I|T|Li4 T S L|QAHIL TAGA|IV|V|TVIILLKMFA
Microvirga_lupini = ... ... MRTG|L IV L|{IV|S|IVIA[L)JFT S LIQIAH|L VAIG|LIT VVIAICMI|I LK[FFR
Microvirga_lotononidis ..., ........ MRAG|L IV L|I I|S|IVIA[LIZT S T|QAHIL VAIGILITVVIACMII LKFFR
70 80 90 100 110
Rhodobacter_sphaeroides_BcsA D...KMVPRIFLLI|SRASVLEVES W FERLFERNLEPPALDRSF LF AT FIAVIATE S I|S|I|F|F L
Citreicella_sp_SE45 S. .TNRQARIFIVLATAISVIENMESAW I AT AEPLIFSQDDP|LSFAAAYV FIGAIT|F T VALIF|F L
Salipiger _mucosus_DSM 16094 P..VNRQVREF|LVLATA|S VIF\YMIR4W I | PAV F ERS LIS PEDP|VSF AAAV LIGAIYS|F T VIALIF|F L
Roseivivax_halodurans_JCM 10272 T..SNALVIFFVLALASVFNLESqW LA LERYTIASTDSPILSLARAAL FIGATE T V|G|LIF|F L
Roseivivax_atlanticus A. .ANMPLWBLISVLIAVIAS VIENLIS4W I WAL VERSTI4S IDDP|I SLAAAL| FIGATE T V|G|LIF|F L
Oceanicola_sp_S124 G..SKISVRII|IIVMS|IAGVIFNYLIS4W LIJAL LERLIZSLDDPI SLAAAL FIGAMTE TV|V|LIF|F L
Tistrella mobilis_KA081020-065 AHEDASVRBITML VMI|GGFE|INAIBSYL CUAIT L SPYLI4P LDDPFAF VP GL| YAARVIY AIVMEEV
Methylobacterium sp_88A .. .DNPPARIFIVF LIAL|G|S L|ViYLI4M F WAV T NP LI4S P SDP|V S F GIF G L|VHAL|L|GIYL|Y CV|F|I|LF T
Pelagibacterium halotolerans .. .LGGVWLLLLA|LIGTAINLISYA Y|IAT T SPYLIZP VEQWADF I|PGL Y|LIGIYM)Y C I|LMLA L
Agrobacterium_ tumefaciens .. .GKGAWNRILIGL|GF|GTATNALIESYV YRIAT T SPYLI4P INQPENF I[P GF| Y[LAIYMIY S V|ILMLA L
Bosea_sp_117 .. .PVGTPRILIIALS|LIGITAINLISYV Y|IRAT T SPYLI4PVTQLEDF I|PGF Y|LAAMY S V|GMIL|G L
Microvirga_lupini .. .AQGIWELIIALALIGTAINMLIESVEUIIT T SPYTIAP ITEVASF IPGF)| Y|LAMY S VIMM|L|E L
Microvirga_lotononidis . cAQGIWELIIALALGTAINLESYVEURITTSEYTIFPITEIASE IPGF| Y LAMMY SVIMMLIE L
120 130 150
Rhodobacter_sphaeroides_BcsA NG|F|L| DRPFPRP|LIQPE L{Vi4dS Y N}4P ADML S| M| LIR|T V|V
Citreicella_sp_SE45 T ALV DRDPPKPMRP S LVidSYNIHPPELLA| V| RIK|T V|V
Salipiger_mucosus_DSM_16094 T C|LV| DRAPPKLMHVS LViSYNIHPPELLA| I KIK|T V|V
Roseivivax_halodurans_JCM_10272 TA|L|Y| ENPPPPK|VKLR LVi3S YNJHPDD(L LA \Y%i K|K|T V|V
Roseivivax_atlanticus TA|LIT THPLPPR|LKLS L|VigS YNIASD QL L A I KIK|T V|V
Oceanicola_sp_S124 TA|L|IT THARPEP|IKLT LVi4S YDIMSPEL LA I KK|T V|V
Tistrella mobilis_KA081020-065 NNF|V| TRMSPPLPEDPAE F|V)4dSFNIDDG|L IE| M| RILIN V|Y
Methylobacterium sp_88A SL|I|IT RRSTPPMGAPE . D FVIdS YNIYDAG|ILS I K|LH VW
Pelagibacterium halotolerans SLIFV| PSRPSRS|LKPGEP FVIZdT Y NIYD Y E|L L A 1 K|L|T I|W
Agrobacterium_tumefaciens SL|V|IT PSRKTRP|GSPG F(VIdT Y NIYD AV|L L A I R|E[V V|W
Bosea_sp_117 S L{F V| PQRVAPP|VIPVD FVI4TYNIJEAT|L L A I K|F|T VW
Microvirga_lupini S LIFV]| KSRKAPQ[IDPQ F|T}3S Y NIYSAD|L LA M K|V|T V|W
Microvirga_lotononidis SLFV| KSRKAPQ|IDPE FIVIET Y NENG SDL L A M [K/F|T vjw
180 190 200 230
Rhodobacter_sphaeroides_BcsA M CalsYelG T D QRCMSP|D|P E LIAIQKA|Q| L|G|V| E):9:9:9:Xed M S|A AME R
Citreicella_sp_SE45 IAC)IJe G TDQRCNHP|D|P D I|S|RGIA|Q MG|T EiES9Ne N L NAAMOR
Salipiger_mucosus_DSM_ 16094 WCPIJelGTD QRCINHP|DIKE IANAAR| IMD|T E):9:9:9:Ned ) 1. N|A AMAK H
Roseivivax_halodurans_JCM 10272 pACpEelGTDQRCIAHADPEIARQAR L|D|V| I H A KA G NI L
Roseivivax_atlanticus MACPpIIe G TDQRCAHADIPE IAK T|S|Q L|G|V] EiE:S9Ne T NAAME T
Oceanicola_sp_S124 iACPIJeG TD QR CN SKD[P ALRAARS|Q L|D[V]| E):9:9:0:-Yed 1. N|A AMO N
Tistrella mobilis_KA081020-065 MALpdeJelS TDMKRMS ADIP QEAIL KAR L|G[V]| (A):9:9:9:XedN T, N|A AP E
Methylobacterium sp_ 88A IALadeJe G TDQKCADP|DIP AKIAQEAIT L|G[V]| [0} H A KA G NISINE L9z}
Pelagibacterium _halotolerans M T.10)elG TVQKRNDP|D|P EKAEEA|L L|G|V| E):9:9:9:Yed 1. N|N GpAA H
Agrobacterium_tumefaciens T eIJelC SVQKRNASNVP ERQAAT L|G|V| V] 9:9:9:Ye3 T N[N GpAD H
Bosea_sp_117 MALppdaJe G TD QK C|EQD|DIP LARAIQQAIQ L|G|C| EiES:9Ne T NN GME H
Microvirga_lupini MLpJe G TDEKCN S SINJANG|AHQEAR MDDV Li:9:9:9:XedN . N|N G E H
Microvirga_lotononidis MLpPJeGTDEKCINS SINAKARIQERR| MD[V] LEENEX T NN GHEN
250 270 280

Rhodobacter_sphaeroides_BcsA 13D A D HiHP EiRnlig BILF LVQTP HJF MY D

Citreicella_sp_SE45 I D A D H\WP Njistislin ALFLVQTP HINF s\l El

Salipiger_mucosus_DSM_ 16094 D A D HWYP ixislia INLFLVQTP HjaF iy E

Roseivivax halodurans_JCM 10272 D A D HRY P pxistinlizy INLF LVQTP HiaF iy E

Roseivivax_atlanticus D A D H{YP pyislis]hn INLFLVQTP HF N E|

Oceanicola_sp_S124 1D A D HWYP pNiziniyy INLFLVQTP HiF iyl E

Tistrella mobilis_KA081020-065 13D A D H\WP sgistinliy IMLFLVQTP HJF S E

Methylobacterium_sp_88A MDA D HWP SN ALFLVQTP HEF 8N D)

Pelagibacterium halotolerans JaiD A D HEP ]l IMLFLVQTP HEF A\ E

Agrobacterium_tumefaciens 1D A D HEP E\ianliy INLFLVQTP HjaF iy E

Bosea_sp_117 13D A D HEXP SN INLFLVQTP HiF iy D)

Microvirga_lupini 13D A D HEP EIRIR] IS BJLFLVQTP HEF (o]

Microvirga_lotononidis FRERAYAR|S|E INLFLVQTP HigF i Q

Figure S1. Sequence aligment of the bacterial cellulose synthase with the twelve closest non-redundant BLAST hits. All are from bacteria. Strictly
conserved residues are shown in red block, and chemically similar residues in red text. The blue boxes indicate chemical similarity across a grouping of
residues. The figure was generated with ESPript (http://espript.ibcp.fr).3* (The sequence alignment continues on the next two pages.)
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